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EXECUTIVE SUMMARY

Inroducon

The Energy Commiee o he Inernaonal Council o Academies o Engineering and Technological Sciences
(CAETS) has been asked wih reviewing exisng echnologies which can be used immediaely o reduce green-
house gas (GHG) emissions in seven key secors: Food and Agriculure, Buildings and Smar Cies, Oil and Gas,
Chemicals, Cemen, Iron and Seel, Inormaon and Communicaon echnologies. Some o our conclusions
could apply as well to other sectors like aluminium 

The deploymen o hese echnologies would lead o deep emission reducon beore 2040 which explains why
he primary me rame o he repor is 2020-2040. However, hese echnologies are no sucien o mee ne
zero arges by mid-cenury. Thereore, he repor also highlighs research and developmen needs or new or
improved echnologies and demonsraons or he near ready echnologies (RD&D).

While many cos-eecve GHG migang echnologies exis, he GHG emissions are sll growing in many
counries and worldwide. Indeed, many obsacles remain. The purpose o his repor is no o analyse all o
hem. Undeniably, social and economic issues are crical o he global implemenaon o he Paris COP21
Agreemen and subsequen COP meengs. These issues include: he impacs o world populaon growh, im-
provemens o he qualiy o lie in developing counries and regions, choices made by polical and indusrial
leaders, ec., and hey are imporan aspecs. However, hey are no wihin he scope o his repor which is
echnical and i is mean o highligh echnologies suiable or lowering GHG emissions, heir advanages and
limiaons, and describe he echnical, economic and culural barriers hamay exis.

The Repor oers insighs; conclusions and recommendaons ha should be useul or leaders o indusry,
governmens, proessional organisaons (especially engineering organisaons), non-governmenal organisa-
ons, and cizens. The repor is inended o provide clariy on he complex issues o our subjec: wha is
possible or he nex 20 years, where are he dicules in he dieren secors and how o overcome hem.

Who prepared his repor and how?

The CAETS (Inernaonal Council o Academies o Engineering and Technological Sciences) Member Academies
have hree main characeriscs: (1) heir members are drawn rommos secors o acviy, mainly rom indusry
and academia; (2) hey are collecvely independen and neural, wihou a priori advocang or any echnology
or secor; (3) heir repors are evidence-based and resulng rom exchanges based on acs and on heir diversiy
o experience. Indeed, CAETS, wih is dierenMember Academies rom various counries, reecs his diversiy.
They are allowing an inernaonal approach illusraed by he numerous case sudies and examples reproduced
in this report prepared by more than 60 fellows and some external experts of more than 20 countries 

Given he me (15 monhs) and he resources available or he preparaon o his repor, we have looked or
secors wih subsanal emission levels andwhere he diversiy o our acvemembers couldmake he greaes
conribuon. In 2019, he seven secors seleced accouned or 73% o indusry's CO2 emissions (see Chaper 0,
Fig. 0.2.) and around 60% o worldwide mehane emissions. We did no selec elecriciy generaon as his
opic was already largely covered by previous repors, neiher he ranspor secor which could be an enre
future study by its own 

In his repor, each o he above secors is he subjec o a dedicaed chaper prepared by a subgroup o he
Commiee and discussed by he Commiee. Each chaper was reviewed by exernal and inernal reviewers.
The chapers do no claim o be exhausve bu presen he main elemens, as seen by he parcipans, and
are accompanied wih examples aken rom dieren counries. During our meengs, held remoely via
eleconerencing, key messages and recommendaons emerged rom our oen-lively discussions. They are
no necessarily original or new bu should, neverheless, be mos useul o implemen!
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Chaper 0: To se he scene

This chaper conains messages ha are broadly applicable o all secors. I presens he cenral role o low-
carbon elecriciy in achieving emission reducons in he secors considered. Elecriciy and hea are dened
as low-carbon i hey are produced wih an average CO2 conen o less han 50 g per kWh over he lie cycle o
he insallaon. Low-carbon elecriciy is hereore mainly1 produced by hydro, solar, wind and nuclear power.

As he dieren chapers o he repor show, reducing GHG emissions, especially CO2, is in many cases achieved
hrough he elecricaon o all or par o he energy used, wheher or home heang and cooking or or in-
dusrial processes. The level o such reducon depends on he elecriciy mix, which shows he imporance o
decarbonising he producon o elecriciy. Such an approach should no overlook low-carbon hea, including
he direc hermal use o solar radiaon, nor hea neworks using low-carbon sources (e.g. wase, biomass)
or wase hea rom indusry. Finally, i is shown ha some indusrial processes canno be ully elecried, like
cemen producon. The use o hydrogen – i i is produced wih low-carbon elecriciy - may be par o he
soluon, bu has o be produced a an aordable cos.

Another approach is to capture the CO2 which is produced on industrial sites and to use it or to store it under-
ground (Carbon Capure Ulisaon and Sorage, CCUS). Some indusrial pilo projecs are already in operaon.
The sysem used or he capure has o be adaped o he indusrial process in queson such as burning coal
o produce elecriciy or iron, heang he required maerials o prepare cemen. Many demonsraon and
pilo projecs are currenly operang and planned worldwide. The soluons or he use o CO2 seem o be very
limied, whereas or sorage hey are already echnically signican. The added coss and he socieal aspecs
are real concerns, bu he use o Carbon capure and sorage (CCS) will cerainly be needed o reach “ne-zero”
by the middle of the century 

Improvemens in energy eciency are abou using less energy o hea, o move, o deorm, o break, o rans-
orm, ec… This is almos always benecial, alhough global rebound eecs may reduce or annihilae he
achieved GHG reducon. However, improving he eciency o a sysem using ossil uels can bemore expensive
and lead o higher emissions han replacing he sysem by anoher using low-carbon elecriciy. In oher words,
putng energy eciency rs is no synonymous wih putng low emissions rs: his is one o he keymessages
o his inial chaper. I illusraes he imporance o using he righ indicaors when dening energy policies.

Anoher key message o his inroducory chaper is he need or comprehensive and consisen policies o be
enaced aser and implemened a lower cos. Examples include promong he replacemen o gas boilers
wih elecric hea pumps in homes. Hea pumps should be available where needed, in sucien quanes
and a accepable coss, insallers should be qualied and widely available, and an economic model (which
would include acquision coss, operang coss, possible invesmen aids, ec.) linked o elecriciy arica-
on should be proposed. Building regulaons should be adaped, and appropriae public inormaon cam-
paigns should be developed. For a policy concerning new housing, i is also necessary o oresee raining or
archiecs, engineers, design ocers and real-esae promoers. Such global programmes, involving millions
o acors and sakeholders, require clear, undersandable and sable policies or widespread implemenaon.

This highlighs he problem o rapidly reducing emissions while me rames dier, as he liespans o dieren
echnology sysems vary signicanly. For example, he ypical me rame or changing amobile phone is abou
2 o 3 years, while i could be 15 years or a boiler, 30 o 100 years or more or a building, and 20 o 50 years
or many acories. Comprehensive Lie Cycle Assessmen (LCA) helps o evaluae such quesons as wheher
exending he liespan o an exisng appliance vs. replacing he appliance as soon as possible wih anoher ha
emits less can reduce total emissions 

1 Biomass is he subjec o divergen opinions wihin he Commiee, because o he emissions i produces when burned. Anoher issue, conroversial and ouside
he scope o his repor, is is oher possible uses or ood, biouel and consequen compeon or land use
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This inroducory chaper also addresses he rebound eec, recycling, he role o inormaon and commu-
nicaons echnologies, and educaon and raining, which play a key par in he developmen o all areas
o human acviy. Lasly, his chaper is complemened by an Appendix on hree srong levers or reducing
emissions: hea pumps, which are no ye widely known; lie cycle analyses, which are no used adequaely;
and hydrogen, whose poenal is oen eiher underesmaed or overesmaed.

Chaper 1: Food and agriculure sysems (FAS)

This chaper describes how he FAS has gone hrough deep ransormaons o eed he world, which has gen-
eraed susainabiliy concerns ha call again or a proound ransormaon acknowledging climae change,
conics, disrupons, and wars ha globally impac he FAS. Since he FAS is responsible or 25 o 33% o he
GHG emissions (depending on he denion), reducon o is GHG emissions is an essenal elemen o he
FAS ransormaon bu is no he only one; i implies rade-os among diverging susainabiliy objecves and
across he various scales o me and space and calls or srenghening he capaciy o address such rade-os
hrough evidence and arbiraon mechanisms.

Science and echnology have been key in generang he pas ransormaon o ood sysems and will remain
so. Ye innovaon does no always conribue o susainable developmen! A he same me, in many coun-
ries, here is currenly a call or signicanly reducing he consumpon o animal-based oods, especially rom
he younger generaon, or a healhier die wih less mea. There remains much conroversy, or example
regarding he mobilisaon o disrupve echnologies (such as alernave proein oods, 3D-prined oods,
aquaculure / aquaponic sysems, and advanced greenhouses including vercal arms) because o enrenched
long-sanding radional local pracces, on he one hand, and concerns abou increasing concenraon in an
indusrialised agri-ood secor, on he oher hand.

The chaper describes avenues or reducing he emissions o wo imporan GHGs produced by he FAS:
mehane rom ruminan livesock and rom rice culvaon, and CO2 along the supply chain from farm to fork
especially hrough energy eciency and elecricaon. The chaper insiss on he imporance o assessing
he poenal conribuon o each specic echnology aking ino accoun he local, ecological, economic, and
social conexs and he way echnology may be applied in pracce. Some examples are developed o illusrae
his need: ‘digial agriculure’, which involves advanced sensors, arcial inelligence, daa inegraon, big
daa, drones, robos, and racking echnologies.

The poenal role o bioechnology and nanoechnology o reduce GHG emissions in he FAS, he co-locaon
o solar phoovolaic (‘agrivolaic’) and wind urbines wih agriculural acvies, and he use o biomass or
energy producon, are also described. A srong recommendaon is made o only use bioenergy in siuaons
where i does no compee wih ood producon.

The chaper suggess developing an enlarged daabase on and analysis o he dieren echnologies and heir
local uses. I insiss on he necessiy o develop srong invesmen in research and experse, no only or
he developmen o echnologies bu, also, as is he case in oher secors, bu especially or FAS, or heir
adapaon o local conexs in order o achieve real improvemens and or he assessmen o heir ooprin.
Finally, he FAS as a sysem o sysems requires he design and accepance o an array o dieren approaches,
valuing scienc evidence as much as possible.
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Chaper 2: Buildings and smar cies

Like he previous chaper on he FAS, his chaper deals wih a high emitng secor (some 37% o he world
CO2 emissions in 2019), where he local condions are very imporan. Decarbonisaon addresses residenal
and non-residenal buildings, including he consrucon and operaon o new buildings and he operaon o
exisng buildings. Because o heir liespan, he rerotng o exisng buildings plays a major role. Besides he
energec qualiy o he building envelope and he equipmen used, occupan behaviour has a major inuence
on energy consumpon.

To design low-carbon, low-energy buildings, he Commiee recommends an energy hierarchy principle: rs,
choose low-carbon maerials and energy sources and second, apply he mos ecien equipmen (aking ino ac-
coun heir aordabiliy). Applying his principle o rerotng in order o reduce he emissions in hemos aorda-
ble way requires evaluang he righ level o insulaon and he implemenaon o a low-carbon heang sysem.

Phoovolaic (PV) or solar hermal panels are more andmore oen insalled. For buildings where he auo-gen-
eraon o energy is no an opon or insucien, as i is generally he case in cies, elecricaon using low-car-
bon elecriciy rom he grid remains he mos ecien decarbonisaon soluon. This applies in parcular
o he 4 basic energy-consuming needs: heang, cooling, heang waer and cooking. For each, he chaper
recommends soluons.

Two imporan poins should be menoned here: (a) he increasing imporance o cooling since more han hal
o he global populaon lives in counries ha require space cooling and because climae change is increasing
he need or cooling; (b) oday, in many emerging counries, biomass burning in low ecien and dangerous
cooking soves is sll in use and needs o be replaced by more ecien appliances.

Increasing elecricaon promps he queson o exibiliy in elecriciy consumpon, which reers o is abiliy
o be inerrupble and adjusable, e.g. shiing he use o a waer heaer or a washing machine o mes when
here is much (or cheap) elecriciy, or example in he middle o a sunny day when phoovolaic is generang
los o elecriciy. The exibiliy in he consumpon will have an increasing role in regard o he inseron o iner-
mien renewables.

Anoher aspec is he decarbonisaon o urban energy supply sysems, including no only he disric heang
sysems bu also, and increasingly so, he disric cooling sysems. The permanen diculy o equae he need
or hea and is producon suggess developing iner-seasonal hea sorage, an opon no much used oday.
This leads o a brie presenaon on smar cies – principally on he energy needs o buildings. We do no
discuss oher aspecs o smar cies, like overall energymanagemen, ranspor, waer supply, and healh care.

The path to a sustainable stock of buildings must be facilitated by an integrated policy package adapted to local
condions. Furhermore, addional eors in educaon and raining are needed. Case sudies are presened,
one on he decarbonisaon o a slum in Buenos Aires and wo on disric heang neworks in China.

Chaper 3: Oil and gas

This chaper reminds us rs ha he world sll heavily relies on ossil uels. In 2019, ossil energy sources
provided more han 84% o global primary energy demand, and oil and naural gas accoun or more han
57% o he world’s oal. The use o crude oil and naural gas has been increasing worldwide, especially in less
developed counries, and will likely connue doing so in he near- o medium-erm uure which is he ocus o
his repor. Regardless o uure needs or oil and gas or energy purposes, non-energy uses, especially or he
chemical indusry, will probably increase.

For his reason, i is imporan o examine wheher he oil and gas indusry can reduce is GHG emissions in
all phases o oil and gas producon, ranspor, rening, and disribuon. In 2019, while 76% o he emissions
rom oil and gas was produced by heir consumpon by end users, 24% resuled rom oil and gas indusry pro-
cesses. This 24% represened around 8% o he worldwide GHG emissions, i.e. abou 2.65 GCO2 and around
2 5 GtCO2e from methane (CH4) 

The curren cumulave invesmens in he oil and gas indusry amoun o rillions o dollars and acilies have
lie spans o decades. Mos o hese acilies end o be highly opmised or he ypes o oil and gas hey receive
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and he producs heir markes require. This makes i challenging o apply major changes on a global scale and
a a rapid pace. Neverheless, he uure oil and gas indusry will be signicanly dieren rom he presen one.

The Commiee recommends a srong emphasis on reducing he aring o mehane and ugive mehane
emissions in all phases o oil and gas producon, ranspor, and rening/processing. Technologies o abae
mehane emissions/leaks are available and many are already cos-eecve. The IEA esmaes ha 45% o
emissions can be abated at no cost under 2021 gas prices 

The oil and gas indusry uses oil and gas as energy sources or is own needs, in parcular, o produce hea.
The Commiee recommends exploring he increased elecricaon o he oil and gas indusry o subsue
or he direc heang and cooling o process sreams. To achieve his, operaors o oil and gas acilies should
consider swiching o elecric opons where easible and where hey are likely o have a posive impac on
lowering GHG emissions. Furhermore, i is suggesed o explore addional seps o lower CO2 emissions from
he exploraon and producon secors hrough he reducon o aring and he implemenaon o eciency
improvemen and new echnologies.

The chaper also highlighs wo oher imporan poins: 1) he need or greaer emphasis on using and improving
LCAs (Lie Cycle Assessmenmodels) in he oil and gas indusries, and 2) he connuous evaluaon and devel-
opmen o he poenal o CCUS opporunies or oil and gas operaons.

Chaper 4: Chemicals

The chaper rs emphasises hamos o he exisng housands o chemical producs are manuacured wih
‘primary’ chemicals obained by using (and no by combusng) eedsock produced by he oil and gas indusry.
The chaper is ocused on he analysis o GHG emissions resulng rom he producon o he our highes-
onnage primary producs (ehylene, propylene, ammonia and mehanol), acknowledging ha addional
emissions resul rom heir derived producs.

As he producon o hese chemicals enails specically high energy requiremens, he chemical secor was
responsible in 2019 or 15% o he oal GHG emissions (8.4 GCO2) o he overall indusrial secor. Wih 5%
o his oal, ammonia is he larges conribuor o all chemicals. Over he nex 20 o 30 years, economic and
populaon growh will connue pulling demand, as or he las 20 years. As a resul, i is imperave o reduce
the GHG emissions in the sector It is important to keep in mind that such emissions may result not only from
he energy source used or he producon processes bu also rom he chemical reacons hemselves.

As a parcularly complex, inegraed, capial- and skills-inensive indusry, wih many long-lasng asses,
he chemical secor aces enormous challenges in he ransion o ne zero carbon. There is no single or simple
soluon available oday o decarbonise he chemical indusry, bu here are neverheless imporan avenues
ha can guide he indusry immediaely owards is decarbonisaon goals. Among hose avenues, he Commiee
recommends he reuse o producs (mainly plascs), he recycling o oher carbon-based maerials, and he
reducon in he specic consumpon o nirogenous erlisers by increasing applicaon eciency.

Furher recommended acons include he elecricaon o process heang wih low-carbon elecriciy,
in parcular in seam cracking, o replace coal and naural gas, which are currenly used. Moreover, i is recom-
mended o modiy he chemical processes in order o subsanally reduce he emissions, i no compleely –
by increasing, or example, he use o ehane in he producon o ehylene, or replacing coal wih naural gas
in he producon omehanol. Concerning ammonia synhesis, which is using hydrogen, he recommendaon
is o develop large-scale low-carbon hydrogen producon via elecrolysis using low-carbon elecriciy; aler-
navely, i hydrogen is produced rom ossil uels, i has o be wih CCUS. CCUS will be required no only or
he producon o hydrogen bu also or oher chemicals-producing acilies o mee he 2050 decarbonisaon
objecves.

Due o he chemical indusry’s many connecons wih he enre economy, rom is rawmaerials o is producs,
i is recommended o sysemacally use Lie Cycle Analysis or he chemical producs a global levels.
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Chaper 5: Cemen

Cemen is widely used in he consrucon secor (buildings, bridges, dams, ec.). In isel, is producon is
a highly energy-inensive process and by ar he mos CO2 emitng phase o he cemen indusry, rom raw
maerials o ready-o-use consrucon maerials, such as or example concree. For his reason, he chaper on
cemen is ocused on is producon.

As a rs sep, he chaper presens he general correlaon beweenGDP growh and cemen demand in dieren
counries and concludes ha demand growh will be mosly driven by developing counries. This will apply in
parcular in areas such as inrasrucure and real esae. In 2019, he worldwide cemen indusry was respon-
sible or around 7% o global carbon emissions (some 2.5 GCO2) It is thus one of the largest CO2-emitng
secors. Is decarbonisaon is hereore crucial.

Cemen is a versale and durable maerial mosly produced wih readily-available local resources such as lime-
sone, clay andmarl. Around 50% o he CO2 emissions rom cemen producon are due o calcinaon, he chem-
ical reacon liberang CO2 rom limesone and producing he ‘clinker’, he base o cemen. Around 40% o he
emissions are due o he burning o ossil uels used o reach he 1 450°C required by he calcinaon o ake place.

Worldwide, coal represens 70% o he emissions o he ossil uels used or calcinaon, which is he cenral
and mos energy-demanding process. Alernave uels such as carbon-conaining indusrial wases or biouels
can be used and are described. The use o low-carbon hydrogen, i available, is also advocaed. Furhermore,
i is recommended o increase energy eciency and proceed wih elecricaon where possible, as well as o
increase hea recovery, which is no ye widespread.

Modiying he composion o he basic raw maerials, replacing or example some limesone wih y ash ec.,
can reduce CO2 emissions. This may modiy he properes o he resulng cemen, posively or negavely,
allowing he developmen o new ypes o cemen or dieren purposes. Nowihsanding, his will no enrely
solve he CO2 emission problem. Thereore, CCUS will be needed, alhough his is sll no a compleely proven
technology for cement and will increase the cost of cement 

Exisng soluons and policies or cemen producon in dieren counries are described and compleed by
ve case sudies rom India, Norway, Belgium, Canada and China. Clear, sable, and holisc public policies, as
well as incenves promong a reducon in CO2 emissions, are recommended. The large-scale deploymen o
already maure soluons is encouraged. The Commiee urges close cooperaon beween he cemen and
oher indusries o bene rom he use o dierenwases, non-recycled elemens, granulaed slag rom seel
blas urnaces, ec. eiher as uel subsues or alernave raw maerials.

The Commiee sresses he imporance o R&D eors o urher reduce he GHG ooprin o cemenmaking
and encourages he developmen and indusrial demonsraon o relaed echnologies. Exploraon in he
area o CCUS and CO2 mineralisaon in some rock ormaons, in order o obain aordable ways o reach deep
decarbonisaon, is also encouraged.

Chaper 6: Iron and seel

Like or cemen, he demand or seel is expeced o increase as he global populaon grows and naons around
he world seek o improve heir sandards o living: seel is a necessary and dicul o replace maerial in a
wide range o applicaons.

The chemical reducon o iron ore requires much energy. Thus, he producon o seel, which is iron wih no
more han 2% carbon and some addives o adjus is properes, is by naure energy inensive. The rs sep
o he process, which needs he mos energy, is o obain iron rom iron oxide, he second is o ransorm iron
ino seel. When using scrap as he eedsock, he rs sep is no needed: his shows he meri o recycling!

Coal is he dominan energy source in he mos requen producon processes, he ‘BF-BOF’ (Blas
Furnace / Basic Oxygen Furnace) roue, which, in 2020 provided 73% o worldwide seel producon. A second
used roue is he ‘EAF’ (Elecric Arc Furnace) roue, employing boh scrap and/or Direc Reduced Iron (DRI)
using gas. The EAF roue, using elecriciy, represens 26% o he worldwide seel producon. As a conse-
quence, in 2020, he emissions rom he seel indusry were o he order o 2.6 G o CO2, represenng around
8% o global anhropogenic CO2 emissions 



11

EXECUTIVE SUMMARY

Considering he urgency o he reducon o CO2 emissions and he lieme o many exisng acilies, he
Commiee recommends implemenng every possible and economically aordable, even marginal, reducon
of CO2 emissions or exisng seel plans by increasing energy eciency, ulisaon o residual energies, paral
elecricaon or heang, use o biomass, beer conrol, ec.

To eliminate CO2 rom he process, alhough here is no single nal scenario, direc reducon o iron ore (DRI) using
low-carbon hydrogen, ollowed by Elecric Arc Furnace (EAF), seems o be one o he mos viable opons and
a long-erm soluon o achieving carbon-neural seel producon. Various processes are under developmen
and a pilo scale: heir economic viabiliy will cerainly be proven beore 2030. The availabiliy and cos o such
low-carbon hydrogen and low-carbon elecriciy will be key or he massive implemenaon o hese processes.

The chaper conains case sudies describing pilo projecs rom dieren counries (and seelmakers) including
China, Korea, Japan, Sweden, Finland, he Unied Saes o America, France, and Germany.

I is worh menoning ha CCS in combinaon wih seel producon has no ye been proven on an indusrial
scale. This could change during his decade wih several projecs a dieren sages o implemenaon in
dieren counries.

Needing less energy o produce ‘new’ seel, he ulisaon o errous scrap is expeced o gradually increase.
The Commiee recommends connuing o expand he use o seel scrap, even i here will no be enough
scrap available o replace iron ore. I could be aciliaed hrough he adopon o common rules and specica-
ons bu also he developmen and implemenaon o new scrap processing echnologies o improve impuriy
removal.

Seel producon has he poenal o becoming low-carbon in he uure. Neverheless, as he chaper con-
cludes, many challenges remain: he scale and eciency, availabiliy o low-carbon hydrogen and elecriciy,
invesmen needs, sranded asses and reurn o capial, approvals rom regulaors and policymakers, skill
shorages, ec. The Commiee recommends incenvising pilo projecs, simpliying and accelerang permitng
procedures, and ensuring compeon while sharing experiences.

Chaper 7: Inormaon and Communicaons Technology (ICT)

The chaper rs describes he curren siuaon in his indusry secor. On he one hand, ICT is increasingly
ubiquious, consumes more and more energy and induces more and more emissions. On he oher hand, ICT
conribues o human developmen and many oher acvies while, in some cases, reducing energy consump-
on and GHG emission in oher domains. One sriking example, winessed during he COVID-19 period, is he
developmen o videoconerencing o subsue or ravelling and human mobiliy. Indeed, i is a public policy
dilemma o simulaneously promoe expansion in ICT acilies and reducon in GHG emissions. Anoher im-
poranmessage o he chaper is ha daa on he impac o ICT in erms o energy consumpon and emission
is largely imprecise and lacking 

ICT sysems (lapops, servers, nework rouers, wireless ransmission sysems, ec.) consume elecriciy, mos
o hem around he clock. Manuacuring he devices requires elecriciy and/or energy no only in he manu-
acuring process bu also in he exracon/producon o he required minerals and producs, and his is gen-
erally no accouned or in consumpon esmaes. The 2019 worldwide elecriciy consumpon rom he ICT
secor was esmaed a 2 000 TWh (8.5% o oal elecriciy consumpon), corresponding o some 3% o CO2

emissions, hal o i accounng or equipmenmanuacuring. This consumpon has been seadily increasing,
even hough he energy eciency o ICT equipmen, measured in bi perWh, has been increasing: we can now
sore, process and ransmimuch more daa or he same uni o energy. However, new developmens such as
arcial inelligence (AI), 5G and crypocurrencies will clearly lead o urher increases in elecriciy use and
CO2 emission 

The chaper does no cover manuacuring/decommissioning bu is ocused on ICT’s operaonal poins. One o
hem is Daa Cenre consumpon and, in ha respec, he case sudy o Ireland describing he consequences
o having simulaneously araced numerous daa cenres and developed inermien elecriciy is presened.

Daa Ceners being a he core o he issues relaed o ICT elecriciy consumpon, he rs recommendaon
is o connue improving heir eciency hrough relevan measures and eecve managemen pracces. The
second recommendaon relaes o he signican increase in energy consumpon associaed wih he expan-
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sion o 5G and suggess iniaves o reduce such consumpon. The hird recommendaon ouches on orh-
coming ICT sysem developmens, as an increasing number o small daa cenres will consue he so-called
‘edge’ sysem: evaluang he impacs o archiecural choices on elecriciy consumpon and CO2 emissions for
hese new deploymens sll needs more research.

The nal recommendaon o he chaper ackles he lack o reliable daa by proposing he developmen o
merics and sysemac sudies on energy consumpon and emissions in he ICT secor. Once gahered, hese
daa should also be made widely available.

Chaper 8: Conclusions

The Conclusions reminds us all o how urgen i is o ac wihou urher hesiaon, and hus advocaes he
massive and rapid deploymen o he available echnologies described in he dieren chapers. I is no only
abou invesng money or ransorming he dieren secors, bu also abou invesng in people and experse,
by developing holisc views. Many dicules and conicng ineress as well as conicng priories beween
susainable objecves sand in he way o a rapid implemenaon o hese recommendaons.

We, hemembers o he CAETS Energy Commiee are deeply convinced ha hese dicules are surmoun-
able and possibilies exis o ac ar more rapidly, inclusively and ecienly hrough comprehensive global
approaches o reduce GHG emissions, and his is wha he repor calls or. We hope ha he key messages
rom he Chaper 0 and he messages and recommendaons rom he seven chapers will eecvely con-
ribue o reduce GHG emission. We are also convinced ha our respecve Academies, as well as he CAETS
as a whole, could be beer involved and more acvely mobilised o advise policymakers and indusry leaders
in order o reach he 2030-2050 goals on GHG emissions.
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1. Conex, scope and mehodology o he repor

The repors o he Inergovernmenal Panel on Climae Change (IPCC) issued during he 2021-2022 period
show ha i is becoming ever more urgen o ac in order o conain climae change and oher relaed global
issues. Despie he COP26 conerence, numerous announcemens rom governmens, rillions o invesmens
in eciency and renewable sources, he major greenhouse gases (GHGs), especially CO2, CH4, N2O, and SF6,
keep increasing as shown in Fig. 0.1. (in his gure, daa or 2020 is only available or ossil CO2 and Land Use,
Land Use Change and Foresry (LULUCF), bu no or Fluorinaed Gases (F-gases), CH4 or N2O) The result is that
in 2019, he annual avarage concenraon o CO2 in he amosphere reach 410 ppm, compared o 280 beore
he indusrial age (See IPPC - Clima change 2021 - The physical science basis - Summary or policymakers).

Fig. 0.1. Global GHG emissions from all sources
Source: Emissions Gap Repor 2021: The Hea Is On, page XVII
hps://www.unep.org/resources/emissions-gap-repor-2021

The CAETS1 are commied o addressing hese highly complex and sysemic issues, o which echnology is only
one o he key elemens, alhough an essenal one. This is why we have endeavoured o wrie his repor. The
reader will see hamany o he echnologies ha canmigae presen global climae change are already avail-
able and aordable, or could bemade so, andmay be deployed immediaely as soon as he polical, economic,
and socieal conexs are sucienly aligned and sable.

For his reason, our repor is ocused on he me period 2020-2040 o illusrae whamay be possible righ now.

However, some consideraons in our repor exend o beyond 2040 and some even exrapolae beyond exis-
ing echnologies since he developmen and implemenaon o new echnologies will open new possibilies
o help he world mee he ne-zero goals. Connuous suppor and unding or Research and Developmen
(R&D) are hus crical.

The Council o Academies o Engineering and Technological Sciences (CAETS) provides is more han 30
worldwide Member Academies and heir individual Fellows wih he opporuniy o enrich heir approaches

1 hps://www.newcaes.org/
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beyond heir respecve naonal conexs. CAETS enables comparing soluons, sharing bes pracces and
making suggesons o he respecve public auhories o he Member Academies. The Academies do no
lobby or any specic echnology or special ineres bu aim o make recommendaons based on evidence
raher han sel-ineres, ideology, or philosophical movaons. The composion o he Academies and he
diversiy o heir Members, some coming rom he Indusry, some oher rom he academic world or oher
secors, help us elaborae evidence-based repors, which is o umos imporance or policy-makers, indusrial
leaders, and he general public in an area where ‘wishul hinking’ and ‘ake news’ are oen presen.

In its past reports2, he CAETS Energy commiee rs analysed aspecs o energy generaon (2018), hen he
inegraon o inermien sources (2020). As he oher side o he energy equaon: how is i used, had no
been addressed so ar, his opic has been chosen or his 2022 repor.

Many inernaonal repors produce ‘scenarios’ or presen ‘roadmaps’3 o ne-zero GHG emissions by 2030,
2050 or 2060, or example, one reerence being he well-known 2021 Ne-Zero IEA Roadmap . Inernaonal
secorial associaons are also describing how heir respecve secor will reduce GHG emissions. A he naon-
al level, in parcular in connecon wih he Paris Agreemen, many counries have also presened naonal
‘roadmaps’ 

We have chosen o highligh some o he mos GHG-inensive secors o he global economy in his repor and
o explore easible approaches o GHG emisssions reducon. Our repor is no sricly limied o he echnical
dimensions o he issue since oher dimensions as well as holisc approaches are required o move on rom
discussing o acng.

We have oped o ocus on secors ha are energy and capial inensive, wih presenly high GHG emissions,
and or which he diversiy omember Academies is an asse o provide relevan answers, commens and rec-
ommendaons.

We did no include some imporan secors in his sudy, as we had o choose hose in which our limied re-
sources could be pu o he bes use. Thereore, we decided no o consider he secors o ranspor, alumini-
um and paper. Along hese lines, he chapers included in his repor are he ollowing:

Chapter 0. To set the scene

Chapter 1. Food and agriculture

Chapter 2. Buildings and Smar Cies

Chapter 3. Oil and gas industry

Chaper 4. Chemical industry

Chapter 5. Cement industry

Chapter 6. Iron and Steel industry

Chapter 7. Inormaon and Communicaons Technologies

Chapter 8. Conclusions

Annexes Counry analysis quesonnaires

2 hps://www.newcaes.org/saemens-repors/caes-repors
3 hps://www.iea.org
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Fig. 0.2. below shows he 2019 GHG emissions produced by he major secors, in parcular by he secors
covered in his repor (McKinsey Susainabiliy Insighs 2021).

Fig. 0.2. Percentage of CO2 emissions by secor, 2019
Exhibi rom “The ne-zero ransion. Wha i would cos, wha i could bring”, January 2022, McKinsey & Company, www.mckinsey.com.

Copyrigh© 2022 McKinsey & Company. All righs reserved. Reproduced wih permission.
hps://www.mckinsey.com/~/media/mckinsey/business%20uncons/susainabiliy/our%20insighs/he%20ne%20zero%20ransion%20wha%20

i%20would%20cos%20wha%20i%20could%20bring/he-ne-zero-ransion-wha-i-would-cos-and-wha-i-could-bring-nal.pd
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The report is organised as indicated below 
• This introductory chapter (Chapter 0.) is ocused on he increasing role o elecriciy and provides common

commens concerning mos secors o aciliae decisions and acons by policy-makers, indusrial and
academic leaders 

• Each o he seven chapers in his repor describes one secor. The chapers are no exhausve monographs
on heir subjec. They do no examine he poenal or growh or conracon o heir secor. Their ocus is
on scope 1 and scope 24, as dened in he sudies on Climae Change5 They highlight the main elements on
he poenal pahways o reduce GHG emissions as seen by heMembers o our Commiee, using currenly
available echnologies and exisng ‘low-hanging rui’ or ‘non-regre’ sraegies, some lessons learned or
case sudies and, where appropriae, poenally disrupve echnologies.

• Finally, Chapter 8. draws conclusions and sumarises our key ndings.

• The annexes conain counry specic daa on energy use, GHG emissions, inormaon on decarbonisaon
sraegies, and urher elemens or some seleced secors.

How was his repor prepared?

Aer he validaon o a scoping paper and a working process suggesed by he Commiee Chairman,
he CAETS Member Academies were invied o propose parcipans o he Commiee and o is Working
Groups. The lis o he more han 60 auhors rom 20 counries is given a he end o he repor.

The working process was organised along the following two parallel lines 

1 Seven Working Groups, generally led by wo co-chairs rom dieren connens, were organised
and responsible or he draing o one chaper each. Somemes hey have invied exernal expers
(the list of these experts can be found at the end of the report) The Working Groups also presented
he progress o heir work in seminars organised by he Energy Commiee.

2 In oal, he chairman organised such Energy Commiee Seminars rom February 2021 o June 2022,
where ransversal issues were presened, proposals by he Working Groups discussed and suggesons
or achieving urher progressmade. All members o heWorking Groupswere invied o he seminars,
held in wo-hour sessions, wice a day (morning and aernoon, Cenral European Time) o aciliae
he parcipaon omembers in dieren me zones, on wo consecuve days.

A complee version o each chaper was produced by he end o May 2022 and hen sen o inernal
reviewers (members rom one Working Group (WG) reviewing he chaper o anoher WG) and exernal
reviewers (lis a he end). The reviewers’ commens and suggesons were discussed and aken ino
accoun by he WGs rom 20 June o 10 July 2022, under he leadership o he WG’s Co-chairs, beore
validaon by he parcipans. The revised version o he whole ex was sen or eding o ensure as
much consisency as possible or a ex wrien by many hands! The ex was hen sen o he Academies
for endorsement 

The process was suppored by NATF’s eam lead by he Commiee Chairman Pr. Yves Bamberger (Acade-
mician) suppored by Dr. Wol Gehrisch and Dr. Gaël-Georges Moullec.

4 Scope 1, Scope 2, emissions: Emissions responsibiliy as dened by he GHG Proocol, a privae secor iniave. ‘Scope 1’ indicaes direc greenhouse gas (GHG)
emissions ha are rom sources owned or conrolled by he reporng eny. ‘Scope 2’ indicaes indirec GHG emissions associaed wih he producon o elecriciy,
hea, or seam purchased by he reporng eny.

5 See for example: hps://www.ipcc.ch/sie/asses/uploads/2018/02/ipcc_wg3_ar5_annex-i.pd
and hps://ghgproocol.org/sandards
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2. The cenral role o low-carbon elecricaon

The ocus o he repor is he reducon, as soon as easible, o GHG emissions rom energy uses in he seven
secors i covers. This includes all ypes o energy uses in he secors including: heang, cooling, manuacur-
ing, processing, daa handling, ec.

Today, ossil energy sources are largely used in indusry and remain he main source or elecriciy generaon:
hus, energy eciency improvemens, i.e. he use o echnologies ha conribue o lowering energy/elec-
riciy consumpon, direcly reduce GHG emissions. When elecriciy has a low-carbon conen, i.e. is quie
enrely produced via renewable energy or nuclear power, increasing or decreasing is consumpon will have
less impact on CO2 emissions. This is likely o happen a a dieren pace in each counry.

Wha is low-carbon elecriciy?

The CO2 conen o elecriciy, also known as he CO2 inensiy o elecriciy, is usually characerised by
the number of grams of CO2 produced to obtain 1 kWh of electricity See for example hps://www.iea.org/
daa-and-sascs/daa-produc/emissions-acors-2021 

Wih elecriciy produced hrough hydropower, wind, solar or nuclear energy, CO2 conen is equal o
zero i only emissions or operaon are considered, and no he complee cycle or he plan and he uel:
(a) upsream (e.g., maerial acquision and plan consrucon), (b) combuson (where applicable),
(c) operaon and mainenance, (d) plan decommissioning and uel disposal/recycling. Taking hese phases
ino consideraon, CO2 conen is generally esmaed o be beween 10 gCO2/kW and 50 gCO2/kWh.
See or example analysis by he US Naonal Renewable Energy Laboraory (NREL) [hps://www.nrel.gov/
analysis/lie-cycle-assessmen] 

According o IEA, hps://www.iea.org/daa-and-sascs/daa-produc/emissions-acors-2021, he average
CO2 content of electricity worldwide was:

• 950 gCO2/kWh or coal, wih plans below 900 gCO2/kW and ohers a 1 100 gCO2/kWh,

• 430 gCO2/kWh or naural gas, wih plans around 350 gCO2/kW and ohers a 550 gCO2/kWh.

Taking ino accoun he complee cycle, some 10 g have o be added or naural gas plan, some 20 g or coal
plants 

In his repor, he erm low-carbon energy implies emitng less han 50 gCO2/kWh or elecriciy as well
as or hea.

While energy eciency is oen among he ‘low-hanging rui’, i does no lead o “zero emissions”. Comparing
he decrease o GHG emissions resulng rom he inroducon o specic energy-ecien echnology (wih
is associaed cos) wih oher available soluons, such as replacing he energy vecor (gas wih elecriciy or
example), reveals key variables or each oucome.

Four principal opons, which may possibly be combined, are currenly available o achieve as soon as prac-
cable low GHG emissions:

1 When easible, replace ossil sources by direcly using low-carbon sources: direc use o solar energy o
heat water for example;

2 I 1 is no easible, replace ossil sources wih low-carbon hea or low-carbon elecriciy (hydropower, solar
and oher renewable energy, or nuclear energy);

3 I 1 or 2 are no easible, use low-carbon (‘green’) hydrogen (see Annex to Chapter 0. below, second secon),
which oen means indirecly using (even more) elecriciy;

4 In hard-o-abae indusries, emissions arise rom he process isel (in he cemen indusry or example)
and cannot be simply reduced by the use of low carbon electricity or hydrogen If the process itself cannot
be decarbonised, carbon capure and sorage (CCS) may be he soluon, i i is proven o be cos-eecve
and praccal in a specic locaon.
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Passing rom one o he above opons o he nex usually enails increasing coss o avoid emissions:
he ‘low-hanging rui’ are oen associaed wih elecricaon (opon 2). They are consisen wih he new
uses or exensions o uses o elecriciy, while a he same me advancing he decarbonisaon o elecriciy
(which is no he subjec o his repor).

Even i he energy eciency o equipmen and sysems improves, he increasing level o elecricaon o
a growing number o acvies, he improvemen o he qualiy o lie in poorer counries and regions, and
urher demographic growh in some pars o he world will generae an increased need or he producon
o elecriciy. Such producon hus needs o be increasingly decarbonised o susain he emissions reducon.

For heses reasons, he IEA and mos oher inernaonal and naonal insuons increasingly oresee and
promoe a higher level o elecricaon in energy sysems and, a he same me, an increase in elecriciy con-
sumpon6: a he global scale, he share o elecriciy in nal energy consumpon could increase rom 19.3% in
2020 o 50% in 2050. As a resul, elecriciy consumpon would more han double, rom 22 300 TWh in 2020
to around 50 000 TWh in 2050 

A he same me, he relaed CO2 emissions rom elecriciy producon mus decrease. Per kilowa-hour,
indeed, his has been achieved since 1990, as shows Fig. 0.3.7 below, dropping rom 533 gCO2/kWh o
485 gCO2/kWh. This decrease is, however, counerbalanced by an expansion in consumpon, resulng in an
increase in he oal emissions rom elecriciy producon rom 1990 o 2019.

The global decarbonisaon o elecriciy mus hereore proceed, as rapidly as possible especially hrough in-
creasing he share o renewable and nuclear energy, as previously seen.

Fig. 0.3.Worldwide average CO2 conen o elecriciy 1990 o 2019 [CO2/kWh]
Source: IEA. Reproduced wih permission

hps://www.iea.org/daa-and-sascs/daa-produc/emissions-acors-2021

For he las wo opons above, echnologies are available bu sll need incenves, such as new regulaons
imposing higher prices for CO2 emissions, or new business models o be deployed exensively. The number o
demonsraon projecs, pilo projecs, and rs indusrial projecs in dieren counries is increasing. Some o
them are described in the chapters of the report 

6 The poenal level o elecricaon secor by secor o he european counries has been sudied in he eXremOS projec realised by a consorum o academic and
industrial german partners: hps://exremos.e.de/

7 See for reference: hps://www.iea.org/daa-and-sascs/daa-produc/emissions-acors-2021
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3. Fieen general commens

The ollowing general commens apply o mos, i no all, o he secors sudied in his repor and generally
o oher secors i does no cover. Some are more oriened on echnical aspecs, oher more on regulaory
or indusrial policy choices. These commens are evidence-based, and while some may seem ‘simple’, many
obsacles beyond echnical aspecs are sll sanding in he way o heir implemenaon.

Unorunaely, i is no very dicul o nd examples in many counries o easible choices or soluons ha do
no seem o be implemened a a sucien scale, or a all. There are neverheless a large number o examples
in which bes pracces and soluons have been properly aken ino consideraon and implemened. Some are
lised below; ohers can be ound in he various chapers and he annex o he repor.

Low-carbon available echnologies
The urgency o climae migaon implies deploying as soon as praccable he bes available and mos
cos-eecve lower-carbon inensive echnologies. Forunaely, a number o such echnologies are already
commercially available and a an aordable cos; moreover, many o hem oer co-benes such as reduced
energy bills, improved comor and healh, improved indusrial processes and/or increased demand exibiliy.
This is especially rue or he rs and second opons lised above.

The hea pumps amily

While heuseoheapumps is increasingworldwide, i isworh urher promong his amily o echnologies as
i has an increasing range o applicaons, rom residenal and erary secors omany indusrial processes. Fur-
hermore, he reuse owase heamigh havemore applicabiliy in he uure. By “pumping” hea, hea pumps
bring heat (or cold) where it is needed while using less electricity than would otherwise be needed to heat (cool)
a space or equipmen, and his by a acor which may be requenly higher han 3. Hea pumps are a key lever
for reducing CO2 emissions. They are described in he rs secon o he annex o his chaper.

Local adapaon o some echnologies
Many exisng echnologies are available globally, bu some have been developed and will be used in highly
developed counries, also known as he ‘Global Norh’. These echnologies may require adapaon o dieren
climaes and local conexs. In some cases, urher developmens are needed. In parcular, some equipmen
is climae sensive. For example, air-air hea pumps and solar waer heaers are sensive o emperaure and
humidity 

Energy eciency and he rebound eec
Energy eciency is always useul: echnologies ha are improving equipmen eciency and sysem insulaon
save energy. So does adding a modern command-conrol ino an indusrial process or ino a heang sysem a
a home: replacing a hermomechanical hermosawih an elecronic one reduces he energy consumpon by
5% o 10%, as i avoids overheang. Command-conrol wih a learning capaciy, using AI, may be increasingly
useful 

Frequenly, hese improvemens rapidly pay or hemselves and become proable i he oudaed equipmen
is replaced a he righ me wih a more ecien one, a he end o is lie, or example.

Increased energy eciency may improve he qualiy o lie in a home, especially or he less auen or whom
energy coss end o be a large poron o heir disposable income. However, improvemens in energy eciency
may oen be subjec o hewell-known rebound eec (also known as he ‘Jevons paradox’) when consumpon
is no longer limied by cos. Higher eciency may indeed lead o an increased, oen waseul, use o resources
as heir prices decrease and heir availabiliy increase. This rend may limi or cancel he expeced reducon in
energy consumpon and emissions. This is oen he case or heang a home: people now end o mainain
heir homes a higher emperaure han beore he improvemen o he equipmen, o eel more comorable.
Oher well-documened indirec rebound eecs occur when he cos reducon due o an increase in eciency
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les he consumer spend more energy on oher acvies.

Lie Cycle Assessmen
Lie Cycle Assessmen (LCA, also known as Lie Cycle Analysis) is useul or assessing no only he impac o
a process, equipmen or sysem, bu also is proposed replacemen by anoher process, equipmen or sysem
o produce a more eecve and susainable decrease in GHG emissions. The goal is no necessarily o obain
a highly precise LCA gure bu o evaluae he exernalies o an inial choice or o a poenal replacemen
ha could be useul or reducing GHG emissions. The dieren ypes o LCAs are presened in he hird secon
of the annex of this chapter 

Recycling, circular economy and he reducon o GHG emissions
The developmen o long-lie producs, recycling and a circular economy generally leads o reducons in GHG
emission, polluon, and use o maerials. Recycling requires energy (boh o recover wha is o be recycled
and or recycling isel). For some imporan maerials such as seel and aluminium, he emissions produced
by recycling are indeed lower han or he inial producon, bu his is no always he case. Recycling is no
necessarily easy o organise, implemen and nance, bu i is oen desirable.

Example: he recycling o seel

The recycling o seel generally requires less han one ourh o he energy needed or is producon rom
iron ore; urhermore, recycling scrap uses mainly elecriciy, hus allowing less CO2 emissions, i he elec-
riciy is produced rom lower carbon inensive sources. This approachmay be especially useul during he
nex 30 years or more unl hydrogen reducon processes are available and applied on a large commercial
scale. Wih increased recycling, he average energy use or 1 onne o seel could be reduced by 30% o
40% and he average CO2 emissions per onne by abou 70% (see Chapter 6. on the Iron and Steel indus-
try: Fig. 6.10. in Secon 2.4., Footnote 15. in Secon 2.3., Table 6.1. in Secon 2.5.2.) 

Imporance o holisc approaches
Holisc approaches are essenal or an eecve and aordable ransion o a lower carbon inensive economy
o be achieved because here are many inerconnecons beween secors, polical choices, regulaons and
indusrial developmens or decline. This implies ha public and local services should work across and beween
adminisraons and governmenal agencies wihou orgeng ineracon wih indusry. Collaboraons are
also needed a he naonal and inernaonal levels. I is imporan o speciy he varying ming o he dieren
ransormaons: roadmaps or planning based on solid and ransparen simulaons are he basic ools needed
o gain accepance and suppor. Many IPCC repors are examples o such a holisc approach.

Dieren impacs o ICT
The increasingly ubiquious digialisaon o our world and daily lives is ransorming he world’s value chains,
oering numerous possibilies or measures, analysis, opmisaon, ec., which may conribue o reducing
energy consumpon and GHG emissions. On he oher hand, inormaon and communicaons echnology
(ICT) induces GHG emissions as i requires imporan amouns o energy in operaon, principally in he orm o
elecriciy, and also oher energy vecors in manuacuring. This repor is principally devoed o he energy use
on he operaon side (see Chapter 7.) 

Sabiliy and predicabiliy o regulaory changes
Public policies (regulaons, mandaes, incenves, ec.) usually concern many sakeholders (rom cizens o
indusrial companies bu also cies and naonal governmens). To be acceped and susainable in many coun-
ries, hese policies need o be ransparen, adequae and, i possible, sable. As ar as possible, he evoluons
o hese policies and heir raonale should be announced well in advance so ha key sakeholders o adap
and o gain condence and creae accepance o he general public. Setng a clear pah or coming policy
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changes, and making i known o he sakeholders, will help predicng wih some cerainy heir evoluon and
acceptance 

Imporance omerics and daa sources
I is necessary o choose he righ merics and reliable and reproducible daa when selecng or dening
objecves andmonioring he implemenaon o any GHG reducon programme.We recommend using merics
or emissions and nal consumpon raher han primary consumpon, because reducing primary energy con-
sumpon and reducing emissions are no necessarily synonymous: replacing coal or gas wih elecriciy may
increase primary energy consumpon and ye decrease CO2 emissions: see for example Chapter 6. on the steel
indusry, and below.

Low primary energy and low CO2 emissions are no necessarily synonymous

Le’s suppose a counry has he ollowing elecriciy mix8:

50% renewables (hydro, solar, wind), 25% nuclear, 25% gas (wih 50% eciency, hus 400 gCO2/kWh)
In ha case, ollowing he IAE coeciens (3 or nuclear), he rao primary energy o nal energy is given
by Ep / E = [(50% x1)+(25% x 3)+(25% / 0,5)] / 100% = 1.75
The CO2 conen o elecriciy is: 25% x 400 = 100 gCO2/kWh.
Considering wo idencal houses wih a yearly heang need o 4 MWh.

• One house is heaed by a gas urnace o eciency 100% (o simpliy).
Is primary energy consumpon is hus 4 MWh and is emissions are 400 kgCO2.

• The oher house is heaed by a hea pump wih a Seasonal Coecien o Perormance (SCOP) o 3.
Is primary energy consumpon is 7 MWh (4 x 1.75) and is emissions are (4 MWh/3) x 100 kg/MWh
= 133 kgCO2.

Wih his elecriciy mix, i is hus beer o ake direcly CO2 emissions as indicators than to take the primary
energy 

Impac o size on he ransion in capial-inensive secors
The urgen need o reduce GHG emissions and he exernalies o he required changes call or an exploraon
o scale issues, such as he size o he acilies under consideraon.

In mos capial-inensive indusries, generally heavy indusries, acilies have become increasingly bigger due
o he benes o economy-o-scale, and more and more have been operang connuously wih ewer shu-
downs or repear and mainenance. These large complex acilies have been highly opmised o increase in
eciency and consequenly proabiliy, which makes i all he more complicaed o modiy hem. Many o
hese exisng acilies have long remaining lie spans, which decreases incenves or replacing hem.

As a resul, changing oday’s large acilies, in order o reduce GHG emissions or inegrae wih oher process-
es, requires comprehensive planning, clear regulaory environmens, and large invesmens: such changes in-
deed ypically ake several years o implemen. I heir producon needs o be curailed o modiy he process,
he whole local indusrial ecosysem migh suer rom i and so migh numerous cusomers.

8 Producing 1 kWh by combuson o gas produces some 200 g o CO2. We ake ino accoun he sandard rao rom he Inernaonal Energy Agency o primary energy
over nal energy or nuclear elecriciy (coecien 3).
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Benchmarking
Benchmarking, parcularly in indusry, is a way o promoe dynamics or emission reducons: comparing or
example how much kgCO2/onne o producon dieren companies rom he same secor emimay help hese
companies and public auhories pursue emission reducon goals.

Japanese benchmarking sysem or indusries

To improve energy eciency in indusrial secors, Japan inroduced a benchmark sysem in 2009 combin-
ing regulaon and incenves. 70% o indusrial and commercial secors are currenly covered by his sys-
em. In each area, a simple and easy-o-undersand measurable benchmark perormance indicaor is de-
ned; a benchmark arge level is hen se, represenng he bes available echnology, already achieved
by 10% o 20% o op perormers rom ha secor and also high-ranking in he inernaonal EU Emissions
Trading Sysem (EU ETS) or he year 2030. This arge may be revised i a majoriy o companies have
achieved i. The benchmarking sysem includes: (a) Inspecons by he Minisry o Economy, Trade and In-
dusry (METI) o businesses whose eors in energy eciency are unsasacory; and (b) Energy eciency
subsidies when a benchmark arge is achieved (See: hps://iea.blob.core.windows.ne/asses/2867ca4-
5184-4d4e-801b-c545de7e8900/2.Mr.MasanaEZAWA%2CMETI17-03BenchmarkingWorkshop.pd).

Wih his sysem, he governmen may compare energy inensies among companies and discern each
indusry’s energy eciency poenal; conversely, each o he indusries and companies can recognise is
own energy eciency poenal. The whole process is based on a srong exisng relaonship beween
METI and Japanese indusrial associaons.

Synergies beween uses and resiliency
Developing synergies can be an eecve way o reduce energy needs and associaed emissions. For example,
wase hea rom daa cenres may provide hea o oce buildings or swimming pools, and wase hea rom
industrial sites may supply heat networks 

This coupling beween sysems is benecial in normal operaons and should be developped where possible.
However, o avoid unaccepable disrupons or a leas limi hem, in case one o he sysems ails, he resil-
iency o each sysem should be sudied and adaped i necessary; i necessary, adaped backup sysems may
indeed have o be insalled. More generally, resiliency a he sraegic level as well as or everyday operaon
will be sudied beore he ransormaons or GHG emissions reducon are chosen.

RD&D
RD&D eors are essenal in all areas o provide new opporunies or he needed energy ransion as well as
o migae and adap o he currenly occurring climae change and all oher resulng global changes.

RD&D eors are no only required in he areas o echnology, engineering, sysems modelling and simulaon
bu also in he complemenary areas o humanies and social sciences - in parcular bu no only how echnol-
ogies are perceivedwih heir known and unknown benes, advanages and disadvanages, and consequences.
These key issues, however, mosly lie beyond he scope o his repor.

Skills and compeencies
All he members o he Commiee and is Working Groups are convinced ha raining / proessional devel-
opmen is a key issue: many jobs will disappear in he ransion driven by GHG reducons while, ohers will
change, and new ones are likely o appear. Thereore, some skills will no longer be needed while ohers will
have o change/adap, and new ones will be needed.

This issue concerns all educaonal sysems in he world, sarng rom elemenary school. I also involves updang
skills and developing new ones during one’s working lie, in parcular in engineering and echnologies. This is a
concern or large and small companies, and or sociey as a whole. A large eor is needed o rehink eachers’
raining and provide more opporunies or lielong learning boh in educaonal insuons and in he inernal
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raining organisaons o indusrial and service companies.

Leadership, collaboraon, neworking and social issues
The urgency o he ransormaon ha mus be accomplished, he necessiy or choices and agendas o be
consisen wih one anoher in dieren secors, and he need or arbiraon beween mulple conicng
ineress, call or eecve leadership is and very high level in hedieren secors. Collaboraon andneworking
conribue o he developmen o condence and sharing o bes pracces. Such is he role, or example, o
ciy neworks. Eecve cooperaon also lies in he dieren neworks ha link Academies in he world wih
one anoher, as CAETS does. Social issues are ubiquious and essenal bu beyond he scope o his repor, as
already menoned.

Annex
Three ransversal levers or he ransions: hea pumps, hydrogen, LCA

Three dieren and imporan elemens or ools may be applied o almos all secors and are described below.
• Hea pumps orm a amily o sysems mobilising local renewable hea rom he air, he waer or he ground.

They are not yet as widely deployed as they could be 

• Hydrogen as an energy vecor: he use o hydrogen and hydrogen-based molecules (synhec uels) may be
regarded as a smulang way o decarbonise several indusrial processes ha canno be direcly elecried.

• Lie Cycle Assessmen mehods (LCA) help undersand he global impac o processes and changes o such
processes 

This annex briey describes hese hree echnologies, which are echnical levers or he ransion.

1. Hea pumps: a key echnology amily or he ransion
In naure, hea ows rom a warm body o a colder one. Hea pumps work he oher way around: hey ranser
residual hea rom cold places (making hem even colder) o warm or warmer ones. Rerigeraors and air-
condioning sysems, well-known o many, are examples o common hea pumps.
• The rerigeraor ‘pumps’ hea rom he inside o keep i cool or cool i even more and expels i ouside, gene-

rally in he kichen, where he emperaure is abou 20 °C or more. I is hus a he same me slighly heang
is environmen.

• The air-condioning sysem exracs hea rom he inside o a house or any buil srucure, hus ranserring i
o he warmer area ouside. A he same me i is hus also slighly heang he ouside air.

Hea pumps, which are he reverse o air condioning, are increasingly used or heang in norhern counries
in winter and reduce CO2 emissions and lower energy consumpon: in such a case, he hea pump exracs
residual hea rom he ouside, where i is cold, ranserring i o he inside, where i is already warmer. This
applicaon o hea pumps or heang is generally simply reerred o as ‘hea pump’.



25

CHAPTER 0. TO SET THE SCENE

Hea pumps demysed

The hea pump operang principle is based on he hree main ideas ha rule he phase shi o a hea
ranser uid rom liquid o gas and conversely.

1 To vaporise a liquid ino gas, heamus be ranserred o he liquid (as or example when waer is
boiled). Conversely, liqueying a gas releases hea.

2 The higher he pressure, he more hea is needed o vaporise a liquid since he generaed gas has
o overcome he exernal pressure. In oher words, he emperaure needed or he vaporisaon o
he liquid increases wih he exernal pressure. Likewise, he liqueacon emperaure o a gas hus
increases with the pressure 

3 When you rapidly compress a gas, is emperaure increases (as does or example he air in a bicycle pump).

The principle o he hea pump is o nd a uid ha will, under cerain pressure, vaporise a he ouside
emperaure, and under higher pressure liquey a he inside emperaure, hus releasing hea inside: his
requires low ouside pressure (or vaporisaon o capure hea) and high inside pressure (or liqueacon
to release heat) 

Fig. 0.4. Hea pump operang principle (© Pügen-Bamberger) Reproduced wih permission

A heat pump is thus composed of a uid in a closed loop and:

• ouside he home, a low-pressure evaporaor, where he uid arrives liquid and adsorbs he residual
hea o vaporise;

• inside he home, a compressor ensuring he circulaon and compression o he gas,
where the temperature increases with increasing pressure;

• inside the home a condenser, where he gas releases hea;

• a pressure reducer, where he cooled gas reurns o liquid beore being pumped again o he ouside
evaporaor o be vaporised again.

The key advanage o a hea pump is ha i provides more hea han he energy consumed by he compressor.
The rao reerred o as he Coecien o Perormance (COP) is regularly higher han 3. A COP equal o 3means
that the heat pump produces 3 kWh when only 1 kWh of electricity is consumed 

Gaining 2 kWh rom he ouside is generally considered as renewable energy even i a (very) lile decrease
of the outside temperature results from it The COP depends on the inside and the outside temperature 
I is higher when he emperaure dierence is lower. In addion, when he ouside emperaure decreases,



26

CAETS 2022 TOWARDS LOW-GHG EMISSIONS FROM ENERGY USE IN SELECTED SECTORS

i becomesmore dicul o recover hea and he COP decreases, which is clearly conrary o he desired oupu.
This oen imposes a limi o he emperaure range in which hea pumps can work ecienly. This range is
usually narrower han wih direc heang.

Heat pumps are a broad family They are characterised by the mediums from which the heat is extracted and
o which i is provided. Hea pumps are reerred o as air-air, air-waer, ec., he rsword designang he hea
source, he second he medium where he hea is released. Some hea pumps are reversible and may be hea-
ing or cooling. Generally, one is more ecien han he oher.

The hea ranser uid, also known as he working uid or coolan, is anoher imporan characerisc. Cool-
ans hemselves may be greenhouse gases which is a problem in he case o leakage. In an increasing number
o counries, regulaons impose coolans wih low impac on climae change.

Hea pump rangs can range rom a ew kW o several MW. Their perormance has been improving over he
las 50 years, in parcular or larger ranges o operaon wih higher COPs. They may be used or example:
• o hea or reresh aparmens, houses, oces, and indusrial processes

• to reuse waste heat from industrial processes by modifying their temperature

• to modify temperature from geothermal sources 
This shor lis suggess numerous poenal applicaons or decarbonisaon and reducon o energy consump-
on: comparing wih a classical heang sysem using resisve heang, emission and consumpon are divided
by he COP value. I he COP is 3, hen, compared o an ecien gas heang sysem emitng 200 gCO2/kWh,
he emissions rom he hea pump sysem are lower, provided he elecriciy mix conains less han 600 gCO2/kWh.
This is he case in many regions since he average CO2 content of 1 kWh in the world in 2019 was 485 g 

2. Hydrogen: a key vecor o complee elecriciy
Hydrogen is a key chemical elemen in many indusries such as peroleum rening and chemicals producon.
Currenly, more han 95% o i is produced rom ossil uels, naural gas, peroleum and coal – by ar he cheap-
est way to obtain it as will be detailed below Hydrogen can yet also be produced from a wide range of energy
sources and echnologies, as highlighed in Table 0.1. The most commonly used colours to depict hydrogen are
green, blue and gray, and also brown as in Table 0.1. below 

Table 0.1. Hydrogen colour spectrum
Source: hps://nace.org/wp-conen/uploads/2020/12/Hydrogen-Color-Specrum-HiRes-2.png

Thecleanesversions,as iwere,are ‘green’and ‘purple’hydrogen.Boharegeneraed in relavely smallquanes
oday by elecrolysis, using elecriciy respecvely rom renewable energy sources and rom nuclear energy.

The mos common ype o hydrogen is known as ‘gray’ hydrogen as is producon releases signican amouns
o greenhouse gases in he amosphere. A cleaner proposed version is ‘blue’ hydrogen, which would sll be
produced from fossil sources but for which CO2 emissions will be capured and geologically sequesered or
reused, insead o being released ino he amosphere.

Gray hydrogen is mainly produced by he chemical conversion omehane a high emperaures. In some coun-
ries, signican amouns o hydrogen are produced rom coal. The mos common mehod o producon is
Seam Mehane Reorming (SMR), where pure seam is used as he oxidan. Through endohermic (absorbing
hea) reacons a 700-900 °C, mehane and waer are convered ino hydrogen, carbon monoxide and carbon
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dioxide (‘synthesis gas’) 

Gray hydrogen can also be produced by one of the processes below 
• By the Paral OXidaon (POX) omehane or heavy hydrocarbons. The process akes place under high pressure

and at high temperatures (up to 1 400 °C) 

• By Auo-Thermal Reorming (ATR), a combinaon o seam reorming and paral oxidaon. The advanage o
he auo-hermal reacon is ha i is no dependen on exernal hea supply. However, ATR benes are
ose by increased invesmen and operang coss or he air separaon uni and amore complicaed ue gas
puricaon process.

Table 0.2. below presents the CO2 emissions associaed wih he producon o gray hydrogen in he bes-case
scenario (D. Jakobsen & V. Åland, 2016).

Process CO2 Emission (onne CO2 / onne H2)

SMR 8 5

POX 8 6

ATR 8 2

Table 0.2. CO2 emission from H2 producon wih naural gas or SMR, POX and ATR

To address the high CO2 emissions o hydrogen plans, carbon capure, ulisaon, and sorage (CCUS) has been
proposed. Dierenmehods are possible, including an up o 90% reducon or he ATR plan. CCUS, however,
increases naural gas consumpon and plan operang coss and requires signican capial invesmen, which
ranslaes ino higher coss or he producon o hydrogen.

Adding CCUS o SMR plans resuls, on average, in increases o 50% or CAPEX and 10%-20% or energy, wih
he exac amouns depending on he design. I also leads on average o a doubling o OPEX as a resul o CO2

ranspor and sorage coss. CCUS cos indicaons are given in he lieraure.

In he case o naural gas, coss rom SMR wih CCUS are in he range o USD 1.4–2.6 /kgH2 , compared o USD
1.0- 1.9/kgH2 wihou CCUS (IEA, 2019), (IRENA, 2019). For more inormaon on he curren developmen o
CCUS, which is beyond he scope o his shor noe, he reader may visi he IEA’s websie or he global CCS
Insue Websie (hps://www.globalccsinsue.com) 

Water electrolysis is an electrochemical process that breaks down water into hydrogen and oxygen gases under
he inuence o a direc elecric curren. A produc allowing he curren o pass hrough he waer, he elec-
rolye, has o be added. The oldes elecrolysis echnology, alkaline elecrolysis, is maure. Two oher ypes
are dierenaed by he elecrolye maerial and operang emperaure. The main echnical and economic
characeriscs o he hree ypes o elecrolysis and heir acronyms are summarised Table 0.3. 

The eciency o he elecrolysis process is dened as rao o he Higher Heang Value o hydrogen (HHV) o
he inpu elecriciy used by elecrolysis per kilogram o hydrogen produced (Dele Solen, 2010).
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Alkaline elecrolysis cells
(AEC)

Proon exchange membrane
elecrolysis cell (PEMC)

Solid oxide elecrolysis cells
(SOEC)

Elecrolye KOH/NaOH (liquid) Polymer (solid) Ceramic (solid)

Operang Pressure (bar) 2-10 15-30 <30

Operang Temperaure (°C) 60-90 (up o 200) 50-90 500-1000

Sack Lieme (h) <90,000 <40,000 <40,000

Sysem Lieme (year) 20-30 10-20 -

Eciency (HHV) 62-82% 67-84% ~90%

Cold Sarup (min) >15 <10 >60

Annual Degradaon (%) 2-4 2-4 17

Cos a 2019 (US$/kW) 500–1400 800–1800 > 2800

Targe Cos by 2050 ($/kW) ~574 ~700 ~200

Table 0.3. Source: Elecrolyser key eaures (Kai Zeng, 2010) (Mergel, 2013) (Beruccioli, 2014) (IEA, 2016) (Uosaki, 2017) (M. Carmoa, 2013), (IEA, 2019), (Nel, 2019)
hps://ransionenergeque.gouv.qc.ca/leadmin/medias/pd/experses/Eude_hydrogene_Vole_B.pd

As menoned earlier, a presen, he producon cos o ‘green’ hydrogen is signicanly higher han ha o
‘gray’ hydrogen – up o 5 mes or more. The magniude o he cos dierenal depends on he cos o elec-
riciy a he poin o producon and he elecrolysis echnology used. The cos o elecrolysers per kilo o
produced hydrogen is decreasing, in parcular hrough heir increasing capaciy: a 20 MW PEMC elecrolyser
producing 8.2 onnes hydrogen a day is operaed by Air Liquide since 2021.

Produconpariy cosbeweengray, blueandgreenhydrogen couldbeme in hepresendecade. The ollowing
gure rom IRENA gives some projecons concerning green hydrogen coss (see Fig. 0.5.) 

Fig. 0.5. Green hydrogen producon coss projeced by IRENA. © IRENA (2020), Green Hydrogen Cos Reducon: Scaling up Elecrolysers o Mee he
1.5⁰C Climae Goal,

Inernaonal Renewable Energy Agency, Abu Dhabi.
hps://www.irena.org/-/media/Files/IRENA/Agency/Publicaon/2020/Dec/IRENA_Green_hydrogen_cos_2020.pd

To complee his brie descripon on hydrogen producon and cos, i is useul o compare he energy
eciency o elecrolysis as a means o produce hydrogen wih ha o processes synhecally producing uels,
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respecvely mehane, diesel, mehanol and ammonia, and combining elecrolysis and supplemenary chemical
reacons (DNV 2019, Energy Transion Oulook (2020). Such is he objec o Table 0.4. below 

Hydrogen Synhec
mehane (LNG)

Synhec
diesel

Synhec
mehanol Ammonia

Enery eciency (%)

Elecrolysis 71 71 71 71 71

Power-o-gas process - 75 - - 87

Liqueacon 83 96 - - -

Power-o-liquid process - - 75 75 -

Overall eciency 59 51 53 53 62

Table 0.4. Compared energy eciency in per cen o dieren synhecally produced uels

3. Lie Cycle Assessmen (LCA): a key mehodology o analyse emissions
Lie cycle assessmen, or Lie Cycle Analysis, boh reerred o as LCA, is an esablished mehod o model and
quany mulple inpu and oupu impacs on processes, producs and services. The proper use o Lie Cycle
Assessmens helps undersand he eecs o any change in a process, produc, or echnology. For example,
i may be useul o assess wheher any change o a process, such as rying o reduce is carbon inensiy or
he resulng GHG emissions, is eecve and wha is side eecs may be. Indeed, well-inenoned acons o
reduce he GHG emissions o a process or a producmay oen inadverenly produce he opposie eecs.

LCAs are complex and are no perec, and in many cases lead o dieren resuls. I is hereore crical or
LCAs o be conduced using ully ransparen assumpons and daa ses, sang he accuracy o he inpus and
esmang variabilies and unceraines.

LCA is broadly dened by he ISO 14040:2006 sandards9 as a “compilaon and evaluaon o he inpus, ou-
pus and he poenal environmenal impacs o a produc sysem hroughou is lie cycle.” ISO 14040, how-
ever, does no provide specic recommendaons on mehods or ools or conducng an LCA since here are a
wide variey omehods or i.

The 4 basic phases o an LCA are described below.

1 The rs phase o a ypical LCA according o ISO 14040 is he goal and scope denion phase, which lays
ou he basis or he LCA. In his phase, he modeller species he goal or conducng he analysis and he
inended use. Typical goals could be: o quany GHG emissions or dieren produc or process opons; o
guide R&D; or o dene regulaory regimes.

2 Deailed lie-cycle invenory (LCI) analysis orms he second phase o an LCA. This may include overall
maerial and energy balances, and a compilaon o all relevan and available daa hroughou a well-dened
LCA sysem boundary.

3 LCA impac assessmen (LCIA) is he hird phase. Daa gahered in he second phase is used o calculae
impac resuls or he chosen parameers, or example, onnes o CO2 emied per uni o produc or
process. However, much broader desired oupu parameers may and should be used, such as socieal,
healh, climae, and various oher environmenal eecs. Lie-Cycle GHG emissions may be calculaed or
any polluan, or as he sum o equivalens o GHG compounds such as waer vapour, CO2, mehane, N2O,
ec. In many sudies, hese are combined and repored as global warming poenal (GWP) in he orm o
CO2-equivalens (CO2e) 

4 The ourh usual phase o an LCA is he inerpreaon phase. Resuls are hen used or reporng, urher
analysis, or guidance or ormulang regulaons.

9 hps://www.iso.org/sandard/37456.hml
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The LCA process ends o be ierave, as he inial resuls oen highligh unceraines and he need or addi-
onal daa or improved modelling ools.

The main LCA ypes are Aribuonal, Consequenal and Socieal, bu hybrids or combinaons are numerous
and common 

Aribuonal and Consequenal LCAs are ypically quie dieren rom one anoher in heir ormulaon, usage
and results Fig. 0.6. below skeches heir concepual dierence.

Fig. 0.6. The concepual dierence beween Aribuonal and consequenal LCAs (romWeidema BP. Marke Inormaon in Lie Cycle Assessmen.
Environmenal Projec no. 863. Copenhagen: Danish Environmenal Proecon Agency; 2003. 147p. Page 15.

hps://www2.ms.dk/Udgiv/publicaons/2003/87-7972-991-6/pd/87-7972-992-4.pd)

A descripon o hese dierencesmay also be ound inAribuonal vs. Consequenal LCAMehodologyOverview,
Review and Recommendaons wih ocus on Well-o-Tank and Well-o-Wheel Assessmens, a sudy commis-
sioned by EUCAR o IFP Energies Nouvelles and Spheramodels10 

Regulaors, indeed, use LCAs and, in doing so, aim a being comprehensive, using or example he ‘well-o-
wheels’ approach. However, hey do no capure all he rebound eecs, unknowns, unceraines or unin-
ended consequences. Consequenal LCA, also known as he CLCA model, is hus increasingly used o ry o
also ake ino accoun some o hese indirec and ollow-up eecs. Sll, his model is no really adaped or
long-erm predicon.

The IPCC uses he Inegraed Assessmen Model (IAM), or a version o LCA known as Socieal-LCA, or S-LCA,
which ocuses on he demand side, impacs on sociees and economies and climae change, and hence
provides an insigh ino how real susained reducons in energy use and GHG emissions may be achieved.

10 hps://www.eucar.be/wp-conen/uploads/2020/08/20200820-EUCAR-Aribuonal-vs-Consequenal-updaed-2.pd
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Execuve Summary

No area o human acviy is more essenal o sociey han a susainable Food and Agriculure Sysem (FAS).
Wih projecons ha he global populaon will grow o as much as 10 billion by 2050, here is increasing
concern as o how his sysem should be ransormed o eed he populaon while conribung o susainable
developmen. Agriculural producviy has been a consisen and imporan ocus o aenon during he 20th

and 21st cenuries, wih good reason, as i aimed o eed such growing world populaon. While a driving goal
or he FAS remains providing sae and aordable ood numerous emerging acors challenge our presen and
future food and agriculture system 

This chaper addresses he decarbonisaon o he Food and Agriculure Sysem by considering he advance-
men o many scienc and echnological developmens ha may ransorm he exisng one. The global FAS
is responsible or abou 33% o oal anhropogenic emissions according o IPCC (2022)1 but this percentage
can vary somewha according o oher repors and how he FAS is dened. The chaper ocuses on: he char-
acerisaon o he FAS, rom domescaon o oday’s highly complex and adapve sysem; boh he impac
o he FAS on he environmen and he eec o he environmen on he FAS (climae change); he role o he
FAS as an energy supplier as well as an energy consumer; he eecs o changing ood preerences and dieary
changes on emissions and energy; he role o he FAS in meeng Susainable Developmen Goals (SDGs); he
challenges o socio-echnical innovaons across global and local levels; and he impac o such specic ech-
nologies as renewable energy sources (solar power, wind, geohermal and bioenergy, including biouels and
biochar), digial agriculure, nanoechnology, bioechnology (CRISPR), regenerave agriculure/agroecology,
agrooresry, elecricaon, he circular economy, and synhec biological ood developmens.

Technology played a pivoal role in he impressive agriculural ransormaon ha ook place in he 20th cen-
ury. And echnologies should similarly play an essenal role in addressing curren and uure susainabiliy
challenges ha bring ogeher agriculure, ood, healh, energy, climae, environmen, and social jusce. While
echnology should be considered a necessary and useul resource, here is no magic bulle, nor a ‘one size
s all’ soluon. Any echnology may oer poenal avenues or progress and provide benes bu also bring
abou drawbacks and conribue o he emergence o new problems. In addion, he proound changes ha
are required oday will depend on a series o many complemenary soluons, as no single one migh address
he breadh and deph o his challenge. These basic assumpons rs call or he need o generae appropriae
merics and assessmens ha accoun or he capaciy o echnology o conribue, no only o decarbonisaon
bu also o all he dimensions o susainabiliy as here migh be rade-os among hem. This is challenging:
mos assessmens are conex- as well as me-, space-, and scale-specic, accounng or complex and uncer-
ain processes, and require mehods and indicaors ha are no always available. These assumpons also call
or conex-specic design processes. This is essenal o joinly consider echnological resources, he innova-
on process, and he conribuons o addressing susainabiliy concerns.

Agriculural and ood sysems are quie conex-specic. Their ransormaon relies on locally adaped prac-
ce changes ha depend on resources and available echnology, know-how, risk managemen, ec., and may
involve various sakeholders wih divergen vesed ineress. In addion o he discussions on is impacs, ech-
nology implemenaon may hus ace resisance relaed o values and ineress, conics o ineres, risk man-
agemen and pah dependency hamake i very complex o analyse is polical economy. Finally, echnology
may have a conroversial dimension and, alongside growing suspicion concerning echnology and he spread
o ake news, may become a polemical and polarising issue. To address such challenges, he chaper provides
a crical review o boh he benes and drawbacks o echnology. I idenes our dieren scenarios aking
ino consideraon he main drivers, and nally presens key messages and recommendaons.

1 IPCC-AR6-WGIII. 2022. Chaper 7. Agriculure, Foresry and Oher Land Uses
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1. Inroducon

The purpose o his chaper is o address decarbonisaon in he Food and Agriculure Sysem (FAS) by consid-
ering he advancemen o numerous scienc and echnological developmens ha can ransorm he exisng
FAS. I ocuses on: he characerisaon o he FAS rom domescaon o oday’s highly complex and adapve
sysem; boh he impac o he FAS on he environmen and he eec o he environmen on he FAS (climae
change); he role o he FAS as an energy supplier as well as an energy consumer; he eecs o changing ood
preerences and dieary changes on emissions and energy; he role o he FAS in meeng Susainable Develop-
men Goals (SDGs); he challenges o socio-echnical innovaons across global and local levels; and he impac
o such specic echnologies as renewable energy sources (solar power, wind, geohermal and bioenergy, in-
cluding biouels and biochar), digial archiecure, nanoechnology, bioechnology (CRISPR - clusered regularly
inerspersed shor palindromic repeas) , regenerave agriculure, elecricaon, he circular economy, and
synhec biological ood developmens.

There is no area o human acviy more essenal o sociey han a susainable Food and Agriculure Sysem.
Wih projecons ha global populaon will grow o as much as 10 billion by 2050, here is an increasing con-
cern as o how his sysem should be ransormed o eed his populaon while conribung o susainable
developmen. Agriculural producviy has been a consisen and imporan ocus o aenon during he 20th

and 21st cenuries, wih good reason, as i aimed o eed a growing world populaon. While providing sae and
aordable ood remains a driving orce or he FAS, emerging and numerous acors neverheless challenge our
presen and uure FAS. These include: he impacs o he FAS on he environmen (gaseous emissions, climae
change and polluon, he degradaon o waer and biodiversiy); disrus in science and echnology; increas-
ing urbanisaon and changing ood preerences; globalisaon, droughs, inernaonal rade, inegraed value
chains and price volaliy; regulaon; energy; he economic viabiliy o rural communies and polical sabili-
y; he impac o climae change on ood producon; and, more recenly, a recognion o he disrupons ha
major evens, such as a pandemic or a war, can creae or he FAS. The ollowing quesons are also crical o
address: (i) Will he ood sysem reduce or increase hunger and povery among he poor?, (ii) Will he sysem
enhance or decrease equiy and access o ood or a healhy and producve global populaon?

Our exisng FAS has evolved since he domescaon o plans and animals, raced as ar back as approximaely
11,000-9,000 BC2. From is origin, he FAS has undamenally been a land-based sysem wih he soil being is
one consisen acor. However, emerging subsysems o precision conrolled-environmen indoor agriculure,
as well as alernave proein ood sysems -- largely esablished in soilless-based indoor acilies -- are experi-
encing signican growh.

We hus propose ha he evoluon o he FAS consiss o our relevan periods, which are described below.

i) Beore domescaon.

ii) From domescaon o 1960: a me o agriculural expansion during which producon is correlaed wih
land under culvaon.

iii) Agriculural indusrialisaon: when increase in yield hen made i possible o disconnec producon and
land under culvaon.

iv) The expansion o landless agriculure: is increasing role relies on he emergence o synhec oods (whie
and green chemisry) and indoor conrolled environmen agriculure.

2 Zeder, M. The origins o agriculure in he near eas. 2011. Curren Anhropology.
hps://www. jsor.org/sable/10.1086/659307
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Box 1. A armer recouns how agriculure was ransormed in he las 100 years in he UK

We, in agriculure and ood, need o reduce he energy we use and he Greenhouse Gas (GHG) polluon
we creae daily adding o global warming. In he 1930s ruminang animals were creang mehane gas.
Steam engines using coal producing CO2 provided energy o drive corn hrashing machines and some
plowing. The remainder o work in he elds was underaken by horses, pulling all he implemens. Wih
men mos oen walking behind, o plow, culvae, plan he seeds and harvesng all he crops, wih roo
crops lied enrely by hand. No arcial energy used. We had no arcial erlisers, raher using burn
limesone and armyard manure rom ood producing animals. No sprays o seed reamens were used.
Herdsmen rose by candle, hand milked by lanern ligh, cooled he milk wih sored rainwaer, over a sur-
ace cooler, lered ino churns. Then delivered by pony and rap o local cusomers, wih a measure rom
a bucke direc o a cusomer’s jug, he pony moving rom house o house. Mea was slaughered locally,
buchered and delivered in he same way. Corn was hrashed and delivered by horse drawn wagons o
local seam driven mills producing he our or baking by local village bakers.

Two World Wars and he subsequen rapid developmen o he inernal combuson engine, plus he
need or sel-suciency in ood supply, changed agriculural lie compleely. Milking machines replaced
men; racors replaced horses. Energy in he orm o oil and elecriciy provided he base o eed a rapidly
increasing world populaon and disribue ood around he world – hus unorunaely and sadly conrib-
ung o an earh-hreaening rise in amosphere emperaure we mus couner.

Since he 1960s and, jus like oher secors o he economy, ood supply underwen an agriculural revoluon
decoupling land use and producon and relying on a carbonisaon o ood and agriculure sysems ha is well
documened by many scholars. Wha is known as he modernisaon o agriculure (or he ‘green revoluon’
in developing counries), encouraged by acve agriculural and price smulang policies, acknowledged such
pillars as:

• he use o ossil energy o suppormechanisaon and moorisaon, resulng in an incredible increase o
boh labour and land producviy, as well as he exension o culvaed land in parcular hrough is
encroachmen ino he ores as can sll oday be observed in Amazonia and Souh-Eas Asia;

• he mobilisaon o chemical inpus in all agriculural pracces (erlisers, herbicides, pescides, ec.);

• imporan public and privae invesmen in genecs, genec improvemen, and seed delivery sysems;

• he developmen o long-disance value chains, requiring ranspor and processing inrasrucures and, as
a consequence, energy consumpon;

• and he signican expansion o irrigaed areas based on previous echnological asses and public inves-
mens in large-scale inrasrucure.

Despie populaon growh, ood availabiliy per capia has been connuously growing a he global level
because o he modernisaon o he agriculural secor and a subsequen increase in producon (Fig. 1.1.)
ha has come o exceed he rae o populaon growh (Paillard e al., 2014)3. Ye, while his ransormaon
generaed new nurion concerns, or insance hose relaed o obesiy, his has no been sucien o eradi-
cae hunger, as he number o persons suering rom undernurion remained sable over he las decades4 

3 Paillard, S., Treyer, S., & Dorin, B. (2014). Agrimonde–scenarios and challenges or eeding he world in 2050: Springer Science & Business Media.
4 HLPE. 2017a. Nurion and ood sysems. A repor by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy, Rome.

Rerieved rom hps://www.ao.org/3/i7846e/i7846e.pd.



37

CHAPTER 1. FOOD AND AGRICULTURE SYSTEM

Fig. 1.1. Populaon, ood producon, and agriculural land use rom 1800 o 2020
OECD 2021, “Making Beer Policies or Food Sysems”, OECD Publishing. Paris, Fig 1.7 a page 28. Order License ID 1291258-1

hps://www.oecd-ilibrary.org/agriculure-and-ood/making-beer-policies-or-ood-sysems_dda4de-en
URL direc access: hps://www.oecd-ilibrary.org/sies/ed73cce-en/index.hml?iemId=/conen/componen/ed73cce-en

2. Complex ineracons beween agriculure, ood, waer, environmen and energy

The FAS can be characerised as a complex adapve sysem ha operaes across a broad specrum o eco-
nomic, biophysical and socio-polical conexs5. I is a he inersecon o some major global issues: ood,
energy, waer, populaon, land use, and developmen. Biouel producon and he policies used o suppor is
developmen can, or insance, be relaed boh posively and negavely wih each o he our dimensions o
ood securiy – availabiliy, access, ulisaon (nurion) and sabiliy6 The impact and feedback links between
biouels and ood securiy require assessmens a boh global and local levels, recognising ecosysem services
and aking ino accoun conex speciciy.

As already saed, he evoluon in he ood sysem has creaed dramac consequences and drawbacks on he
environmen7, 8. The emergence o hese environmenal concerns and global acons o preven caasrophes
(climae change, biodiversiy loss and land degradaon) call or decarbonising he FAS.

• Pas ransormaons o he FAS led o he deerioraon o agroecosysems and grea losses o specic and
genec biodiversiy. In urn, hese losses have hampered he FAS in dierenways, resulng in he decrease
o diversiy in ood supply and is nurional value9, 10, 11 

5 Naonal Research Council. 2015. A ramework or assessing eecs o he ood sysem. The Naonal Academies Press. Washingon D.C.
6 HLPE. 2013. Biouels and ood securiy. A repor by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy,

Rome 2013 hps://www.ao.org/3/i2952e/i2952e.pd
7 Caron, P., Ferrero y de Loma-Osorio, G., Nabarro, D., Hainzelin, E., Guillou, M., Andersen, I., . . . Verburg, G. (2018). Food sysems or susainable developmen:

proposals or a proound our-par ransormaon. Agronomy or Susainable Developmen, 38(4), 41. DOI: 10.1007/s13593-018-0519-1
8 Wille, W., Rocksröm, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., . . . Murray, C. J. L. (2019). Food in he Anhropocene: he EAT–Lance Commission on

healhy dies rom susainable ood sysems. The Lance. DOI: 10.1016/s0140-6736(18)31788-4
9 HLPE. 2017b. 2nd Noe on Crical and Emerging Issues or Food Securiy and Nurion. 23. Rerieved rom hps://www.ao.org/leadmin/user_upload/hlpe/hlpe_

documens/Crical-Emerging-Issues-2016/HLPE_Noe-o-CFS_Crical-and-Emerging-Issues-2nd-Edion__27-April-2017_.pd
10 Hainzelin, E. 2019. Risks o irreversible biodiversiy loss. In S. Dury, P. Bendjebbar, E. Hainzelin, T. Giordano & N. Bricas (Eds.), Food sysems a risk.

New rends and challenges (pp. 59-62). Monpellier, France: CIRAD, European Commission, FAO.
11 FAO. 2019. The sae o world’s biodiversiy or ood and agriculure J. Bélanger & D. Pilling (eds.)

FAO Commission on Genec Resources or Food and Agriculure Assessmens, (pp. 572). Rome: Food and Agriculure Organizaon.
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• The global food and agriculture system is responsible for up to one third of anthropogenic greenhouse gas
(GHG) emissions and is hereore a major driver o climae change1, 12. This percenage can vary rom 25%
o 33% according o dieren repors. According o IPCC (2022)1, 24% ou o 33% are due o he agricul-
ural and livesock secors, whereas 9% are generaed by Land Use, Land Use Change and Foresry.
Emissions rom direc on-arm energy use, agriculural pracces and shing are responsible or approxi-
maely 1% o global CO2 emissions, 38% o global mehane emissions (CH4, essenally relaed o rumi-
nans’ producon), and 79%o global N2Oemissions (essenally relaed o rice producon). Quanavely,
agricultural CH4 and N2O emissions are esmaed o average 157 ± 47.1 MCH4/yr and 6.6 ± 4.0 MN2O/yr
or 4.2 ± 1.3 and 1.8 ± 1.1 GCO2e/yr respecvely beween 2010 and 2019

1 

• Food producon, and consequenly he livelihoods o billions o people, especially he mos vulnerable,
including small armers, is impaced and will be even more in he coming decades by he eecs o climae
change13 

• Alhough he demographic ransion is mainly behind us (apar rom Sub-Saharan Arica), consumpon
rends, including he possible increase o animal source producs in he Global Souh, poin o dramac
developmens wih gures ranging rom 50 o 100% increase in producon owards 205011 

The FAS sysem is indeed a he oreron o environmenal issues, boh as a main conribuor o global change,
bu also as a poenal vicm or rescuer. I is hereore appropriae o queson he capaciy o our FAS o eed
he global populaon in a susainable and resilienmanner. Geren e. al. (2020)14 conclude ha our sysem, as
i currenly sands, could a bes eed only 4 billion people i all planeary limis were respeced. To avoid his
prediced ailure, our global migaon ‘sraegies’ are generally proposed: (i) a ransion o a healhier die
wih less mea; (ii) echnological improvemens o inensiy ood producon and processing on a susainable
basis; (iii) an imporan reducon o ood loss and wase; and (iv) a polical and socioeconomic ramework
ha ensures reduced inequaliy, lower populaon growh and srong and coordinaed governance o land and
oceans 

The challenge is o ensure ha new pracces and novel echnologies, he emergence o increasingly circular
and soilless based ood sysems and he co-exisence wih more radional FAS will connue o provide
accessible, healhy, asy, and inexpensive ood while reducing is conribuon o negave global change and
increasing resilience o various risks. The FAS can aciliae migaon o emissions in a number o dieren
ways. Specically, i can reduce emissionswihin he ood and agriculure secor, can sequeser carbon rom he
amosphere, and provide raw maerials o enable migaon wihin oher secors, including energy, indusry,
or he buil environmen.

Food is produced and processed by hundreds o millions o armers and inermediaries, wih a signican
global impac on he environmen. Do dierences in environmenal impacs depend on specic ood prod-
ucs? I is an inriguing and challenging queson o answer bu a comprehensive sudy by Poore and Nemecek
(2018)15 has consolidaed daa onmulple environmenal impacs rom abou 38 000 arms and approximaely
1 600 processors, ypes o packaging and reailers or 40 dieren agriculural producs across he world in
a mea-analysis comparing various ypes o ood producon sysems. Fig. 1.2. illusraes dierences in GHG
emissions/uni o produc. Alhough emissions can be subjec o subsanal variabiliy along he ood chain,
i is neverheless illusrave o he ac ha large dierences exis beween plan sources compared o animal
products Hence the importance of dietary choices 

12 Xu, X., Sharma, P., Shu, S., Lin, T.-S., Ciais, P., Tubiello, F. N., Jain, A. K. 2021. Global greenhouse gas emissions rom animal-based oods are wice hose o plan-based
oods. Naure Food, 2(9), 724-732. doi: 10.1038/s43016-021-00358-x

13 IPCC. 2018. Global Warming o 1.5°C.An IPCC Special Repor on he impacs o global warming o 1.5°C above pre-indusrial levels and relaed global greenhouse gas
emission pahways, in he conex o srenghening he global response o he hrea o climae change, susainable developmen, and eors o eradicae povery V.
Masson-Delmoe, P. Zhai, H.-O. Pörner, D. Robers, J. Skea, P.R. Shukla, A. Pirani, W. Mououma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Mahews, Y. Chen,
X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waereld (Eds.) (pp. 630).

14 Geren D., Heck V., Jägermeyr J., Bodirsky B. L., Fezer I., Jalava M., Kummu M., LuchW., Rocksröm J., Schapho S., Schellnhuber H. J., 2020. Feeding en billion people
is possible within four terrestrial planetary boundaries Naure Susainabiliy, Vol. 3, p. 200–208, 2020. hps://doi.org/10.1038/s41893-019-0465-1

15 Poore, J. and T. Nemecek. 2018. Reducing ood’s environmenal impacs hrough producers and consumers. Science 360 (6392): 987-992.DOI: 10.1126/science.aaq02
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Fig. 1.2. Greenhouse gas emissions per kg o various ood producs (Poore and Nemecek, 201815; Richie and Roser, 2020)16

Ritchie and Roser (2020)16 have worked wih daa available rom he mea-analysis by Poore and Nemecek
(2018)15 o develop a visualisaon o he share o he FAS compared o oal emissions and by source across he
supply chain (Fig. 1.3.). As previously noed, depending on source and denion, he ood sysem is repored
o creae abou 25% o 33% o anhropogenic GHG emissions17. I should be noed ha rerigeraon and pack-
aging accoun or abou 10% o global FAS emissions or approximaely 1/2 o he emissions o he supply chain
factors18. Also, i should be noed ha emissions vary subsanally depending on he produc.

From a sudy in he EU, in addion o GHG emissions, he FAS impacs he environmen in oher ways such
as oxiciy phenomena, europhicaon, acidicaon, air and waer polluon, ec., as shown in Fig. 1.4. which
displays he relave impacs o he six sages (acvies) or 15 environmenal caegories. I shows ha he
agriculural phase (vercal sripes) has he greaes environmenal eec in many impac caegories because
i includes impacs o all agronomic and producon acvies. The second larges impac acvies are process
and disribuon (logiscs), due o he use o hermal and elecrical energy. Oher liecycle phases only make
minor conribuons o he overall impac19 

16 Richie, H. and M. Roser. 2020. Environmenal Impacs o Food Producon. Published online a OurWorldInDaa.org.
Rerieved rom: hps://ourworldindaa.org/environmenal-impacs-o-ood

17 Crippa, M., Solazzo, E., Guizzardi, D., Monor-Ferrario, E, Tubiello, E., Leip, A. 2021. Food sysems are responsible or a hird o global anhropogenec GHG Emissions.
Naure Food, 2, 198–209. hps://doi.org/10.1038/s43016-021-00225-9

18 FAO. 2021. Food sysems accoun or more han one hird o global greenhouse emissions. Rome, Ialy: Unied Naons.
hp://www.ao.org/news/sory/en/iem/1379373/icode/.

19 Noarnicola, B., Tassielli, G., Renzulli, P.A., Casellani, V., and Sala, S. 2017. Environmenal impacs o ood consumpon in Europe. J. Cleaner Producon 149: 753-765.
hps://doi.org/10.1016/j.jclepro.2016.06.080.
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Fig. 1.3. GHG emissions rom he ood sysem, oal and by areas.
hps://ourworldindaa.org/environmenal-impacs-o-ood, Auhor: Hannah Richie

Fig. 1.4. Relave conribuon o he 6 lie-cycle phases o he impac o he enre baske in each impac caegory or he EU.
(Noarnicola, e.al., 2017)19. [EoL = End o Lie]

Source: Bruno Noarnicola, Giuseppe Tassielli, Piero Alexander Renzulli, Valenna Casellani, S. Sala, 1 January 2017, “Environmenal impacs o ood
consumpon in Europe”, Journal o Cleaner Producon, Elsevier, CC-BY-NC-ND 4.0. CCC Order License ID 5471400467922

hps://www.sciencedirec.com/science/arcle/pii/S0959652616307570
Direc URL: hps://ars.els-cdn.com/conen/image/1-s2.0-S0959652616307570-gr2_lrg.jpg
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2.1. The Food and Agriculural Sysem: a denion and challenges or he uure?
The FAS can be dened as he way social groups organise o access ood20 and this concept helps characterising
the complexity of food related issues Fig. 1.5. provides a concepual ramework or analysing and designing
he FAS. The High-Level Panel o Expers o he UN Commiee on World Food Securiy (HLPE/CFS) has pro-
posed ha he FAS “gahers all he elemens (environmen, people, inpus, processes, inrasrucures, ins-
uons, ec.) and acvies ha relae o he producon, processing, disribuon, preparaon and consump-
on o ood, and he oupu o hese acvies, including socio-economic and environmenal oucomes”21, 22 
To escape he assumpon ha ood consumpon would rely on raonal choices ha opmally arculae sup-
ply and demand, he ramework inroduces he noon o ood environmen, dened as “he physical, econom-
ic, polical and socio-culural conex in which consumers engage wih he FAS o make heir decisions abou
acquiring, preparing and consuming ood”23. Food environmen is hus a social and culural consruc ha
shapes he FAS and makes i specic rom one place o anoher.

The challenge aced by ood producon has become increasingly more complex in he 21st century than what
it seemed to be in the preceding one In the 20th cenury, indeed, any increase in producviy and producon
would boh conribue o addressing he supply needs in order o cope wih he demographic ransion and
a he same me susain economic growh because o increasing demand. As explained above, i now lies a
he hear o a complex nexus bringing ogeher healh, he environmen, energy, and economic and social
drivers. In addion, as he agriculural secor is boh a consumer and supplier o energy24 ineracons beween
he agriculural and energy secors and climae change are incredibly complex and conex specic. FAS is hus
pivoal in bringing ogeher energy and susainabiliy concerns. Undersanding such challenges and acons
hus requires sysem and ransdisciplinary approaches. Among ohers, he sysems approach – a mul-level
reamen wih dynamic ineracon beween ramework consuens – o he analysis and opmisaon
o hese cross-disciplinary issues is gaining racon25. From he perspecve o daa analysis, arcial neural
nework applicaons have also proved o be useul approaches in hese complex ood-agriculure sysems,
as evidenced by recen developmens26, 27. Arcial inelligence is hus playing an increasingly relevan role in
providing advanced and aordable echnological soluons o he FAS.

2.2. Susainable Developmen Goals and he Food and Agriculure Sysem
Because o heir many ineracons, ood and agriculure sysems can be considered as major levers o address
all susainabiliy concerns o he 2030 Agenda or susainable developmen (Fig. 1.5.), and no jus is second
Susainable DevelopmenGoal (Zero Hunger). This has also led he UN Global Susainable Developmen Repor
o ideny ood sysems and nurion paerns as one o he six enry poins o achieve he 2030 Agenda28 This
is why he UN Secreary General called or a Food Sysem Summi (and no jus abou ood) which was held in
Sepember 2021. The Summi conrmed how and why ood sysems bring ogeher he issues o ood securiy,
human and ecosysem healh, climae change, social jusce and polical sabiliy.

20 Malassis L., 1994. Nourrir les hommes. Paris, Flammarion (coll. “Dominos” 16).
21 HLPE, 2014. Food losses and wase in he conex o susainable ood sysems. A repor by he High-Level Panel o Expers on Food Securiy and Nurion

o he Commiee on World Food Securiy, Rome 2014. hps://www.ao.org/3/i3901e/i3901e.pd..
22 HLPE. 2017a. Nurion and ood sysems. A repor by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy,

Rome. Rerieved rom hps://www.ao.org/3/i7846e/i7846e.pd
23 HLPE. 2017a. Nurion and ood sysems. A repor by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy,

Rome. Rerieved rom hps://www.ao.org/3/i7846e/i7846e.pd
24 HLPE. 2013. Biouels and ood securiy. A repor by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy,

Rome 2013 hps://www.ao.org/3/i2952e/i2952e.pd
25 Borman G.D., de Boe, W.S., Dirks, F., Gonzalez, Y.S., Subedi, A., Thijssen, M.H., Jacobs, J., Schrader, T., Boyd, S., en Hove, H.J., van der Maden, E., Koomen, I.,

Assibey-Yeboah, S., Moussa, C., Uzamukunda, A., Daburon, A., Ndambi, A., van Vug, S., Guij, J., Kessler, J.J., Molenaar, J.W., van Berkum, S. 2022. Putng ood sysems
hinking ino pracce: Inegrang agriculural secors ino a mul-level analycal ramework. Global Food Securiy, 32, 100591.
hps://www.sciencedirec.com/journal/global-ood-securiy/vol/32/suppl/C.

26 Kujawa, S., Niedbala, G., 2021. Arcial Neural Nework in Agriculure, Agriculure 11, 497 (and oher papers in his Special Issue). hps://www.mdpi.com/2077-
0472/11/6/497 ; Jimenez, D., Perez-Uribe, A., Sazabal, H., Barreo, M., Van Damme, P., Tomassini, M., 2008., A Survey o Arcial Neural Nework-Based Modeling in
Agroecology, in So Compung Applicaons in Indusry. Prasad B (ed), p247. Springer-Verlag, Berlin. hps://link.springer.com/chaper/10.1007/978-3-540-77465-5_13.

27 Jimenez, D., Perez-Uribe, A., Sazabal, H., Barreo, M., Van Damme, P., Tomassini, M., 2008., A Survey o Arcial Neural Nework-Based Modeling in Agroecology,
in So Compung Applicaons in Indusry. Prasad B (ed), p247. Springer-Verlag, Berlin. hps://link.springer.com/chaper/10.1007/978-3-540-77465-5_13

28 Unied Naons, New York, 2019. Global Susainable Developmen Repor 2019: The Fuure is Now – Science or Achieving Susainable Developmen.
24797GSDR_repor_2019.pd (un.org).
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This siuaon calls or proound ransormaons in boh consumpon and producon29 (HLPE, 2020), in erms
o paerns and volumes as well as energy consumpon and relaed pracces. Caron e. al. (2018)7 indeed calls
or a proound ransormaon o ood sysems ha should include our componens:

• The consideraon o climae change concerns;

• The promoon o healhy and susainable consumpon paerns, including die change owards eang
balanced dies eauring plan-based oods wih lower-emission proeins and lower animal-sourced ood
to produce sustainably in low greenhouse gas emission systems30, 31, and including he reducon o ood
loss and waste31, 32;

• The conribuon o he viabiliy and susainabiliy o ecosysems, including soil healh and beer erlisa-
on pracces; and

• A renaissance of rural territories 

Fig. 1.5. An Inerpreaon o he Food and Agriculure Sysem illusrang Drivers, Acvies, Acors and Oucomes. All elemens o growing,
harvesng, soring, processing, disribung, consuming and managing he ood and agriculure sysem are encompassed by UN’s Susainable

Developmen Goals (SDGs). Adaped rom CIAT, Inernaonal Cener or Tropical Agriculure33

Author: Norman R. Sco (member o he group o auhors or his chaper), and R. Paul Singh hps://www.nae.edu/276571/Gues-Ediorss-Noe-Sci-
ence-and-Engineering-o-Transorm-he-Food-and-Agriculure-Sysem-or-he-Fuure

29 HLPE. (2020). Food Securiy and nurion building a global narrave owards 2030. Vol. 15. High Level Panel o Expers on Food and Nurion o he CFS-Commiee
on World Food Securiy. (pp. 112). Rerieved rom hps://www.ao.org/3/ca9731en/ca9731en.pd

30 HLPE. 2016. Susainable agriculural developmen or ood securiy and nurion: wha roles or livesock? A repor by he High-Level Panel o Expers on Food Securiy
and Nurion o he Commiee on World Food Securiy, Rome.

31 IPCC, 2019: Climae Change and Land: an IPCC special repor on climae change, desercaon, land degradaon, susainable land managemen, ood securiy,
and greenhouse gas uxes in erresrial ecosysems [P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmoe, H.-O. Pörner, D. C. Robers, P. Zhai, R. Slade, S. Connors,
R. van Diemen, M. Ferra, E. Haughey, S. Luz, S. Neogi, M. Pahak, J. Pezold, J. Porugal Pereira, P. Vyas, E. Hunley, K. Kissick, M. Belkacemi, J. Malley, (eds.)]..

32 HLPE, 2014. Ibid.; IPCC, 2019: Climae Change and Land: an IPCC special repor on climae change, desercaon, land degradaon, susainable land managemen,
ood securiy, and greenhouse gas uxes in erresrial ecosysems [P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmoe, H.-O. Pörner, D. C. Robers, P. Zhai, R.
Slade, S. Connors, R. van Diemen, M. Ferra, E. Haughey, S. Luz, S. Neogi, M. Pahak, J. Pezold, J. Porugal Pereira, P. Vyas, E. Hunley, K. Kissick, M. Belkacemi, J. Malley,
(eds )] 

33 CIAT, 2017. hps://cia.cgiar.org/abou/sraegy/susainable-ood-sysems.
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2.3. Energy sources ‘uelling’ he curren FAS
The FAS is boh a provider and a consumer o energy and he relaonship beween biouels and ood securiy is
especially challenging. Despie he rapid and inense increase in energy consumpon a he producon sage,
he share in world energy consumpon remains marginal, compared o oher secors (Fig. 1.6.) Fig. 1.7. shows
ha approximaely a 25% o oal energy use in High GDP counries occurs in he producon sage, 45% in ood
processing and disribuon, and 30% in reail, preparaon and cooking in he developed world (IRENA and
FAO, 2019). As illusraed by Fig. 1.8., he amoun o energy consumed or preparaon and cooking may vary
tremendously from one country to another It should be noted that global FAS is becoming more energy inten-
sive in he secors o processing, packaging, reail and disribuon where emissions are growing in some de-
veloping counries. Rerigeraon and packaging, each conribue abou 5% o global ood-sysem emissions34 
However, emissions can vary subsanally by produc wihin he ood supply chain.

Fig. 1.6.World oal energy consumpon by he dieren secors (IEA, 2018). Reproduced wih permission

34 FAO. 2021. Food sysems accoun or more han one hird o global greenhouse emissions. Rome, Ialy: Unied Naons.
hp://www.ao.org/news/sory/en/iem/1379373/icode/.
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Fig. 1.7. Disribuon o shares o end-use oal energy across he ood supply chain or global consumpon (2.64 x 1012 kWh)
and high-GDP (1.39 x 1012 kWh) and low-GDP (1.25 x 1012 kWh) FAO (2011)35 Energy smar ood or people and climae, Issue Paper.

Food and Agriculure Organizaon o he Unied Naons. Reproduced wih Permission.
hps://www.ao.org/3/i2454e/i2454e.pd

Fig. 1.8. High-GDP and low-GDP dierences in energy inpus in he ood supply chain. FAO (2011)35 Energy smar ood or people and climae, Issue Paper.
Food and Agriculure Organizaon o he Unied Naons. Reproduced wih Permission.

hps://www.ao.org/3/i2454e/i2454e.pd

Wih he excepon o subsisence arming, ha depends on human labour and animal power, ossil resources
accoun or roughly 80% o he oal global energy consumpon or he FAS. For example, in he Unied Saes
o America, abou 93% compared o 86% or he counry as a whole o he agri-ood chain energy consumpon
was aribued o ossil uels in 2007, compared o 86% in naonwide energy ulisaon36 

35 FAO. 2011. Global ood losses and ood wase: Exen, causes, and prevenon, Rome, Ialy: Unied Naons. hp://www.ao.org/3/mb060e/mb060e00.hm
36 C Canning, P., Rehkamp, S., Waers, A., & Eemadnia, H. 2017. The role o ossil uels in he US ood sysem and he American die. USDA Economic Res. Rep. #224, Jan 2017.
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Fig. 1.9. illusraes he poins along he agri-ood chain where inervenons can ake place o improve
energy eciencies and he implemenaon o new echnologies. One radional key renewable componen in
he energy supply o he ood and agriculure secor is biomass energy (via biogas producon rom agriculure
and oresry residues). I is used or heang, vehicular operaon, and elecriciy supply (ed o he naonal grid
or rom sand-alone o-grid/mini-grid sysems). Oher renewable sources like wind, solar, hydropower and
geohermal orms, vary by counry (depending on naonal renewable energy policies and on he availabiliy
o he respecve sources).

Fig. 1.9. Energy pors along he ood-agriculure secor supply chain
Source: Twee Food and Agriculure Organisaon

“Adaped rom FAO/USAID, 2015”
hps://wier.com/ao/saus/987069593238851585

Over he pas hree decades, here has been a 15% increase in average global GHG emissions as a resul
o energy use, and wihin Arica, Asia and Lan America increases o up o 50%37. As noed, he American FAS
is driven almos enrely by non-renewable energy sources and accouns or approximaely 11% o he oal
energy consumpon in he Unied Saes38. Abou 60% o his energy is consumed direcly via he use o gaso-
line, diesel, elecriciy, and naural gas, while he res o i (abou 40%) is consumed indirecly as i is due o he
producon o erlisers and pescides.

37 FAO. 2022 Agriood chains I Energy. www.ao.org/energy/agriood-chains/en/
38 C Canning, P., Rehkamp, S., Waers, A., & Eemadnia, H. 2017. The role o ossil uels in he US ood sysem and he American die. USDA Economic Res. Rep. #224,

Jan 2017. hps://www.ers.usda.gov/webdocs/publicaons/82194/err-224.pd..
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3. Technologies and heir poenal or decarbonisaon

The FAS is a mulple inpu-mulple oupu (MIMO) energy and ood producon sysem, i.e. a sysem o sys-
ems.Many sraegies are available o adap agriculure, waer, ood, energy, and he environmen nexus and o
make i susainable. They may rely on echnologies ha relae o consumpon, o producon and processing,
o he opmisaon o resources, including new modes o circular bioeconomy and soilless or lab-grown pro-
ducon approaches, such as vercal arms, insec arming or he cell acory. Theymay also rely on he applica-
on o new ools o compuer science combined wih synhec biology hamakes i possible o conribue o
decarbonisaon, while envisaging simpler, cheaper producon wih limied use o agrochemicals, less land,
less waer, and beer yields han in convenonal producon. I is also noed ha he ood and agriculure
sysem o producon was hisorically land based. Food engineering was derived rom i. Wih he evoluon o
new and emerging synhec biologically derived oods, however, chemical engineering has aken on a heigh-
ened role in hese new advances39, 40 

Beyond he quesons o consumer accepabiliy o hese unconvenonal oods and conrmaon o environ-
menal, ehical, social, and polical implicaons, numerous hurdles remain o be addressed. These include, or
example, he selecon and improvemen o adaped srains, variees or species, and he developmen and
sandardisaon o new and disrupve oods. These hurdles go along wih conroversies regarding ood saey
and healh, environmenal impac (parcularly in erms o energy balance beween consumpon and produc-
on), and nally he economic, ehical, social, socieal, and regulaory consequences.

Below are some examples ha illusrae he diversiy o such echnologies and some o he quesons relaed
o heir applicaon and implemenaon.

3.1. Reducing emissions and shiing dies hrough echnology
As shown in Fig. 1.10., reducing growh in demand or ood and oher agriculural producs would conribue
o minimising one hird o FAS GHG-relaed emissions. The gure presens a suie o bes pracce soluons,
behaviour change and policy opons o accomplish signican reducons in emissions.

Fig. 1.10. Iems suggesed o reduce emissions wihin he producon componen o he FAS illusrang exisng bes pracces,
behaviour change and possible policy opons 41

39 Hef, D. I., & Higgins, Ṡeamus. 2021. Food indusry and engineering—Quo vadis? Journal o Food Process Engineering, 44(8). hps://doi.org/10.1111/jpe.13766;
40 Hef, D. I., & Higgins, Ṡeamus. 2022. Re-engineering he Food Indusry: Where Do We Go rom Here? In C. Hong & W. W. K. Ma (Eds.), Applied Degree Educaon

and he Fuure o Learning. Springer. hps://doi.org/10.1007/978-981-16-9812-5_2
41 World Resources Insue. 2019. Creang a susainable ood uure: A menu o soluons o eed nearly 10 billion people by 2025. Final repor. July 2019; Chaper 33,

Page 427, Reproduced wih Permission. hps://www.wri.org/research/creang-susainable-ood-uure
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The IPCC (2022)42 saes ha here is medium condence ha shiing oward susainable healhy dies would
have a echnical poenal in he ull value chain including he saving o 3.6 (0.3-8.0) GCO2e/yr owhich 2.5 (1.5-
3 9) GtCO2e/yr is viewed as plausible based on a range o GWP100 value or CH4 and N2O. When accounng or
divered agriculural producon only, he easible poenal is 1.7 (1 – 2.7) GCO2e/yr. A shi omore susainable
and healhy dies is generally easible in many regions. However, he poenal varies across regions as dies
are locaon- and communiy- specic, and may hus be inuenced by local producon pracces, echnical and
nancial barriers and associaed livelihoods, everyday lie and behavioural and culural norms around ood
consumpon.

3.2. Reducing ood loss and wase
The issue o global ood losses and wase (FLW) is receiving increased aenon43 Fig. 1.11. illustrates that
beween abou 30 o 40% o ood produced or human consumpon – approximaely 1.3 billion ons per year
– is eiher los or wased globally. Clearly reducon in FLW will minimise he amoun o ood needed o eed
he growing global populaon, improve ood securiy and reduce he environmenal ooprin o ood sysems.

FLW reers o he edible pars o plans and animals produced or human consumpon ha are no ulmaely
consumed. Food loss occurs a he preharves sage, during harvesng, hrough spoilage, spilling or oher un-
inended consequences due o limiaons in agriculural inrasrucure, sorage, and packaging44 Food waste
ypically akes place a disribuon (reail and ood service) and consumpon sages in he ood supply chain
and reers o ood appropriae or human consumpon ha is discarded or le o spoil45 

Ineresngly, ood wase is greaes in he developed counries while losses are greaes during harves and
posharves sages or developing counries.

I is imporan o noe ha consumer oodwase alone has a greaer carbon, GHG, land-use, waer, nirogen, or
energy ooprin han a similar mass o posharves loss excluding consumer wase. This is due o he inclusion
o ranspor, packaging, processing, disribuon, and preparaon a home, all owhich is nally “embedded” in
consumer wase. Similarly, on average, energy “wase” rom consumer wase alone is equivalen o eigh mes
ha resulng rom posharves loss where consumer wase is no included46 

Opons ha could reduce FLW include: (i) invesng in harvesng and posharvesng echnologies in develop-
ing counries, (ii) improved pracces in producon and posharves, (iii) behavioural change by businesses and
consumers, (iv) improved coordinaon in he supply chain, as well as enhanced relaonships wih oher acors,
(v) improvemen in ood processing and valuing ood by-producs, and (vi) developmen o new policies47 

42 IPCC -AR6- WGIII. 2022. Chaper 7. Agriculure, Foresry and Oher Land Uses
43 NASEM. (Naonal Academies o Sciences, Engineering, and Medicine). 2019b. Reducing impacs o ood loss and wase: proceedings o a workshop. Washingon, DC.

The Naonal Academies Press. hps://doi.org/10.17226/25396
44 P Par, J., Barhel, M. & Macnaughon, S. 2010. Food wase wihin ood supply chains: quancaon and poenal or change o 2050.

Philosophical Transacons o he Royal Sociey B: Biological Sciences, 365(1554): 3065–3081.
45 HLPE, 2014. ibid
46 Dobbs, R., Oppenheim, J., Thompson, F., Brinkman, M., Zornes, M. 2011. Resource revoluon: meeng he world’s energy, maerials, ood, and waer needs.

McKinsey Global Insue (hps://www.mckinsey.com/~/media/mckinsey/business%20uncons/susainabiliy/our%20insighs/resource%20revoluon/mgi_resource_
revoluon_ull_repor.pd ) 

47 HLPE, 2014. Ibid
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Fig. 1.11. Disribuon o FLW along he ood chain in he dieren regions o he world (HLPE, 2014)45HLPE Repor 8, 2014: Food losses and wase in
he conex o susainable ood sysems. A repor by The High Level Panel o Expers on Food Securiy and Nurion, June 2014, Page 27, Reproduced

with permission hps://www.ao.org/leadmin/user_upload/hlpe/hlpe_documens/HLPE_Repors/HLPE-Repor-8_EN.pd

The IPCC (2022) esmaes, wih medium condence, ha reduced FLW has a large global echnical migaon
poenal o 2.1 (0.1-5.8) GCO2e/yr including savings in he ull value chain using GWP100 and a range of IPCC
values or CH4 and N2O. They sugges poenal plausible values as 3.7 (2.2-5.1) GCO2e/yr.

3.3. Valuing new ood resources hrough echnology
Global mea consumpon is esmaed o increase 3% per year o 204048, 49. However, several groups49, 50

orecas major changes in he convenonal animal-agriculure sysem, wih oods being engineered a he
molecular level leading o a leas 50% less convenonal mea and dairy consumpon by 2040.

Alernaves o animal-sourced proeins increasingly open and broaden avenues or exploraon, parcularly
so in developed counries where mea has a srong negave impac (Fig. 1.2.) in terms of GHG emissions and
health51, 52. More generally, landless ood sysems have gained racon during he las decade. We are winess-
ing signican new biological/biochemisry eors aimed a creang ood rom plans or animal cells rom
he ‘boom up’. Three echnologies are characerised as: (i) plan-based alernave oods, (ii) cell-culured/
culvaed oods, and (iii) 3D prined oods. Because hey use biochemical building blocks rom proeins, carbo-
hydraes, as, and oils rom plans and animals, i is a ‘new’ agriculure.

While much hype has been on synhec burgers53 here has been subsanal advancemen in oher alerna-
ve oods, such as eggs, sh, shrimps, milk, yogur, chicken nugges, and chicken enders o menon a ew o
hem. The objecve o synhec biology is o develop ood producs ha mimic radional oods wih signi-
can benes. Such benes may be: (i) a producon environmen unaeced by weaher/exreme weaher;

48 FAO. 2011. Energy-Smar Food or People and Climae Issue Paper Rome: Food and Agriculure Organizaon. hps://www.ao.org/3/i2454e/i2454e.pd; FAO. 2011.
Global ood losses and ood wase: Exen, causes, and prevenon, Rome, Ialy: Unied Naons. hp://www.ao.org/3/mb060e/mb060e00.hm;

49 A.T. Kearney.2020. How Will Culured Mea and Mea Alernaves Disrup he Agriculural and Food Indusry? hps://www.kearney.com/docu-
mens/291362523/291366693/When+consumers+go+vegan%2C+how+much+mea+will+be+le+on+he+able+or+agribusiness+%282%29.pd/e61e117-356c-64e-
2e-079dab3e5647?=1608631513000 .

50 Tubb, C., and Seba, T. 2019.Rehinking ood acory: The nex generaon indoorand agriculure 2020-2030: The second domescaon o plans and animals,
he disrupon o he cow, and he collapse o indusrial livesock arming. www rerhinkx com 

51 HLPE. 2016. Susainable agriculural developmen or ood securiy and nurion: wha roles or livesock? A repor by he High-Level Panel o Expers on Food Securiy
and Nurion o he Commiee on World Food Securiy, Rome. hps://www.ao.org/leadmin/user_upload/hlpe/hlpe_documens/HLPE_Repors/HLPE-Repor-10_
EN.pd;.

52 FAO. 2006. Livesock’s long shadow. Environmenal issues and opons, by H. Seineld, P. Gerber, T. Wassenaar, V. Casel, M. Rosales & C. de Haan. Rome. 464 p.
53 Purdy, C. 2020. Billion Dollar Burger. Penguin Random House. 252 p.
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(ii) year-round producon; (iii) shorened growing cycles and higher yields; (iv) reducon in land andwaer use;
(v) lower ood loss and wase; (vi) shorer supply chains, local access compable wih urban setngs;
(vii) reducon or eliminaon o pescides and anbiocs; (viii) reducon o GHG emissions; (ix) reducon
in waer polluon; (x) poenal or enhanced micronuriens, and (xi) removal o animal welare concerns
(growing condions and slaugher).

However, here are poenal unceraines and quesons, such as: (i) high capial cos; (ii) meline o marke;
(iii) in some cases, high energy consumpon; (iv) consumer accepance; (v) concern abou ood qualiy
and saey, parcularly nurional conen and presence o growh hormones; (vi) price o consumers,
(vii) poenal conaminaon; (viii) impac and possible derimenal eec or small armers and or employ-
men; (ix) proprieary naure o processes; (x) unproven echnology, and (xi) wheher hese new landless
sysems bene large-scale economies o he derimen omarkes or small armers54, 55 , 56 

Susainabiliy is crical o any uure ood sysem and is a driving orce or hese alernave ood sysems.
In broad erms, hey seek o develop oods ha impose less environmenal impac, enhance human healh,
and reduce he ehical implicaons o radional animal-agriculure producon, parcularly or mea.

It should also be noted that food cost to the consumer is a crucial issue for any new product to be successfully
adoped. Over he pas 5 o 10 years, numerous enrepreneurs, sar-ups, and ood companies have creaed al-
ernave oods ha are already in hemarkeplace. In many cases, he price o consumers, a presen, is higher
han equivalen radional oods, bu he dierence has decreased over me. As hese emerging alernave
producs are improved, i is possible ha cos o he consumer will be reduced o be comparable or even less.

3.3.1. Plan-based alernave ood
Globally he ood and agriculural sysem is esmaed, as previously menoned, o generae around 1/3 o
oal GHG emissions wih 71% rom agriculure and relaed land use and land use change57 The opportunity
or plan-based alernaves o subsanally reduce environmenal impacs was deermined in a comparave
sudy (Lie Cycle Assessmen-LCA) o he Beyond Burger and a U.S. bee burger (quarer pounder) by he Cener
or Susainable Sysems a he Universiy oMichigan58. The seleced parameers were GHG emissions, cumu-
lave energy use, waer use, and land use. The comparison was made o an LCA sudy by he Naonal Cale-
man’s Bee Associaon59 For the Beyond Burger sysem he resuls showed 90% less GHG emissions, wih
46% less energy, 99% less waer and 93% less land use. Impossible Foods also commissioned a study
(Khan e.al., 2019)60 which found that the Impossible Burger uses 96% less land, 87% less waer and 89% less
global warming poenal han a quarer pound bee burger. Independen LCA sudies would be benecial,
given he rapidly changing ingrediens being used o creae plan-based mea alernaves.

Plan-based proein sources (legumes and cereal grains) are an imporan choice or boh he vegearian and
radional mea consumer. However, challenges remain or developers o plan-based proeins o deliver a
healhy, nurionally sae, asy avour, exure, and appearance (colour) comparable o radional producs.
Comparisons yield a mixed sory because plan-based meas provide abou he same calories as radional
mea wih more sodium, more poassium (which helps eliminae sodium), no choleserol, more iron, more B
viamins, more calcium, and more sauraed a. Thus, here is a need o assess wheher plan-based proein
would be any less sae or saer han radional mea and o similar nurional qualiy.

54 Purdy, C. 2020. Billion Dollar Burger. Penguin Random House. 252 p Purdy, 2020; NASEM, 2019; He, C., Zhang, M., Fang, Z. 2019. 3D Prinng o ood: Prereamen
and pos- reamen omaerials. Crical Reviews in Food Science and Nurion, 60(14):2379-2392 hps://doi.org/10.1080/10408398.2019.1641065.

55 NASEM. (Naonal Academies o Sciences, Engineering, and Medicine). 2019a. Innovaons in he Food Sysem: Exploring he Fuure o Food. Proceedings
o a Workshop. Naonal Academies Press. Washingon, DC hp://naonalacademies.org/hmd/Acvies/Nurion/FoodForum/2019-AUG-07

56 He, C., Zhang, M., Fang, Z. 2019. 3D Prinng o ood: Prereamen and pos- reamen omaerials. Crical Reviews in Food Science and Nurion, 60(14):2379-2392
hps://doi.org/10.1080/10408398.2019.1641065

57 Crippa, M., Solazzo, E., Guizzardi, D., Monor-Ferrario, E, Tubiello, E., Leip, A. 2021. Food sysems are responsible or a hird o global anhropogenec GHG Emissions.
Naure Food, 2, 198–209. hps://doi.org/10.1038/s43016-021-00225-9.

58 Heller, M., Keoleian, G. 2018.Beyond Mea’s beyond burger lie cycle assessmen: A dealled comparison beween a plan-based and animal-based proein source.
Repor No.CSS18-10. Cener or Susainable Sysems, Universiy oMichigan, Ann Arbor 1-38..

59 Thoma, G., Puman, B., Malock, M., Popp, J., English, L. 2017. Susainabiliy Assessmen o U.S. Bee Producon Sysems. Universiy o Arkansas Resiliency Cener.
hps://scholarworks.uark.edu/rescens/3.

60 Khan, S., Loyola, C., Detng, J., Heser, J. 2019. Comparave environmenal LCA o he Impossible Burger wih convenonal ground bee burger. Repor prepared by
Quans or Impossible Foods. hps://asses.casses.ne/Hv516v5sj/43xFx74UoYku640WSF3/cc2136148ee80a2d8062e0012ec56/impossible oods comparable LCA.pd.
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3.3.2. Cell-culured ood
Cell-culured mea, also known as culvaed mea, has advanced a a rapid pace over he pas 20 years.
The concep, alhough relavely simple, uses animal cells nurured wihin a bioreacor o produce ood ha is
designed to mimic meat products61. Compared o plan-based proein where proein is exraced rom plans,
cell-based mea is creaed rom cells exraced rom animals and grown in a culure. Specically, a small piece
o resh muscle, obained by biopsy, rom a living animal is smulaed by a combinaon o mechanical and
enzymac mehods o produce sem cells62 

Using culuring mehods, he adul sem cells (called saellie cells), in he presence o relavely high serum
concenraons, divide, hus leading o mulplying populaons. Tissue engineering mehods are hen used
o dierenae hese expanded cells ino muscle and a ssue, which leads o he generaon o a culured
mea produc closely resembling convenonal mea. A recen sudy suggess ha i may be possible o grow
culured mea wih much less dependence on animals by using a soy-based scaold o suppor muscle cells
and orm a mea-like 3D-cell srucure63 

A Lie Cycle Assessmen (LCA)64 and a (TEA) echno-economic assessmen65 modelled uure large-scale cell-
culured mea producon acilies and showed reduced overall environmenal impacs and he poenal o be
cos-compeve wih convenonal mea by 2030. These are he rs repors using daa colleced rom acve
companies (more than 15) in the chain 

The LCA shows cell-culured mea is abou 3.5 mes more ecien (eed conversion rao) han poulry which
is he mos ecien sysem o convenonal mea producon. The LCA in comparison wih radional mea
includes he use o renewable energy in which case here is a reducon o 17-92% in GHG emissions, 63-95%
in land use and 51-78% in he use o waer depending on he respecve convenonal animal sysem. Thus,
relave comparisons wih convenonal mea depend on he ype o sysems used or generang energy (i.e.,
decarbonised, and renewable) and he specic animal producon sysem. In addion, exploring such avenues
raises some ehical, culural, and religious issues.

3.3.3. 3D-prined ood
The combinaon o robocs and soware has enered he realm o ood manuacuring in he orm o 3D
prinng66, 67, 68, 69 3D prinng echnology is a novel approach which can creae complex geomeries, ailored
exures, and nurional conens. The 3D echnology can provide ‘cusomised ood’ o mee special dieary
needs as well as mass cusomisaon.

In he 3D-prinng process, ood ingrediens are placed in carridges, and he produc is creaed layer by layer
by a conrolled roboc process, like he 3D prinng o non-ood iems. The echnology has been employed o
use ssue engineering in order o creae mea and oher ood alernaves. The 3D echnology has also been
employed a he home scale o creae ‘designer’ oods. Depending on he specic ood, ingrediens can range
rom processed componens (sauces, dough, ec.) o more elemenal ingrediens such as sugars, proeins, as,
and carbohydrates69. Some oods may require urher processing, such as some orm o cooking or sorage.
A signican challenge is o link maerial properes and srucure o prinng process variables o obain he
desired 3D-prined produc. The parameers o conrol are hose relang o he priner and hose conrolling
he ood-relevan parameers. Thus, i seems no o be a grea srech o iner ha 3D prinng will lead o
designer and specialised ood producs. The 3D-prinng process compresses he value chain o a highly local

61 Boler, D., Marn, J., Kim, M., Krieger J., Milkowski, A., Mozdziak, P., Sylveser, B. 2020. Producing ood producs rom culured animal ssues.
www.cas-science.org/wp-conen/uploads/2020/04/QTA2020-1-Culured-Tissues-1.pd.

62 Pos, M. 2013. Culured bee: Medical echnology o produce ood. J. Food and Agriculure. 94(6):1039 1041. Doi:10.1002/jsa.6474
63 Young J., Skivergaard, S. 2020. Culured mea on a plan-based rame. Naure Food 1, 195. hps://doi.org/10.1038/s43016-020-0053-6.
64 CE Del. 2021a. LCA o culvaed mea: Fuure projecons or dieren scenarios. hps://www.cedel. cuen/publicaons/2610/lca-o-culvaed-mea-uure
65 CE Del. 2021b. TEA o culvaed mea: Fuure projecons o dieren scenarios. hps://www.cedel.eu.en/publicaons/2609/ea-o-culvaed-mea-uure.
66 Dankar, I., Haddarah, A., Omar, F., Sepulcre, F., Pujola, M. 2018. 3D Prinng echnology: The new era or ood cusomizaon and elaboraon.

Trends in Food Science & Technology.75(231-242). hps://doi.org/10.1016/j.s.2018.03.018;
67 Yang, F., Zhang, M., Bhandari, B. 2017.Recen developmens in 3D ood prinng. Crical Reviews in Food Science and Nurion, 57:14, 3145-3153. doi:10.1080/1040839

8 2015 1094732;
68 He, C., Zhang, M., Fang, Z. 2019. 3D Prinng o ood: Prereamen and pos- reamen omaerials. Crical Reviews in Food Science and Nurion, 60(14):2379-2392

hps://doi.org/10.1080/10408398.2019.1641065 
69 Severini, C., Derossi, A., Azzollini,D. 2016. Variables aecng he prinabiliy o oods: Preliminary ess on cereal-based producs. Innovave Food Science and Emerging

Technologies. 38(281-291). hp://dx.doi.org/10.1016/j.ise.2016.10.001
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sysem made o inpus (ingrediens), a single conrolled process (he 3D priner) and a single oupu (he ood
produc) and i can hereby possibly reduce energy and GHG emissions across he value chain.

3.3.4. Advanced Greenhouses and Vercal Farms
The concep o growing plans in environmenally conrolled areas can be raced back o Roman mes70 
The concep o he greenhouse, as we have come o know i oday, began in he Neherlands and hen England
in the 17th cenury. They evolved rom simple row covers o very large srucures in he 1960's when maerials
such as polyehylene lms, aluminium exrusions, special galvanised seel, and PVC ubing became available
or various srucural suppor rames.

The advanced greenhouse is dened here as a greenhouse wih a highly conrolled environmen, high auo-
maon under compuer conrol and uses a soilless growing medium, a hydroponic soluon. The conrolled
environmen or plan producon consiss o an inensive assessmen o he environmen by numerous sen-
sors o measure and monior such parameers as: emperaure, pH, relave humidiy, dissolved O2 in nutrient
soluon, elecrical conducviy or dissolved sals in nurien soluon, CO2 o inside air, and ligh inensiy rom
he sun and supplemenal lighng, and PAR (phoosynhec acve radiaon) in mol/m2/d. Qualiy and op-
mum plan growh is dependen on plans getng an opmum daily quany o PAR (mol/m2/d). I he daily
PAR is no provided by he sun, he compuer will implemen supplemenal lighng o mee he desired value.

An advanced greenhouse consiss o a complee sysem rom he germinaon o seeds o he nished produc.
Typically, he seed is planed in a brous maerial such as a Rockwool cube o germinae. Following germina-
on, he cubes are insered ino a maerial (like Syrooam) o oa on he surace o he nurien soluon unl
ully maure. Temperaure will be conrolled ypically by mechanical an venlaon under compuer conrol
o air ow by managing air inake openings. Where appropriae, evaporave cooling may be used o provide
cooling. The addion o CO2 can be used to increase plant growth Shading material can be used to reduce
excessive solar energy and movable insulaon o reduce hea loss a nigh respecvely. Beyond he conrolled
hermal echnologies and growing environmen, he advanced greenhouse will include a signican auoma-
on or he handling omaerials, including he use o robos71 

Based on recen developmens in advanced greenhouses, he Vercal Farm (VF) uses he vercal dimension
(Fig. 1.12.) to grow plants in stacked layers thereby greatly increasing the amount of product grown per unit
area72,73,74,75. Like or he advanced greenhouse, he growing environmen in a vercal arm is closely conrolled
or emperaure, humidiy, venlaon, and he properes o he nurien soluon, including he inroducon
o robocs. Five reasons o ake vercal arms seriously are ha: he eec o weaher and weaher exremes
is avoided; waer usage is largely reduced, by as much as 95%; plan yields are high, and he growing cycle is
shor; ood loss is lower; supply chains are shorer because VFs can be locaed in urban areas; and producs
can be produced year-round76 

Key challenges or VFs are high capial and energy coss. The issues o high energy consumpon in VFs are due
o ull arcial lighng (LEDs) and or meeng cooling and humidicaon loads. More ecien LEDs using LEDS
ailored o he ligh specrum or he specic crop, raher han he ull specrum, may save elecriciy. Possibly
the residual heat could be used in a surrounding case where a source of heat is needed for a closely located en-
erprise. Clearly, because o large capial coss and energy requiremens, VFs will remain a ‘niche’ sysem unl
hese issues are resolved. In comparison wih advanced greenhouses, where solar energy is ulised and where
greenhouses can also be locaed in urban environmens (rooops and vacan los or example), VFs would
seem o oer uncerain benes. Eors o conduc a Lie Cycle Assessmen o VFs and, in addion, approaches

70 Janik, J., Paris, H., Parish, D. 2007. The cucurbis oMedierranean Anquiy: Idencaon o Taxa rom Ancien Images and descripons.
Annals o Boany 100(7): 1441-1457. doi.10.1093/aob/mcm242.

71 Ting, K., Lin, T., Davidson, P.2016. Inegraed urban conrolled environmen agriculural sysems. In: Kozai T, edior. LED lighng or urban agriculure.
Springer-Science+Business Media, Singapore. p. 18-36 doi: 10.1007/978-981-10-1848-0_2 

72 Benke, K., Tomkins, B. 2017. Fuure ood-producon sysems: Vercal arming and conrolled environmen agriculure. Susainabiliy: Science Pracce and Policy 13(1):
13-26. hps://doi.org/10.1080/15487733.2017.1394054

73 Despommier, D. 2011. The Vercal Farm: Feeding he World in 21s Cenury. Marn's Press. NY, NY. 293 p.;
74 Kozai, T. (Edior). 2018. Smar plan acory: The nex generaon indoor Vercal arms. Singapore: Springer; Kozai, T., Fujiwara K., Runkle, E. 2016. (Ediors).

2016. Plan Facory and Greenhouse wih LED Lighng.Singapore: Springer.
75 Kozai, T., Fujiwara K., Runkle, E. 2016. (Ediors). 2016. Plan Facory and Greenhouse wih LED Lighng. Singapore: Springer.
76 Pinsrup-Andersen, P. 2017. Is I Time o ake vercal arming seriously? 2017. Global Food Securiy. hps://dx.doi.org/10.1016/j.gs.2017.09.002 
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or an inegraon o VFs ino cies are crical o assess he uure o VFs. Numerous VFs have been developed
and a subsanal number, as well, are in he planning sages in he Unied Saes o America and Asia. Some o
hese are concepualised o include solar energy direcly, aquaculure and even livesock producon77 

Fig. 1.12. An example o a vercal arm
Source: Phoo by Markus Spiske on Unsplash, ree o be reproduced.

hps://unsplash.com/r/phoos/9cHVqn9bBpQ

3.4. Improving ood supply hrough echnology

3.4.1. Regenerave agriculure / agroecology / organic agriculure
Agriculural managemen pracces ha increase soil organic maer in croplands is he ocus omuch ineres.
They include (1) crop managemen, in he orm o, or example: high inpu carbon pracces such as adopng
improved crop variees, crop roaon, he use o cover crops, perennial cropping sysems, inegraed produc-
on sysems, crop diversicaon, agriculural bioechnology; (2) nurien managemen, including erlisaon
wih organic amendmens/ green manures; (3) reduced llage inensiy and residue reenon; (4) improved
waer managemen, including he drainage o waerlogged mineral soils and irrigaon o crops in arid/semi-
arid condions, (5) improved rice managemen (6) and biochar applicaon78 

The pracces reerred o as regenerave agriculure and agroecology, as well as organic agriculure, have been
drawing much aenon recenly. These erms have no universal denions bu are requenly described –
regenerave agriculure, as “a land managemen philosophy whereby armers and ranchers grow ood and
bre in harmony wih naure and heir communies”79; agroecology as “he sudy o relaonships beween
plans, animals, people, and heir environmen - and he balance beween hese relaonships”; organic agri-
culure as “a producon sysem ha relies on ecosysemmanagemen and does no allow he use o synhec
chemical inpus (inorganic erlizers and pescides). I relies on ecological processes and naural sources
o nuriens (such as compos, crop residues and manure)80" 

77 Kalanari, F., Tahir, O., Lahijani, A., Kalanari, S. 2017. A review o vercal Farming echnology: A guide or implemenaon o building inegraed agriculure in cies.
Advanced Engineering Forum 24 (76-91),doi.10.4028/www.scienc.ne/AEF.24.76

78 IPCC -AR6- WGIII. 2022. Chaper 7. Agriculure, Foresry and Oher Land Uses.
79 NRDC (Naonal Resources Deense Council). 2022. Regenerave Agriculure: Farm Policy or 21st Cenury. regenerave-agriculure-arm-policy-21s-cenury-repor-pd.
80 Page 150 in Agroecological and oher innovave approaches or susainable agriculure and ood sysems ha enhance ood securiy and nurion. A repor by he

High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy, Rome. hps://www.ao.org/3/ca5602en/ca5602en.pd.
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Agroecological approaches acknowledge6major shis81 (see Fig. 1.13.). Boh regenerave agriculure andagro-
ecology are commonly perceived o advance: no- or minimum-ll arming, cover crops, diverse crop roaons,
roang livesock grazing, and a lessened use o erlisers, pescides, and herbicides or he purpose o seques-
ering carbon and promong a healhy soil. Cropping sysem diversicaon has been shown o reduce he neg-
ave environmenal impacs o soil erosion and nurien runo, and reduced cropping inpus whilemainaining
crop yields82. Organic armingcanbeconsideredasa ormoagroecologyand regeneraveagriculurebecause i is
guided by similar principles in general, alhough i is associaedwih specic regulaons. Organic arming is per-
haps more noed or is poenal co-benes, such as enhanced sysem resilience and biodiversiy promoon,
han or migaon. While here are similaries across regenerave agriculure and agroecology, here are also
imporan dispues hamainly relae o he polysemy o boh erms and o he developmenmodels hey are
supposed o promoe, in parcular o he respecve roles omarke and policies83 

There is general agreemen ha regenerave agriculure and agroecology pracces improve soil healh
and provide environmenal benes. Some researchers repor84 ha regenerave agriculure pracces have
limied poenal o signicanly increase soil carbon sequesraon. Neverheless, some corporaons have
se up a carbon sequesraon marke (Bayer) and a carbon credi or soil carbon sequesered (Land O’Lakes)
inended or armers. In addion, Cargill, McDonald’s, Nesle, Walmar Foundaon and oher major companies
are collaborang wih he World Wildlie Foundaon on regenerave pracces o improve grasslands o he
Norhern Grea Plains o he U.S. I is suggesed ha, going orward, armers will need o be paid or environ-
menal services, in parcular soil carbon sorage. However, his requires an abiliy o accuraely measure soil
carbon and quany change in he eld over me in order o assess he eecs o diering pracces, as well as
insuonal arrangemens o reward pracces. Fuure research is hus needed o nd new ways o soil carbon
sequesraon and gaher daa hrough he measuremen o soil carbon conen in order o develop a global
carbon market 

Fig. 1.13. Towards agroecological approaches85

81 Caron P., 2021. Agroécologie : saisir les blocages inernaonaux. In : La ransion agroécologique. Quelles perspecves en France e ailleurs dans le monde ?
Tome 1. Huber Bernard (ed.), Couve Denis (ed.). Paris : Presses des Mines, 131-140. (Académie d'agriculure de France) ISBN 978-2-35671-620-0.

82 Tamburini, G., Bommarco, R., Wanger, T., Kremen, C., van der Heijden, M., Liebman, and M., Hallin, S. 2020.
Agriculural diversicaon promoes mulple ecosysems services wihou compromising yield. Sci. Adv.eaba175.

83 HLPE. 2019. Agroecological and oher innovave approaches or susainable agriculure and ood sysems ha enhance ood securiy and nurion. A repor
by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy, Rome. hps://www.ao.org/3/ca5602en/ca5602en.pdf 

84 IPCC -AR6- WGIII. 2022. Chaper 7. Agriculure, Foresry and Oher Land Uses
85 Caron P. (member o he group o auhors or his chaper), 2021. Agroécologie : saisir les blocages inernaonaux. In : La ransion agroécologique. Quelles

perspecves en France e ailleurs dans le monde ? Tome 1. Huber Bernard (ed.), Couve Denis (ed.). Paris : Presses des Mines, 131-140. (Académie d’agriculure de
France) ISBN 978-2-35671-620-0, 2021.



54

CAETS 2022 TOWARDS LOW-GHG EMISSIONS FROM ENERGY USE IN SELECTED SECTORS

Along wih he agroecology discussion, a long-sanding debae relaes o he opposion beween land sparing
and land sharing. This was iniaed o address he Queson owheher i is bes o make agriculure more bio-
diversiy-riendly by conserving biodiversiy wihin agriculural landscapes (“land-sharing”) or sharply separae
he zones managed or biodiversiy rom hose managed or high-inensiy agriculural and maximised oupu
(land-sparing). This dichoomy is now dispued as inensicaon has proved o be a driver or land expansion
when sric land enure regulaon is no in place. In addion, and as shown by he HLPE/CFS86, “here is no
single universal answer o his debae, which originaed rom quesons raised a he global level o address ag-
riculure-driven deoresaon- and environmen-relaed concerns. A he local level, avenues o address such
concerns, including mixed arrangemens, and heir impacmay vary according o specic biological, ecological,
and insuonal conex.” Finally, he HLPE/CFS challenges he basic “assumpons underlying his apparen
dichoomy. Firs, in erms o wheher conservaon riendly agriculural pracces are necessarily low-yielding
and, second, he exen o which he impacs on biodiversiy o chemical-inensive agriculure are conned o
he areas where i is pracced.”

A specic pracce under sudy in India is he Broad Bed Furrow (BBF) which is proposed o enhance rained
farming87 The goal is to adopt appropriate technology to best manage limited soil moisture in areas of limited
rainall. The BBF sysem involves he preparaon o a broad bed o 90 cm, a urrow o 45 cm and sowing o crop
a a row spacing o 30 cm on he bed. The projeced benes are waer savings, erosion conrol, moisure con-
servaon and a channel or drainage in he case o heavy rainall. Limied resuls indicated that BBF technology
has he poenal o increase waer producviy or some crops.

Finally, i is noed ha he IPCC (2022) saes wih medium condence ha enhanced soil carbon managemen
o croplands has a global echnical migaon poenal o 1.9 (0.4-6.8) GCO2/yr and in grasslands 1.0 (0.2-
2 6) GtCO2  

3.4.2. Nirogen-use eciency / opmal nirogen managemen
Nirogen erliser plays a crical role in ood producon globally, bu i is also responsible or a variey o
environmenal problems associaed wih is loss in various ways. Nirogen is imporan or healhy crops, en-
hancing soil organic carbon, and increasing crop yields. Nirogen erliser is largely, a presen, produced using
a process called he Haber-Bosch reacon in which hydrogen, primarily rom naural gas (via seam reorming -
an endohermic reacon), is reacedwih nirogen rom air o produce ammonia (NH3), he basic building block
o all nirogen erlisers. This process uses a large amoun o ossil energy, approximaely 70 MJ/kg (19,4 kWh/
kg) depending on he respecve plan. Energy hus used in producon o nirogen erlisers is he larges
source o ossil uel consumpon in agriculure, wih predicons ha i will consue 2% o global energy use
by 205088. Alhough iwill vary by he respecve producon sysem or N, he larges componen o energy use
(as much as 30-40%) is ha aribued o making synhec nirogen erlisers.

The producon o nirogen erliser (see chaper on Chemicals) and is use in agriculure boh generae GHGs
and comprises he larges source o ammonia, nirae, and nirous oxide polluon globally, wih severe impacs
on ecosysems, human healh, and climae change. I yields are o be he same on a global scale, developed
Wesern counries should use less nirogen erliser and poor counries more according o van Grinsven e. al.
(2022)89. This sudy looked ameeng he needs o a reliable ood supply, bu also a he coss associaed wih
he environmenal eecs o nirae leaching, soil depleon and ammonia emissions.

Dealing wih nirogen problems in global agriculure requires a holisc nirogen and ood sysem approach,
balancing risks and opporunies or changes in land use and resource securiy or agriculure, rural liveli-
hoods, dieary choice, and echnology advances. The nurien sewardship principles o he 4Rs (righ source
o N erliser, righ rae, righ ming applicaon, and righ placemen) sugges numerous approaches such
as renewable elecriciy-based erliser plans, inegraed soil and erliy managemen o cropping sysems,

86 HLPE. 2019. Agroecological and oher innovave approaches or susainable agriculure and ood sysems ha enhance ood securiy and nurion. A repor
by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy, Rome. hps://www.ao.org/3/ca5602en/ca5602en.pd.

87 Verma, P.D., Parmanand and Tamrakar, S.K. (2017). Eec o broad bed urrow mehod or rained soybean culvaon a Balodabazar disric o Chhatsgarh.
Inerna. J. Agric. Engg., 10(2) : 297-301, DOI: 10.15740/HAS/IJAE/10.2/297-301.

88 Harpankar, K. 2020. Opmal Nirogen Managemen or Meeng Susainable Developmen Goal 2. in Science, Technology, and Innovaon or Susainable Developmen
Goals. Ediors: Adenle, A., Cheroo, M., Moors, E., and Pannell, D, pg 369-384. Oxord Universiy Press. NY, NY.

89 Van Grinsven, H.J.M., Ebanya, P., Glendining, M. e al. 2022 Esablishing long-term nitrogen response of global cereals to assess sustainable erlizer rates | Naure
Food , Nat Food 3, 122–132. Correcon: hps://www nature com/arcles/s43016-022-00475-1
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biological nirogen xaon (or example hrough CRISPR eding), precision agriculure or placemen and
nanoechnology coangs or me release o N. Specically, i is necessary o opmise N applicaon in order o
minimise environmenal eecs while maximising plan upake wihou signican reducon in yields. I should
be noed ha armers also have o mee supply chain specicaons, e.g., proein conen. Improved crop
nurien managemen consisng o hese pracces and ohers is esmaed by he IPCC (2022), wih medium
condence, o have a echnical poenal o 0.3 (0.06-0.7) GCO2e/year.

“Green” ammonia, produced wih hydrogen, obained rom waer elecrolysis, and nirogen rom he air, in an
“all- elecric” process, migh be an alernave o he ossil uel-based ammonia producon. Where sranded
wind and solar energy sources (energy capaciy exiss bu canno be used or sold) are available in agriculural
regions, here could be possibilies or regional small-scale all-elecric ammonia projecs. Anoher example
could be an inegraon wih bioehanol plans by capuring emissions o CO2 to react with ammonia and thus
produce urea, a more easily sored and applied orm o nirogen erliser.

3.4.3. Agrooresry
The erm agrooresry is applied o land use sysems in which perennial woody plans are culvaed on he
same area as useul plans and/or livesock90 The inclusion of trees or other woody perennials within farming
sysems is designed o capure he ineracve benes o perennials and/or animals in heir use o growh
resources (i.e., ligh, nuriens, waer) compared o single-species sysems (Lorenz and Lal, 2018)91. Lorenz
and Lal (2018) classiy hese sysems ino agrosilviculural (crops and rees), silvopasoral (pasure / ani-
mals + rees), and agrosilvopasoral (crops + pasure / animals + rees). Agrooresry sysems are esmaed o
cover abou 10 million km² o agriculural land globally and are mos widespread in ropical regions such as
Souheas Asia, Lan and Cenral America, and in he areas o sub-Saharan Arica, where hey are oen adoped
by small land holders. The purpose is o creae ecological and economic benes hrough he synergy o he
individual componens (Fig. 1.14.) 

Trees capture large amounts of atmospheric carbon dioxide (CO2) during phoosynhesis and ranser a racon
o hese o he soil, which may be sequesered. Esmaes or he carbon (C) sequesraon poenal above
and below ground over a period o 50 years range beween 1.1 and 2.2 Pg (1 Pg = 1G = 1015g) C/year bu
these numbers are highly uncertain91 because o he grea diversiy o land pracces in agrooresry sysems.
Agrooresry may also enhance biodiversiy by creang srucural diversiy, rereas or animals, as well as
waer qualiy benes. There is however a signican need o develop sandard mehods and procedures o
deermine he amoun o carbon sequesraon rom global agrooresry and quany he sysem as a low-cos
mehod or environmenal benes.

90 Schneider, P., Rochell, V., Pla, K., Jaroski, A. 2021. Circular approaches in small-scale ood producon. Circular Economy and Susainabiliy. 1:1231-1255.
hps://doi.org/10.1007/s43615-021-00129-7 

91 Lorenz, K., Lal, R. 2018. Agrooresry Sysems. In: Carbon Sequesraon in Agriculural Ecosysems. Springer, Cham.
hps://doi.org/10.1007/978-3-319-92318-5_6
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Fig. 1.14. Illusraon o agrooresry sysems or ecosysem services and economic benes92

Source: Van Noordwijk, M. 2021. Agrooresry-Based Ecosysem Services: Reconciling Values o Humans and Naure in Susainable Developmen. Land
2021, 10(7),699

hps://www.mdpi.com/2073-445X/10/7/699

3.4.4. Food manuacuring/processing
Global energy demand or ood manuacuring and disribuon accouns or approximaely 45% o he energy
consumpon o he FAS. Despie he variabiliy o available daa or energy demand, depending on he dier-
en producs and processes, Ladha-Sabur e.al. (2019)93 have developed a daabase or energy consumpon.
They idened general rends on energy consumpon owing o manuacuring and ransporaon, wih a-
enon o he UK ood sysem. The mos energy inensive ood producs are powders (i.e., insan coee and
milk powders), ried goods (French ries and crisps), and bread, which involve hermal processes. Hygiene and
saniary requiremens also aec waer consumpon and wase or mea and dairy. I should be noed ha
packaging is no included in he repor by Ladha-Sabur e al. (2019).

Advances in ood processing are emerging wih a signican poenal impac on reducing energy consumpon
and GHG emissions in ood manuacuring hrough processes such as high-pressure processing94, cold plasma95,
pulsed elecric eld96, ulrasound97, and microwaves98. These processes rely on elecriciy, hus oering he
opporuniy o replace radional processes, which have been based on hermal processes using ossil uels.

In erms o ransporaon, here are curren movemens ha advocae or a more decenralised/disribued
supply chain supporng local producon. However, he environmenal benes o ‘local’ are mixed. Global
environmenal assessmens, using ools such as LCA o address he whole ood chain, are increasingly needed.

92 van Noordwijk, M. 2021. Agrooresry-Based Ecosysem Services: Reconciling Values o Humans and Naure in Susainable Developmen. Land 2021, 10(7), 699;
hps://doi.org/10.3390/land10070699

93 Ladha-Sabur, A., Bakalis, S., Fryer, P., Lopez-Quiroga, E. 2019. Mapping energy consumpon in ood manuacuring. Trends in Food Science and Technology. 86(270-280)
hps://doi.org/10.1016/j.s.2019.02.034

94 Huang, H., Wie, S., Lu, J., Shyu, Y., Wang, C. 2016. Curren saus and uure rends o high pressure processing in ood indusry. Food Conrol 72(1-8)
hps://doi.org/10.1016/j.oodcon.2016.07.019

95 Laroque, D., Seo, S., Valencia, A., Laurindo, J., Carci, B. 2022. Cold plasma in ood processing: Design, mechanisms, and applicaon. Journal o Food Engineering. 312.
hps://doi.org/10.1016/j.joodeng.110748

96 Leong, S. and I. Oey. 2019. Pulsed elecric elds processing o plan-based oods: An overview. Encyclopedia o Food Chemisry. 245- 254.
hps://doi.org/10.1016/B978-0-08-100596-5.21653-3

97 Bhargava, N., Kumar, K., Sharanaga. 2021. Advances in applicaon o ulrasound in ood processing, A review. Ulrasonics Sonochemisry. 70.
hps://doi.org/10.1016/j.ulsonch.2020.105293

98 Tang, T. 2015. Unlocking poenals omicrowaves or oods saey and qualiy. Journal o Food Science. 80(8) E1776-E1793.
hps://doi.org/10.1111/1750-3841.12959.
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3.4.5. Food sorage
Food handling consues a large secor o energy consumpon in producing ood (Fig. 1.7. and 1.8.) This
par o he sysem includes reail, resaurans, packaging, and consumers. In addion, various sysems along
he ood value chain are involved in ood sorage, hus requiring signican energy. Wih many crops, on-arm
sorage is required in order o preserve produc qualiy. The developmen o ecien and cos-eecve solar
drying wih hermal energy sorage sysems, o connuously dry agriculural ood producs, is a viable subs-
ue or ossil uel in much o he developing world99 as well as developed world.

The ood and beverage secor is a leading source o cooling demand or indusrial and ranspor rerigeraon.
Producers use rerigeraon wihin he manuacuring process o saely sore ood producs. In developing
counries, he lack o rerigeraed sorage means ha posharves losses may be large. I also means ha arm-
ers mus sell heir producs quickly, a marke raes. During supply glus, he inabiliy o sore producs can
have a derimenal eec on armers’ incomes. A sar-up based in India has developed a porable cold sorage
box which runs on solar power, raher han he grid, and is hus unaeced by unreliable power supply. I is also
porable, allowing a armer o ren i o anoher armer when i is no in use. A he oher end o he specrum,
he larges ood manuacurers in he world use high amouns o rerigeraon and have ypically relied on he
use o ossil energy wih HFCs (Hydrouorocarbons) as he rerigeran, which amouns o 20% o oal global
HFC use HFCs are a potent GHG100 

Rerigeraed sorage can accoun or up o 10% o he oal carbon ooprin or some ood producs when
aking ino accoun elecriciy inpus, he manuacuring o cooling equipmen, and GHG emissions rom los
rerigerans. A number o approaches can hus be pu in place o reduce energy consumpon and GHG emis-
sions by: increasing energy eciency, adding hermal insulaon o he sorage srucure; insalling/replacing
energy inecien equipmen; eliminang he use o HFCs; and ulising low-carbon elecriciy, when possible.

3.5. Technology or resource opmisaon

3.5.1. Circular ood sysems
The goal is o design ouwase, keep maerials in use and in circulaon, and regenerae naural sysems wihin
he FAS. The concep o circulariy originaes rom indusrial ecology, which aims o reduce resource consump-
on and emissions o he environmen by closing he loop omaerials and subsances and hus address envi-
ronmenal goals or susainable developmen101, 102, 103. Under his paradigm, losses omaerials and subsances
should be prevened, and oherwise be recovered or reuse, remanuacuring, and recycling. In line wih hese
principles, moving owards a circular ood sysem implies searching or pracces and echnology in ood pro-
ducon and consumpon haminimise he inpu o nie resources, encourage he use o regenerave ones,
preven he leakage o naural resources (e.g. carbon (C), nirogen (N), phosphorus (P), waer) rom he ood
sysem, and smulae he reuse and recycling o ineviable resource losses in a way ha adds he highes pos-
sible value o he ood sysem104 

99 Bal, L., Saya, S., Naik, S. 2010. Solar dryer wih hermal energy sorage sysems or drying agriculural ood producs: A review. Renewable and susainable energy
reviews. 14(8): 2298-2314.

100 The Economis. 2019. The Cooling Imperave Forecasng he size and source o uure cooling demand. A Repor o The Economis Inelligence Uni.
www.eiu.com/graphics/markeng/pd/TheCoolingimpewiave2019.pd 

101 Babbi, C., Ne, R., Roe, B., Siddiqui, S., Chavis, C., Trabold, T. 2022. Transorming wased ood will require sysemic and susainable inrasrucure innovaons.
Curren Opinion in Environmenal Susainabiliy. 54: 101151. hps://doi.org/10.1016/j.cosus.2022.101151  

102 Schneider, P., Rochell, V., Pla, K., Jaroski, A. 2021. Circular approaches in small-scale ood producon. Circular Economy and Susainabiliy. 1:1231-1255.
hps://doi.org/10.1007/s43615-021-00129-7

103 ASABE (Resource) 2021 Transforming food and agriculture to circular sysems. Special Issue. 28: 2. March/April. www asabe org/Resources 
104 De Boer, I.J.M. and M.K. van Iersum, 2018. Circulariy in agriculural producon. Manshol lecure, 19 Sepember 2018, Brussels, Wageningen Universiy & Research,
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In hinking circular ood sysems hrough, De Boer and Van Iersum (2018) dened our principles or hem.
These are summarised below 

• Plan biomass is he basic building block o ood and should be used by humans rs.

• Food and resource losses and wase should be avoided.

• By-producs rom ood producon, processing and consumpon should be recycled back ino he ood
system 

• Animals should be used for what they are good at (or grassland ha canno be used or oher ood producon).

Fundamenally, he concep o circular ood sysems has been applied and described also by such erms as
‘indusrial ecology’ or ‘indusrial symbiosis’, meaning ha residues (wase) rom an eny (business) would
become inpu sources o anoher, hereby keeping maerials in use. An ineresng applicaon o he concep
in he FAS would be a ‘Food-Indusrial Park’.

3.5.2. Recirculang aquaculure sysems
Fish, including nsh and shellsh, conribue abou 17% o global animal-based proein or human consump-
on and parcularly so in developing counries which consume more han 75% while producing over 80%
o he global sh supply105. A major concern is ha he annual number o sh caugh in he wild, parcularly
in oceans, has been sagnang since he 1990's. As he consumpon o sh has been growing in he world,
aquaculure (sh arming) has developed and almos hal o he sh consumed derives rom i. Aquaculure
producon needs are esmaed o double rom approximaely 67 million onnes (MT) in 2012 o abou 140
MT in 2050106 

Aquaculure, as described above, is primarily based on conned operaons in a waer environmen, wheher
marine, e.g. ‘cages’ in he oceans (along coass predominaely), or reshwaer indoor and oudoor ponds on
land, Fig. 1.15.. Over he pas several decades, he concep o a recirculang indoor aquaculure sysem (RAS)
has emerged as an alernave sysem oering he advanages o grealy reducing land use and waer require-
mens compared o ponds. Simply pu, waer is lered rom he growing anks (conned environmen) and
recycled for reuse in tanks The RAS has been perorming well relave omeasures o producviy and environ-
menal parameers. A comprehensive reamen o recirculang aquaculure sysems is provided by Timmons
e al. (2018). Challenges persis because o high capial coss, eed sources, concern abou sh diseases, ood
saey, and consumer accepance. Consumers are concerned ha armed sh end o have lower levels o
omega-& a acids han wild sh (World Resources, 2019). The highly inensive growing environmen has also
limited acceptance 

Aquaponics can be an added elemen o a RAS as i combines plans and sh. In an aquaponics sysem, sh
provide wase ha eecvely erlises plans, hereby approaching a closed loop sysem conribung o he
circular economy107. Plans ac essenally as lers, aking ou niraes in he sysem. The benes are ha lile
wase is produced rom he overall sysem and inpus are minimised.

Clearly he expeced increasing consumer ineres in seaoods requires o oser aquaculure generally and RAS
specically. Thus, eors o inensiy aquaculure producon by RAS need o be direced a approaches ha
migae he negave issues o RAS.

105 OECD-FAO. 2017. Mea-Agriculural Oulook 2018-2027. Chaper 6.
www.ao.org/3/i9166e/i9166e_chaper6_meat pdf 

106 World Resources Insue. 2019. Creang a susainable ood uure: A menu o soluons o eed nearly 10 billion people by 2025. Final repor. July 2019; Chaper 23
hps://research.wri.org/sies/deaul/les/2019-07WRR Food Full Repor_O.pd

107 Timmons, M., Guerda, T., Vinci, B. 2018. Recirculang Aquaculure, 4h edion. Ihaca Publishing Company, LLC. ISBN 978-0971264670
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Fig. 1.15. Indoor recirculang aquaculure sysem
Source: Norman R. Sco (member o he group o auhors or his chaper), Inec Open, Evoluon o The Soil-Based Agriculure and Food Sysem o

Biologically-Based Indoor Sysems, Page 15.
hps://www.inechopen.com/chapers/78111

3.5.3. Inegrang Food, Energy and Waer Sysems (FEWS)
Waer is required o produce ood, energy is needed o provide waer sources, and his inerdependence has
been ermed he Food, Energy, Waer Sysems Nexus (FEWS). The agriculural secor (irrigaon, livesock and
aquaculure) is by ar he bigges user o waer in he world accounng or 70% o he global oal waer wih-
drawal. 19% o he world’s culvaed land is irrigaed, accounng or 300 million hecares, which accouns or
almos hal o he value o global crop producon. In Arica and Asia, 85-90% o all he reshwaer is used or
agriculture108. To sasy global demand or ood, agriculure is expeced o increase is waer requiremens by
2025 by 1.2 mes.

Irrigaed agriculure plays a major role in he livelihoods o naons all over he world. Alhough i is one o he
oldes known agriculural echniques, improvemens are sll being made in irrigaon mehods and pracces.
During he las our decades, irrigaon sysems in he world have seen major improvemens in echnology
developmen. Irrigaon has increased by 81 percen rom abou 153 Mha in 1966; however, he expansion o
irrigaon migh no be as exensive in he nex 40 years owing o pressure on waer resources due o climae
change. Thus, innovave waer saving pracces are imporan in he ace o prediced waer shorages.

Also important is the need to address the water footprint within the agriculture sector The water footprint of
animal producs is larger han ha o crop producs wih equivalen nurional value (Table 1.1.). The average
waer ooprin per calorie or bee is abou 20 mes larger han or cereals and sarchy roos. The waer oo-
prin per gram o proein ormilk, eggs and chickenmea is 1.5 mes larger han or pulses109. The unavourable
eed conversion eciency or animal producs is largely responsible or he relavely large waer ooprin o
animal producs. Their sudy shows ha rom a reshwaer perspecve, animal producs rom grazing sysems
have a smaller waer ooprin han producs rom indusrial animal sysems; i is ye more waer-ecien o
obain calories, proein, and a hrough crop producs han animal ones. In addion, waer savings need o be
addressed a every sage o he ood chain rom producon hrough consumpon.

108 Foley, J., Ramankuy, N., Balzer, C., Benne, E., Brauman, K., Carpener, S., Cassidy, E., Gerber,J., Hill, J., Johnson, M., Monreda, C., Mueller, N. O’Connell, C., Polasky,
S., Ray, D., Rocksröm, J., Sheehan, J., Sieber, S., Tilman, D., Wes, P. and D. P. M. Zaks. 2011. Soluons or a culvaed plane. Naure 478(7369): 337-342..

109Mekonnen, M. and Hoeksra, A. 2012. A Global Assessmen o he Waer Fooprin o Farm Animal Producs. Ecosysems 15: 401–415 DOI: 10.1007/s10021-011-9517-8
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Table 1.1. The waer Fooprin o some seleced ood producs rom vegeable and animal origin (Mekonnen and Hoeksra, 2012).
Source:Mekonnen and Hoeksra, A Global Assessmen o he Waer Fooprin o Farm Animal Producs, Ecosysems (2012), page 409.

hps://www.waerooprin.org/media/downloads/Mekonnen-Hoeksra-2012-WaerFooprinFarmAnimalProducs.pd

3.5.4. Improving energy consumpon hrough echnology
The use o energy in agriculure has allowed arms o creae ood; ye such energy use remendously varies
across the agriculture and food system World Energy Balances110 provides comprehensive daa on energy bal-
ances for all the world’s largest energy producing and consuming countries It contains detailed data on energy
supply and consumpon or over 155 counries, economies, and erriories, including all OECD counries, and
more han 100 oher key energy producing and consuming counries, as well as 35 various regional aggregaes
and world oals. As a rs prioriy, he ocus across he ood value chain needs o be on energy conservaon
and eciency o reduce is consumpon as i direcly and indirecly drives decarbonisaon.

As he res o he global economy, he agri-ood secor is gradually reducing is dependence on ossil energy,
he oal renewable energy conribuon being abou 6% (a nuclear energy conribuon o 8% is excluded rom
he renewable pool). Curren commercial biouels conversion processes are classied as 1st, 2nd, and 3rd gen-
eraon echnologies because o a srong reliance on ood crops as seen in Table 1.2.. Tradionally, bioehanol
is produced rom edible carbohydraes via a number o pre-reamen seps prior o enzymac ermenaon
and produc puricaon seps. This is he case wih corn-o-ehanol and sugarcane-o-ehanol, and a ypical
ehanol biorenery is in Fig. 1.8.. I should be noed ha a signican byproduc rom he biorenery is dry
disllers’ grains which is a valuable livesock eed.

Biorenery echnology Type o biomass eedsock

1s generaon Edible crops (sunower, sugarcane, corn, soybeans, palm, rapeseed, ec.)

2nd generaon Agro-residues (lignocellulosic)

3rd generaon Algae

4th generaon Non-edible plans (jaropha, soapnu, rubber seed, candlenu, ec.), ood wase.

Table 1.2. Classicaon o biorenery echnology according o biomass eedsock

In addion, he agriculural secor has developed srong links wih renewable energy sources111: bio-
renewables consue abou 47% while he balance is ascribed o wind, geohermal, hydro, and solar acilies.

110 IEA (2021), World Energy Balances: Overview, IEA, Paris hps://www.iea.org/repors/world-energy-balances-overview
111 IRENA and FAO. 2021. Renewable energy or agri-ood sysems - Towards he susainable developmen goals and he Paris agreemen. Abu Dhabi and Rome.

hps://doi.org/10.4060/cb7433en
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Hydroelectricity features prominently in the renewable energy supply to FAS eiher hrough he Naonal grids
or o-grid siuaons (in rural locaons where small dams on rivers provide boh power and waer or irriga-
on).

The use o locally available renewable energy sources, ogeher wih energy-ecien echnologies, has become
increasingly aracve o minimise impacs o rising energy coss on agri-ood proabiliy, compeveness,
and climae eecs. The conribuon o dieren ypes o renewable energy sources o he overall renewable
consumpon by he FAS depends on he naonal policies or renewable energy. In he Unied Saes o America
or example, here has been a seady increase in he number o agriculural operaons wih on-arm renew-
able energy producing sysems (wind urbines, small hydropower, solar panels, mehane digesers, biodiesel,
bioehanol, ec.) over he pas decade (2012-presen) wih solar panels as a leading source. Resuls o a 2021
survey repor ha 37% o Brish armers are using renewable energy and ha 35% plan o inves in renewable
energy generaon112 

3.5.4.1. Bioenergy
Bioenergy mobilisaon varies grealy by counry, boh in erms o relave imporance and by source o energy,
and may be a key in some counries. A he global level, oresry producs such as wood uel (solid biouel),
charcoal, wood chips and pelles conribue abou 85% o all he biomass ulised or energy purposes while ag-
riculure accouns or abou 10% o he global biomass supply (World Bioenergy Repor, 2020)113. Consequen-
ly, agriculure is a key secor or increasing biomass conribuon and he poenal or bioenergy ulisaon.
The principal agricultural feedstocks include crop residues such as rice husks and wheat straw as well as biofuel
crops exemplied by palm oil, sugarcane, oilseeds, ec. The role o bioenergy in he FAS is especially prominen
in Arica and he developing world where a small-scale operaon is he predominanmode o agriculural prac-
ce and ood producon. For example, gari, a common saple in he Wes Arica subregion, is produced rom
cassava ermenaon114 rom which he resulng we solid obained aer slurry lraon is dried and slowly
roased o ase in large open meal bowls over wood uel-ed clay urnaces.

For cooking and oher ood preparaon processes, biomass burning is he principal source o energy provi-
sion in developing counries. Pakisan, or example, ulises 86% o he naon’s oal biomass energy in he
household sector115 while he esmae or Nigeria is 96%116. In ac, abou 80% o Nigerians in rural and urban
areas depend on biomass combuson or ood processing needs. Alhough his esmae is no represenave
o he enre connen, he associaed derimenal eec is signican a he regional level because Nigeria’s
populaon (abou 215 million) is abou 20% o a connen ha includes he Sahara Deser (9.2 million square
kilomeres). In pracce, wood uel burning resuls in considerable deoresaon which exacerbaes global GHG
emissions, direcly and indirecly hrough changing land use. Conceivably, periodic droughs parcularly in
Somaliland (locaed in he Horn o Arica), may be aribued o he local pracce o elling rees or wood uel,
which no only aggravaes he ood-energy demand or culvaed land bu also has deleerious eecs on cli-
mae change hrough reducon in CO2 sequesraon and he release o CO2 due o combuson. In advanced
economies, however, biomass (commercial crop residues, energy crops, wood wase, black liquor, municipal
solid wase, ec.) is oen convered o liquid and gaseous uels (biouels – biodiesel and bioehanol- and biogas
respecvely) or ransporaon uels, in heang sysems, and in elecriciy generaon. In Ausralia, abou 1.4%
o he oal elecriciy producon (3 164 GWh) is aribued o bioenergy in 2020117 

Alhough naural gas (essenally mehane) is presenly cheaper han biogas, he laer could be a renewable
replacemen i properly reaed and may hereore be an addion o he porolio o low-carbon echnologies
in he FAS. The ambions o he EU o grealy reduce is reliance on Russian ossil uels encourages ineres and

112 NFU (Naonal Farmers’ Union). 2021. Farmers priorising susainabiliy invesmens, NFU survey shows.
hps://www.nuonline.com/media-cenre/releases/armers-priorising-susainabiliy

113 World Bioenergy Associaon Repor. 2020, Chaper 6.
hps://www.worldbioenergy.org/uploads/210331%20WBA%20Annual%20Repor%202020%20Public%20Version.pd

114 Ouya CO, Adesina AA, & Ukpong E., 1990. Characerizaon o he solid-sae ermenaon o cassava, World J. Microbiol. & Bioech., 6, 422-424. doi: 10.1007/
BF01202126 

115 Saeed MA, Irshad A, Saar H, Andrews GE, Phylakou HN & Gibbs BM, “Agriculural Wase Biomass Energy Poenal in Pakisan”, In: Inernaonal Bioenergy (Shanghai)
Exhibion and Asian Bioenergy Conerence, 21-23 Ocober 2015, Shanghai, People’s Republic o China.

116 Olanrewaju, F.O., Andrews, G.E., Li, H., Phylakou, H.N., 2019. Bioenergy poenal in Nigeria, Chem. Eng. Transacons, 74, 61-66.
117 Clean Energy Council. 2020. Bioenergy.
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expansion or biomehane. The producon o renewable naural gas (RNG) rom biogas upgrade using dier-
en echnologies (e.g., amine scrubbing, membrane separaon, pressure-swing adsorpon, and waer-wash)
is one such approach on large agriculural arms (dairy and swine arms) in he USA. RNG is readily used or
heang, cooking and as vehicle uel118. The echno-economic assessmen o RNG is avourable under he exis-
ing Caliornia environmenal policy ramework. Technologies or he conversion o RNG o high value-added
green uels such as biomehanol and biohydrogen are also improving he energy economics o he agri-ood
chain119 

Globally, biogas developmen is sll relavely limied or various reasons including inadequae inormaon
abou biogas possibilies, he cheaper cos o naural gas (ossil resource), high capial coss o curren com-
mercial biogas plans, and lack o naonal and local governmen policies o suppor biogas programs, as well
as policies which are barriers o adopon. As a resul, here is very lile global daa on he curren insalled
capaciy o biogas plans excep or Germany and he USA. India and China are acknowledged leaders in biogas
producon wih esmaes o 4.5 million m3 and 40 million m3 plans respecvely or heang waer, cooking,
and lighng. The World Bioenergy Associaon esmaed an annual global biogas producon o 30-40 billion m3

(equivalen o 1080-1440 PJ e.g., 300-400 TWh). I is hereore apparen ha biogas rom he FAS i ully ulised,
could supply abou 6% o curren global primary energy needs, even i, when burning, biogas produces CO2 

An inriguing ulisaon o biomass (animal manure, oher orms o organic wase such as slaugherhouse
wase, crop biomass and crop residues) is he generaon o bioenergy ha has led o he creaon o bioenergy
villages in Germany120. In Germany alone, here are more han 50 bioenergy villages wih numerous addional
ones a he planning or implemenaon sage. An anaerobic digeser is designed o conver local biomass
(organic maerials) o biogas o operae a combined hea and power (CHP) uni (usually an inernal combuson
engine conneced o an elecric generaor) o provide hea and elecriciy. Hea is provided o village homes by
an underground pipe loop hereby orming a disric heang approach. Where wase hea rom he CHP uni
is inadequae o mee he heang needs o he village (largely during winers), woody biomass is burned in a
urnace o provide he necessary ho uid (waer) o supplemen hea available rom he CHP uni. Alhough
highly sie specic, he concep o he bioenergy village can poenally oer an opporuniy or he “decarbon-
isaon” o rural areas and suppor susainabiliy.

3.5.4.2. Biouels
Biouels consisng mainly o biodiesel and bioehanol (alhough oher bio-alcohols in he C1 to C4 class are also
produced in relavely small quanes) are produced rom plans, animal wase and algae via various rans-
ormaon processes. In view o is biological origin, he global producon o biouels may be aribued o FAS
(95% o global bioehanol is rom agriculural producs). Fig. 1.16. shows he producon rend wihin he pas
two decades 

The op 5 leading producers o liquid biouels are he USA, Brazil, Indonesia, Germany, and China. Addionally,
boh he USA (52,6 billion lires) and Brazil (30,01 billion lires) produced abou 84% o he global bioehanol
output in 2020 as shown in Fig. 1.17.. Corn is he principal eedsock used or bioehanol producon in he USA,
sugarcane is he key inpu in Brazil. Typical commercial plans employ 1st, 2nd and 3rd generaon echnologies
(see denions in Table 1.2.). The ood vs. energy crop debae has however encouraged he developmen
of 2nd generaon echnologies and beyond generaon echnologies ha rely on non-edible biomass resources.
In general, bioehanol is used as a ransporaon uel (blended wih gasoline as E10 and E85 varians in he
USA), or powering uel cells and in he manuacure o biodiesel. Thus, boh bioehanol and biodiesel are u-
lised or vehicular operaon (racors, harvesers, reigh rucks, ec.) in he FAS and in oher secors.

118 Chemical Engineering Progress. 2021. Special secon: Renewable naural gas. Sepember 2021 issue. www.aiche.org/cep
119 Biofuels Digest 2022 WasteFuel launches to turn agriculture waste into green fuel Biofuels Digest

hps://www.biouelsdiges.com/bdiges/2022/02/13/waseuel-agriculure-launches-o-urn-agriculure-wase-ino-green-uel/
120 Jenssen, T,. König,A., and Elrop, E. (2014) Bioenergy villages in Germany: Bringing a low carbon energy supply or rural areas ino pracce. Renewable Energy 61:74-80.
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Fig. 1.16. Global producon hisory or liquid biouels (Chemical Engineering Progress, 2021)118

Source: Global Bioenergy Sascs 2020 produced by World Bioenergy Associaon, Chaper 6, p49, Figure 58. Reproduced wih permission
Reference: hps://www.iea.org/daa-and-sascs

(hps://www.worldbioenergy.org/uploads/201210%20WBA%20GBS%202020.pd)

Fig. 1.17. Trends in bioehanol producon or seleced counries/regions
Source: “Global Ehanol Producon by Counry or Region” 2023. U.S. Deparmen o Energy, Alernave Fuels Daa Cener. Accessed January 15, 2023.

adc.energy.gov/daa/10331
hps://adc.energy.gov/daa/10331

Fig. 1.18. Block diagram o a Brazilian ehanol producon aciliy
Source: Assessing he Perormance o Indusrial Ehanol Fermenaon Uni Using Neural Neworks. CCC RighsLink License N° 5471400721280

hps://www.sciencedirec.com/science/arcle/pii/B9780444642356500322
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In recognion o he energy-ood securiy debae and he many conroversies abou he relevance and op-
poruniy o produce and promoe biouel when considering he compeon wih ood producon, recen
echnological developmens relaed o he producon o bioenergy rom non-ood sources include conversion
processes or cellulosic and algae-biomass as well as non-edible and spen vegeable oils. These ransorma-
on roues include low- (enzymac) and high-gasicaon, pyrolysis, hydrohermal liqueacon, emperaure
deconsrucon. These new processes are par o a porolio o advanced bioenergy echnologies promong
invesmen in he ood-energy-waer nexus or new roners in susainable developmen.

Advanced bioehanol processes employ various echniques including he ulisaon o novel biomass sources
hrough o inegraed bioreneries ha produce addional high value-added producs (oxygenaes, organic
acids, ec.) as alernaves o convenonal perochemical derivaves, hereby helping reduce greenhouse gas
emissions. Specically, novel biomass sources include (i) novel biomass sources such as he organic racon o
municipal solid wase and some indusrial residues rom he paper, ood, and beverage producon acilies;
(ii) he incorporaon o new pre-reamenmehods or he raconaon and conversion o lignocellulosic ma-
erials e.g., bio-exrusion and novel ionic liquids; and (iii) he ulisaon o new enzyme sysems and microbial
srains during saccharicaon and ermenaon processes. Furhermore, employmen o non-edible biomass
migh also reduce land compeon beween ood and energy producon and he propensiy or deoresaon.

In one approach, he ermenaon o poao wase (spoiled poaoes and low-grade poaoes) is used o obain
bioehanol, aceone, buanol, lacc acid, and oher oxygenaed inermediaes in order o produce biodegrada-
ble and biocompable PLA polymers ha are environmenally riendly insead o pero-based polymers. Den-
ing he scienc and engineering aspecs in erms o yeas selecon, ermenaon kinecs, bioreacor design
(bach, ed bach and connuous operaon) has been a subjec or research in he pas wo decades121, 122 
An improvemen in he producon o biodiesel beyond he 1st generaon roue (direc esericaon reacon
beween alcohol and high molecular weigh ay acids, e.g. palmic, oleic, linoleic, ec.) has been achieved
via ransesericaon o non-edible oils and microalgae leading o 2nd and 3rd generaon biodiesel producon
route123 as schemacally depiced in Fig. 1.19. 

Fig. 1.19. Biodiesel producon echnology pahways
Source: Shaah e.al., 2021, A review on non-edible oil as a poenal eedsock or biodiesel: physicochemical properes and producon echnologies,

Page 4, Royal Sociey o Chemisry CC BY-NC
hps://pubs.rsc.org/en/conen/arclehml/2021/ra/d1ra04311k

121 Kaur, L., Singh, J., 2009. Novel Applicaons and Non-Food Uses o Poao: Fuure perspecves in nanoechnology, Special issue o Advances in Poao Chemisry &
Technology, Chaper 15, 425-445. hps://www.sciencedirec.com/science/arcle/pii/B9780123743497000155;

122 Karapasia, A., Penloglou G., Chazidoukas, C., Kiparissides, C., 2015. Developmen o a Macroscopic Model or he Producon o Bioehanol wih High Yield and
Producviy via he Fermenaon o Phalaris aquaca L. Hydrolysae. Compu. Aided Chem. Eng., 37, 2129-2134, 2015.

123 Shaah MAH, Hossain MS, Alla FAS, Alsaedi A, Ismail N, Kadir MOA & Ahmad MI. 2021. A review on non-edible oil as a poenal eedsock or biodiesel:
physicochemical properes and producon echnologies, RSC Advances, 11, 25018.
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Transesericaon involves he ripare reacon beween alcohol, carboxylic acids and he riglycerides
presen in hese oils o enhance biodiesel yield. Processing challenges arising rom he co-produc, glycerol,
have been addressed by he applicaon o an innovave process inensicaon design o produce biodiesel
yield and puriy higher han he hermodynamic limiaon124. The inegraon o ehanol ermenaon wih
biodiesel renery is anoher advanced process developmen iniave o reduce overall energy consumpon.
I decreases separaon coss, improves microbial cell recovery and reuse (wih aendan ermenaon a high
cell densies and superior ehanol volumeric producviy, ec.).

Moreover, recen developmens in he generaon o elecriciy rom agri-wase-ed microbial uel cells
(MFCs)125 urher srenghen condence in his projecon given ha MFCs are especially adapable or
small-scale arming operaons via mini-grid echnologies. Thus, he curren dispariy in he shares o energy
consumpon along he agri-ood chain beween high and low GDP counries may be reduced. I is also eviden
ha in addion o power generaon, MFC simulaneously delivers polluan-ree, hygienic waer which may
be recycled or arm use. However, some signican challenges do exis in erms o high operang coss, low
power oupu, elecrode perormance, possible bio-oxiciy o some heavy meals, and issues o scaling up.

3.5.4.3. Biochar
Biochar which is obained rom he carbonisaon (pyrolysis and hydrohermal reamen) o biomass (pro-
cessed or unprocessed) is imporan or he realisaon o long-erm carbon sequesraon along wih oher
benecial eecs on soil erliy, waer managemen and environmenal aribues. Modern sudies have
shown ha ancien civilisaons in Souh America may have inenonally used terra preta (black earh) - a
ype o biochar obained rom ores burning - o enhance soil erliy or crop producon126 As may be seen
in Fig. 1.20., he energy produced during he process may be recycled o improve he overall eciency o he
agri-ood chain. The biochar role in he FAS will experience increasing ulisaon, especially in he developing
world where rapid urbanisaon and increased wealh wih aendan growh in he agro-processing indusry
will lead o higher levels o organic wase, which will need o bemanaged in a susainable manner. India, China,
Egyp, Vienam, Ehiopia and Cameroon have biochar producon projecs aimed a improving agriculural
lands and climae change migaon as illusraed in Fig. 1.21. 

The USA biochar marke (abou 65% o he global capaciy) is esmaed a over USD 125 million in 2020 and is
expeced o increase nearly 17% (compound annual growh rae) over he nex decade. Annual biochar oupu
rom he USA is abou 50 000 onnes127. The marke shares or Europe, Asia and Arica are 25%, 7% and 3%
respecvely wih consumpon almos exclusively in he FAS o each region. Neverheless, he economics o
biochar producon is sll debaable given ha pyrolysis is an energy-demanding operaon. A lie cycle assess-
ment of biochar systems128 analysed several biomass sysems (corn sover, swichgrass, and yard wase) or ne
GHG emissions and economic viabiliy and saes ha benes depend on eedsock selecon.

Biochar could provide moderae o large migaon poenal129. Medium evidence suggess ha biochar has a
echnical poenal o 2.6 (0.2-6.60) GCO2e/year. However, migaon and agronomic benes depend srongly
on he ype o biochar and he properes o he soil o which i is applied.

The review o 112 scienc papers130 on sudies o biochar as a eed supplemen o improve animal healh,
increase nurien inake eciency and hus producviy have shown mixed resuls. Several have poined o
a reducon in mehane emissions rom ruminans, ohers no signican change. This is hereore calling or
further research 

124 Chesereld, D., Rogers, P.L., Al-Zaini, E.O., Adesina, A.A., 2012. A novel connuous exracve reacor or biodiesel producon using lipolyc enzyme.
Procedia Engineering, 49, 373-383.

125 Pandi S, Savla N, Sonawane JM, Sani AM, Gupa PK, Mahuriya AS, Rai AK, Jadhav DA, jung SP & Prasad R. 2021. Agriculural wase and wasewaer as eedsock
or bioelecriciy generaon using microbial uel cells: Recen advances. Fermenaon, 7, 169-202.

126 Permaculure Research Insue. 2017. hps://www.permaculurenews.org/2017/08/08/erra-prea-amazon/
127 Worceser Polyechnical Insue. 2020. Biochar marke prole.

hps://web.wpi.edu/Pubs/E-projec/Available/E-projec-121019-214807/unresriced/Biochar_Marke_Prole_Repor_.pd
128 Robers, K., Gloy, B., Joseph, S., Sco, N., Lehmann, J. 2010. Lie cycle assessmen o biochar sysems: Esmang he energec, economic, and climae change poenal.

Envior. Sci. Technol. 44: 827-833. 10.1021/es902266r
129 IPCC -AR6- WGIII. 2022. Chaper 7. Agriculure, Foresry and Oher Land Uses.
130 Schmid H-P, Hagemann N, Draper K, Kammann C. 2019. The use o biochar in animal eeding. PeerJ 7:e7373 DOI 10.7717/peerj.7373
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Fig. 1.20. Biochar producon rom he valorisaon o organic wase.

Fig. 1.21. Synergy beween agriculure, energy and environmen via he biochar loop (Farm Energy, 2019)131

Source: David Laird, Iowa Sae Universiy, reproduced wih permission
hps://www.biorenew.iasae.edu/research/hermochemical/biochar/pahway 

131 hps://www.academia.edu/25743192/Woody_Feedsocks_Managemen_and_Regional_Dierences_In_Braun_R_D_Karlen_and_D_Johnson_ed_Susainable_
Feedsocks_or_Advanced_Biouels_Susainable_Alernave_Fuel_Feedsock_Opporunies_Challenges_and_Roadmaps_or_Six_U_S_Regions
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3.5.4.4. Solar energy and he co-locaon opporuniy
The challenges o meeng he needs o ood, energy, and waer (requenly called a nexus) in he ace o cli-
mae change have smulaed some innovave novel sysems o co-locae agriculure and solar phoovolaics
(PV), ermed ‘agrivolaics’ (Fig. 1.22.). The concep originally suggesed by Goezberger and Zasrow (1982)132

has been urher developed and analyzed by Adeh e al. (2019)133, Baron-Giord e al. (2019)134, Dinesh e
al (2018)135, Dupraz e al. (2011)136. A presen, solar PV is being employed by large uliy-grid sysems and
on rooops bu he opporuniy o develop an inegraed sysem coupling he applicaon o PV and crop
producon on he same land maximises land use wihou sacricing crop land. In ac, a sudy o co-locaon in
drylands has shown synergisc benes. The shading creaed by he PV panels reduces hea sress on plans,
which will improve yield, while ranspiraon rom plans reduces he emperaure o panels improving energy
producon. The developmen o enhanced semi-ransparen PV panels would urher suppor he co-locaon
o PV panels and crop land.

In his perspecve, one approach is o elevae solar PV panels (‘on sls’) o allow animals and equipmen o
move beneah he panels; anoher opon could be ground mouned PV panels separaed by an area beween
panels for farming135. A his poin, he number o crops which have been evaluaed under PV panels is limied.
Moreover, he impac o PV panels on he microclimae o air emperaure, wind speed and relave humidiy
needs signican sudy o assess plan response. Some sudies have shown benes or crops like omaoes,
and leuce133. Solar arms ha have been moniored regularly by ecologiss in he UK have demonsraed an
increase over me in he abundance and variey o plans, pollinaors, birds, and oher wildlie137 

Anoher unique example would be co-locaon o solar PV panels insalled over irrigaon canals and reservoirs;
his was suggesed as an experimen in Caliornia o obain he bene o elecriciy while simulaneously re-
ducing he evaporaon rom he ypically uncovered waer surace138. Oher examples exis wih insallaons
in India and proposed applicaons in France.

Fig. 1.22. Illusraon o co-locaon o solar PV panels and agriculural land wih cropping. Reproduced wih permission
Source: Kirk Siegler/NPR, November 14, 2021: “This Colorado ‘solar garden’ is lierally a arm under solar panels”

hps://www.npr.org/2021/11/14/1054942590/solar-energy-colorado-garden-arm-land

132 Goezberger, A., Zasrow, A., 1982. On he coexisence o solar-eneroy conversion and plan culvaon. In. J. o Solar Energy. 1(1):55-69.
hps://doi.org/10.1080/01425918208909875

133 Adeh, E., Good, S., Cala, M., Higgins, C. 2019. Solar PV power poenal is greaes over croplands. 2019.naureresearch, scienc repors. 9:1142.
hps://doi.org/10.1038/s41598-019-47803-3

134 Baron-Gaord, G., Pavao-Zuckerman, M., Minor, R., Suer, L., Barne-Moreno, I., Blacke, R., Thompson, M., Dimond, K., Gerlak, A., Nabhan, G., Macknick, E. 2019.
Naure susainabiliy. 2(848-855)

135 Dinesh, H., Pearce, J., The poenal o agrivolaic sysems. 2018. Renewable and Energy Reviews. 54(299-308). hps://dx.doi.org/10.1016/j.rser.2015.10.024
136 Dupraz, C., Marrou, H., Duour, L.,Nogier, A., Ferard. Y. 2011. Combining solar phoovolaic panels and ood crops or opmizing land use: Toward new agrivolaic

schemes. Renewable Energy. 36(2725-2732). doi: 10.1016/j.renene.2011.03.005.
137 Solar Energy UK. 2022. Everyhing under he sun : The acs abou solar energy. Solar Trade Associaon UK. Chaper House, 22 Chaper S, London, SW1P 4NP.

hps://solarenergyuk.org/wp-conen/uploads
138 McKuin, B., Zumkehr, A., Ta, J., Bales, B., Viers, J., Pahak, T., Campbell, J. 2021. Energy and waer co-benes rom covering canals wih solar panels. Na Susain 4,

609–617 (2021). hps://doi.org/10.1038/s41893-021-00693-8
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3.5.4.5. Wind energy and he co-locaon opporuniy
Much has changed since he early 1900’s when many armers used wind power o pump waer and generae
power rom relavely small windmills. Today, large wind urbines wih generang capaciy well above 1MW
are common on agriculural land, parcularly in he USA and Europe, (Fig. 1.23.). Like solar PV, co-locaon o
wind urbines on agriculural land has become common. Farmers can lease land o wind developers139, own
urbines o generae power or heir arm, orm a group o armers or become wind developers . Many armers
have ound wind urbines on heir land o be an imporan source o income. Typically, large urbines use a
hal-acre or less o land, including he access road, while allowing arming operaons or cropping and grazing
o livesock up o he base o urbines. As one armer has been known o say, “i is a lo easier o milk a wind
urbine han cows”. Anoher example o wind energy being used in he FAS is an insallaon o wind urbines
and solar PV panels a a brewery in Caliornia. Increasingly, indusries along he ood value chain are implemen-
ing solar and wind sources o elecriy heir acvies.

Fig. 1.23. Inegraon o large winds urbines co-locaed on agriculural land.
Phoo by Norman R. Sco, member o he group o auhors or his chaper.

3.5.4.6. Geohermal sysems
Geohermal energy can be an aracve opon i low-cos, low-enhalpy geohermal sources are available.
These include geohermal resources a shallow deph, waer co-produced rom onshore and oshore hydro-
carbon wells or already exisng deep wells, and residual hea rom geohermal power plans. Geohermal
energy is accessible day and nigh every day o he year and can hus serve as a base (consan) energy source
agains inermien sources. Geohermal energy is an innie hea energy source because o he long lie o
radioacve isoopes (K-40, U-238, Th-232). However, he capaciy o producon may be resrained by limied
available waer. In pracce, only he ground source and ‘convenonal’ uid-sream geohermal energy are
currenly used. To increase he amoun o geohermal energy ulised in FAS, we need o use he available
sources in mulsep cascade sysems as shown in Fig. 1.24. 

Geohermal energy can be used in aquaculure, irrigaon, soil heang, ood/crop drying, greenhouse heang,
milk paseurisaon, evaporaon and disllaon, rerigeraon, serilisaon. The concep o cascade ulisaon
is an eecve way o susainably exploi he high poenal o geohermal resources classied as medium and
low enhalpy. In he uure, he deep, dry, high emperaure geohermal sources (ho dry rock, or HDR) and
enhanced geohermal sysems (EGS) should be increasingly ulised in mulsep cascade sysems in he FAS.

139 NREL (Naonal Renewable Energy Laboraory). 2022. A clear vision or wind enhancemen. hps://www. nrel.gov.
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Fig. 1.24. Cascade use o geohermal energy illusrang applicaons in he FAS (adaped and modied rom Lund, 2010,140 Fig 11)
hps://doi.org/10.3390/en3081443

3.5.4.7. Elecricaon and elecriciy on he arm
Elecric vehicles are revoluonising he secor o ransporaon. This revoluon is also aking place in agri-
culure, bu is sll a an early sage wih numerous equipmen manuacurers launching or working on he
developmen o auonomous elecric racors141. Companies hamanuacure racors are invesng heavily in
elecric racors, which are a various sages in heir developmen wih limied availabiliy beginning in 2022.
These racors are equipped wih auonomous hardware, replee wih many sensors and machine learning
or daa collecon and racor conrol. A his poin, he developmen o he elecric racor has been ocused
in he 30-40 horsepower (or 25-30 kW) range, largely due o he size and weigh o baeries. An advanage
o smaller equipmen is is poenal or reduced soil compacon.

Firs percepons are his high echnology would be only applicable and aordable in ‘indusrialized’ agricul-
ure. Elecric-driven racors and equipmen are cerainly conceivable in he developing world because smaller
racors and machines are well adaped o he small land holdings. The auhors envision he co-developmen
o solar PV or charging baeries o power elecric equipmen. Rapid advancemens in baery echnologies
and decreasing cos will be keys o adopon in he developing world. A unique idea o a cord-conneced
elecric racor (equipmen) migh well be an excellen way o connec solar PV o power elecric equipmen
or he small armer, in parcular in he developing world. This approach has advanages o no baery which
reduces cos and soil compacon because o reduced weigh; all be i wih limied range.

3.6. Advanced non-specic echnology or FAS decarbonisaon

3.6.1. Compung and inormaon science: Digial Agriculure, or ‘Digial Ag’
Digial Agriculure, broadly saed, heorecally oers he possibiliy o benes o boh large and small pro-
ducers. Digial agriculure is or insance spreading in Arica hrough cell phones and wo main applicaons:
advice and marke prices. Ye, when i comes o embracing compuer and inormaon science hrough he
inegraon o sensors, saellies, ables, and cell phones, i is sll essenally implemened by large arms.
Research, eaching, and exension (oureach) programmes in Digial Agriculure have been developed in many
universies around he world. Like susainabiliy, Digial Ag is dened or described somewha dierenly by
various proponens. One such descripon o Digial Ag is given in Fig. 1.25. and illustrates the linkages of inno-
vaon, discovery, and analycs wih broad applicaons o areas hroughou he ood value chain o he FAS.

140 Lund, J.W. 2010. Direc ulizaon o geohermal energy. Energies 3(: 1443-1471. hps://doi.org/10.3390/en3081443
141 Fuure Farming. 2022. A websie wih connuing inormaon requen updaes in racking elecric auonomous equipmen, including racors.

hps.www.uurearming.com
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Fig. 1.25. Use o digial echnologies in agriculure
Source: Inec Open, Evoluon o The Soil-Based Agriculure and Food Sysem o Biologically-Based Indoor Sysems, Norman R. Sco, member o he

group o auhors or his chaper, Page 5

The capabiliy o Digial Ag ulmaely depends on he inegraon and connecviy o crical elemens or a
successul sysem, broadly caegorised by Sco (2020)142 as:

• sensors (including drones, robocs, arcial inelligence) o iniae daa acquision in he eld;

• connecviywihauonomous ranserodaa romsensors (likelymany: an InerneoThingsAgriculure,
or IoTA) by wireless communicaon beween digial devices, e.g. compuers, ables, and smarphones;

• analycal devices wih soware capabiliy (machine learning, arcial inelligence, and handling o ‘big’
daa) or sorage, analysis, synhesis and he reporng o resuls;

• organisaons (sar-ups, consolidaons, and marke developmens) o apply recommendaons o pracce
in he eld.

Bellon-Maurel e al. (2022)143 idened our pillars ha are essenal or digial agriculure: (i) large daa acquisi-
on (sensors, crowd sourcing, ec.); (ii) Arcial inelligence and HPC; (iii) connecons, daa ranser, neworks;
and (iv) robocs and auomaon. They also highligh he imporance o he insuonal ecosysem (skills,
innovaon, sar-ups, ec.) and o public policies o ge he mos ou o he digial echnology and conribue
o he ransion o susainable agriculure and ood sysems.

3.6.2. Sensors
I all begins wih sensors and wih grea advancemens in sensor developmen; i is possible o sudy plan
and animal physiology beyond he laboraory o measure, monior and launch acons in plan, animal, and
microbial producon sysems. Adding he Inerne o Things o agriculure (IoTA), big daa analysis, and ar-
cial inelligence promoes a orm o high-ech agriculure driven by daa. Sensors and biosensors have been
a major area o research and developmen, especially in nanoscale science and echnology applicaons. In he
secon on nanoechnology, we noe an exensive use o sensors in he processing, disribuon and sorage
sages o he ood value chain. Many companies in he world are acvely producing an array o sensors o oser
an increasing shi across he specrum in digial agriculure, rom he sage o research o ha o design or
use in eld applicaons.

3.6.3. Robocs and auomaon
Robos have clearly been ranserred rommany indusrial applicaons o provide a signican new echnology
in he FAS. Such echnology has conribued omany dieren applicaons in labour-inensive crops. I has been
used or example: (i) o ideny weeds and implemen weed conrol (e.g. o mechanically remove weeds, em-

142 Sco, N. 2021. Evoluon o he soil-based agriculure and ood sysem o biologically- based indoor sysems. In : Technology in Agriculure. Eds. Ahmed, F.
and Sulan, E. London :In TechOpen. DOI: hp://dx.doi.org/10.5772/inechopen.99497

143 Bellon-Maurel V., Brossard L., Garcia F., Mion N., Termier A., 2022. Agriculure and Digial Technology: Getng he mos ou o digial echnology o conribue
o he ransion o susainable agriculure and ood sysems. pp.1-198, INRIA-INRAE. hps://doi.org/10.17180/wmkb-y56-en
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ploy microwave echnology o kill weeds, and oher mehods); (ii) o spo he onse o plan diseases or pess
and deliver inervenon schemes (e.g. or cirus greening, early poao bligh, and many more); (iii) o deliver
erliser, pescides, and herbicides a specic sies; (iv) o spo and conrol spray delivery in vineyards and or-
chards (includingpollinaor applicaons); (v) or roboc ‘ducks’ in riceelds oconrolweedswihoupescides;
(vi) wih robos o pick ruis (e.g. apples, cirus, srawberries, raspberries and more), (vii) in robos or rans-
planng; (viii) in soil robos or soil esng and deermining waer-use eecveness; (ix) wihin ood processing
plans, robos o size, sor and package producs; and (x) wihin auonomous roboc vehicles (including racors,
some o which are elecric) o perorm eld operaons ha could reduce soil compacon and simulaneously
track data 

Robos have enered he dairy arm o milk and eed cows. Cows ener a special sall and are milked while eed
is available during milking, based onmilk producon. Access o he milking sall is based on n mesmilking per
day as a uncon o he cows’ milk producon. The ideny o each cow is ransmied by an elecronic animal
ag, and sensors wihin he ea cup provide daa on emperaure, milk conducviy, and milk qualiy. A highly
desirable uure biosensor would deec progeserone levels ha could provide key daa on reproducve
saus (esrus). A single robo saon can handle abou 50 cows per day, which makes he sysem compa-
ble with small farms as well as large farms The milking robot has been adopted on small farms to address
such challenges as he unavailabiliy o human labour, reedom rom he daily minimum commimen o wice
milking, hus permitng a normal lie; and, because he cow can be milked more oen, increased producon
has been experienced. Moreover, a ew large roang milking parlours wih roboc milking unis have been
installed across the world 

The developmen and producon o eld and harves robos is a global business. Fuure Farming (2022)144

produced a robo caalogue idenying more han 35 eld and harves robos rom sixeen counries. In his
rs edion, seven o he robos are manuacured in he USA and six rom he Neherlands. I is ancipaed
ha numbers will connue o increase signicanly in he uure.

Ye he promoon o mechanisaon may raise imporan susainabiliy concerns. As saed by he Malabo-
Monpellier Panel (2018)145, in hecaseoArica, “wihnewemergingmachinesand echnologieson hehorizon,
i is ever more imporan ha governmens design mechanisaon sraegies ha generae new employmen
opporunies or hose working in he rural on- and o-arm economies. This is parcularly imporan given
how crical employmen is o reducing povery and migraon and mainaining polical sabiliy”.

3.6.4. Drones and Unmanned Aerial Vehicles (UAV)
While unmanned aerial vehicles (UAV), especially drones, have been widely employed in miliary missions and
or inelligence gahering, heir use in agriculure is exploding. Relavely inexpensive and reasonably simple
o operae, drones can be equipped wih sensors, cameras, and specialised hardware o perorm a large array
o uncons in agriculure. Equipped wih appropriae devices, drones are: (i) used o develop high-denion
maps o elds ha provide an abiliy o creae prescripve-dened applicaon o sprays, erliser, pescides,
and herbicides, (ii) used o coun he number o plans, ruis and owers o orecas yields; (iii) employed
o disribue seeds or crop planng; (iv) used when equipped wih mulspecral, hyperspecral and hermal
cameras o measure chlorophyll, crop biomass, and plan healh, as well as deermine ground emperaure,
plan numbers, soil waer conen, and esmae crop yields; (v) a poenal way o deliver conracepves
o manage wild horse and burro populaon; (vi) used o monior a plan waer sress and conrol irrigaon so
as o ecienly use waer; (vii) used as ‘nanobees’ (miniaure drones) should normal bee pollinaors be absen
or o an inadequae number o supplemen he pollinaon process; (viii) used in oudoor livesock sysems o
monior animals or esrus behaviour as well as conrol and manage he herd; and (xi) employed o monior
and rack animals in inaccessible areas in he naural environmen. In some counries, such as China, hey
migh be used o spray pescides, while his migh be prohibied in oher counries.

144 Fuure Farming. 2022. A websie wih connining inormaon requen updaes in racking elecric auonomous equipmen, including racors.
hps.www.uurearming.com

145 Malabo-Monpellier Panel. 2018.
hps://www.mamopanel.org/resources/mechanizaon/repors-and-briengs/summary-mechanized-ransorming-aricas-agriculur/
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3.6.5. Bioechnology
The impacs o crop bioechnology have been sudied over a 22-year period (1996-2018) on arm income and
producon146 and on he environmen147. Signican economic benes a he arm level are globally esmaed
aUSD 18.9 billion in 2018 and USD 225 billion (in nominal erms) or he 22 year-period. These gains are arib-
ued a 52% o armers in developing counries and 48% in developed counries wih 72% o he gains based
on yield and producon increases and 28% rom cos savings146. Reurns on invesmen in genecally modied
(GM) crop seeds were calculaed a an average oUSD 4.41 per dollar invesed in developing counries and USD
3.24 per dollar invesed in developed counries.

Assessmens o environmenal impac o GM crops esmae he use o global crop proecon producs o be
reduced by 8.6% over his 22-year period. Reduced GHG emissions, hrough he adopon o reduced llage, as
i curails uel usage and improves soil carbon reenon, are esmaed o reduce he environemenal impac
by 19%. However, no-ll managemen on croplands has become a conroversial approach or soring carbon in
soil due o conicng ndings148 

The annual repor o he Inernaonal Service or he Acquision o Agri-bioech Applicaons (ISAAA) provides
a yearly global updae on he adopon and disribuon o bioech crops149. The 2019 repor shows ha GM
crops increased in 29 counries wih 190.4 billion hecares. A oal o 72 counries have adoped bioech crops,
wih 29 having planed crops and 43 addional counries imporng bioech crops or ood, eed, and processing.

The biological world in 2020 was marked by CRISPR echnology receiving recognion hrough he Nobel Prize
in Chemisry awarded o is invenors. Simply saed, CRISPR is a unique echnology used o edi seleced genes
by nding a specic bi o DNA inside a cell and alering i. Already applied in human healh, i is being used in
plan science or rais ha can preven disease, creae pes resisance, increase resiliency, and improve crop
yields 

Animal bioechnology has grealy conribued o he increasing o livesock producviy by ramping up produc-
on, reproducve eciency, genec improvemen, animal nurion, and animal healh150. More specically,
recombinan bovine somaoropin (rBST) has been shown o increase eed conversion and milk yield. Major
advances in animal reproducon have been experienced wih bioechnology applied o genecs and breeding.
The U.S. Food and Drug Adminisraon approved in December 2020 a rs-o-is-kind Inenonal Genomic
Aleraon (IGA) in domesc pigs or ood or human herapeucs151 

However, as shown by he HLPE (2019, see Box 2), “despie he upake o Genecally Modied echnology,
debaes connue o be polarised and here are public concerns abou saey, poenal negave environmenal
impacs, resisance o corporasaon o agriculure and concerns abou he ehics o gene modicaon”.

146 Brookes, G. and Baroo, P. 2020a. GM crop echnology use 1996-2018: arm income and producon impacs. GM Crops and Foods 11(4).
hps://doi.org/10.1080/21645698.2020.1779574

147 Brookes, G., Baroo, P. 2020b. Environmenal impacs o genecally modied (GM) crop use 1996-2018: impacs on pescide use and carbon emissions.
GM Crops and Foods.11(4). hps://doi.org/10.1080/21645698.2020.1773198

148 Ogle, S., Alsaker. C., Baldock. J., Bernoux, M., Breid, F., McConkey, B., Regina, K., Vazquez-Amabile, G. 2019. Climae and soil characeriscs deermine where no-ll
managemen can sore carbon in soils and migae greenhouse gas emissions. Sci Rep 9, 11665 (2019). hps://doi.org/10.1038/s41598-019-47861-7

149 ISAAA. (Inernaonal Service or he Acquision o Agri-Bioech Applicaons). 2020. ISAAA Brie 55-2019: Global saus o bioech crops. 2020. www isaaa org
150 Tonamo, A., 2015. Review saus o animal bioechnology and opons or improving animal producon in developing counries. 2015. J. o Biology, Agriculure

and Healhcare. 5(19): 21- 31. ISSN 2225-093X
151 FDA (Food and Drug Adminisraon). 2020. Press Release December 14, 2020. Approves Firs-o-is-Kind Inenonal Genomic Aleraon in Line o Domesc Pigs

or Boh Human Food, Poenal Therapeuc Uses
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Box 2. The conroversial issue o Genecally Modied echnology as an example o addressing
susainabiliy concerns (Source: HLPE 2019)

“There clearly needs o be more invesmen in agriculure and ood research, including in careul assess-
men o modern bioechnologies, or improving ood and nurional securiy and delivering susainable
ood sysems in he wake o climae variabiliy and change… On a global scale, he producs o modern
bioechnologies will be par o he ransion owards Susainable Food Sysems… They are already a
signican componen o he agriculural sysems in a number o counries… Recen calls or a global
observaory or gene eding propose increased scruny, dialogue and deliberaon on he use omodern
bioechnologies…” p 80)

“Looking across he… conroversial issues, i is possible o ideny knowledge gaps around specic merics
o ood sysem perormance required o guide ood sysem ransions and o clariy crical decisions ha
need o bemade, including opporunies or reormulang he conroversial issues owards he design o
soluons on he one hand, or polical choices among divergen views on he oher” (p 18)

3.6.6. Nanoechnology
Nanoscale science and engineering oers he poenal o signicanly revoluonise he FAS. I can play an
imporan role a each poin along he FAS supply chain rom producon hrough consumpon, including in
the management of food losses and waste152, 153. In broad erms, nanoechnology can be a key elemen in he:
(i) “re-engineering” o crops, animals, microbes, and oher living sysems a he genec and cellular level;
(ii) developmen o ecien, “smar” and sel-replicang producon echnologies and inpus; (iii) develop-
men o ools and sysems or idencaon, racking and monioring; and (iv) manuacure o new maerials
and modied crops, animals and ood producs.

The major par o advancemen in he applicaons o nanoechnology in he FAS has largely occurred since
2000. Areas o applicaon include ood qualiy and saey, animal healh monioring and managemen, plan
sysems, environmenal sysems, and he assessmen o socieal impacs. Here are jus a ew applicaons:
(i) nanomaerials or crop and animal disease deecon and he deecon o residues, race chemicals, viruses,
anbiocs and pahogens; (ii) he enhancemen o plan nurien upake, nurien use eciency, and erliser
eciency by he conrolled release o agrochemicals; (iii) seed coangs wih nano-based chemicals o promoe
seed germinaon and deliver long-erm disease and pahogen resisance; (iv) DNA-based genec maerials
using DNA-based nano-barcodes wih a mul-probe sensor o deec pahogens (in plans, animals and envi-
ronmenal conaminans); (v) he enhancemen o waer-use eciency in crops by improving waer reenon
and develop ‘smar plans’ o provide inormaon on waer needs and manage irrigaon; and (vi) widespread
advances in ood packaging and ood-conacmaerials or qualiy and increased shel lie.

Agains his signican lis o successul developmens, nanoechnology’s vision or he uure is impressive154,

155, 156, 157, 158and includes among ohers: (i) he selecviy, robusness, ease o use, cos-eecveness and lon-
geviy o nano-sensors as key componens o he eld-disribued, inelligen sensor nework or monioring
and conrol and as par o he Inerne o Agriculural Things (IoAT), (ii) he use o common eld crops (e.g.,

152 Sco, N., Chen, H. Nanoscale science and engineering or agriculure and ood sysems. 2012. Indusrial Bioechnology 8((6): 340-343.
hps//doi.org.10.1089/ind.2012.1549 (532-540) hps://doi.org/10,1038 s41565-0900439-5

153 Sco, N., Chen, H., Cui, H. 2018. Nanoechnology applicaons and implicaons o agrochemicals oward susainable agriculure and ood sysems. J. Agric.
Food Chem. 66(26): 5451-6456. DOI:10.1021/acs.jac.8b00964

154 Sco, N., Chen, H., Cui, H. 2018. Nanoechnology applicaons and implicaons o agrochemicals oward susainable agriculure and ood sysems. J. Agric. Food Chem.
66(26): 5451-6456. DOI:10.1021/acs.jac.8b00964; Giraldo e.al., 2019; Lew e.al., 2020; Gillberson e.al., 2020; Kah e al., 2019.

155 Giraldo, J., Wu, H., Newkirk, G. Kruss, S. 2019. Nanobioechnology approaches or engineering smar plan sensors. Naure Bioechnology. 14 (541-553)
hps://doi.org/10.1038/s41565=019-0470-6

156 Lew, T., Sarojam, R., Jang, I, Park, B., Naqvi, N., Wong, M., Singh, G., Ram, R., Shoseyov, O., Saio, K., Chua, N., Srano, . 2020 M. Species-independen analycal ools or
nex generaon agriculure. Naure Plans. 6 (1408-1417) hps://doi.org/10.1038/s41477-020-00808-7

157 Gilberson, L., Pourzahedi, L., Laughon, S., Gao, X., Zimmerman, J., Theis, T., Weserho, P. Lowry, G., 2020. Guiding he design space or nanoechnology o advance
susainable crop producon. Naure Nanoechnology. hps://doi.org/10.1038/s41565-020-0706-5

158 Kah, M., Tuenkji, N., Whie, J. 2020. Nano-enabled sraegies o enhance crop nurion and proecon. Naure Nanoechnology. 14(532-540).
hps://doi.org/10.1038/s41565-019-0439-5
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corn, soybean, and grains) and rees o make susainable chemicals; (iii) he design o nirogen-producing
microbiome and seed coangs ha promoe crops o produce heir own nirogen erliser; (iv) sysems rack-
ing he inegriy o ood (plan and animal) rom producon, ranspor, and sorage o consumer consump-
on; (v) unique sensors: ingesble ones o monior gu healh, ooh sensors o measure ood properes,
or even chopscks o deec ood characeriscs including nuriens; (vi) DNA lielike maerials rom agricul-
ural biomass, ranging rom biosensors o biomanuacuring (replacing perochemicals), o he developmen
o value-added producs including plascs ha are biodegradable.

As in he case o bioechnology, some concern and socio-echnical conroversies have been expressed abou
healh, environmen, and social side-eecs. This migh be illusraed by he presence o nanoparcles in oods
and heir consequences or ood saey. The EU has or insance banned he use o anium dioxide in ood.

3.6.7. Cross-cutng echnology relaed observaons
Technology played a pivoal role in he impressive agriculural ransormaon ha ook place in he 20th cen-
ury and conribued o he increase and diversiy o ood supply despie demographic ransion. Similarly,
echnology should play an essenal role in addressing curren and uure susainabiliy challenges ha bring
ogeher agriculure, ood, healh, energy, climae, environmen, and social jusce.

I echnology should be considered a necessary and useul resource, here is no magic bulle, nor ‘one size
s all’ soluon. Any echnology may oer poenal avenues or progress and provide benes, bu also bring
abou drawbacks and conribue o he emergence o new problems. In addion, he proound changes ha
are required will depend on a series o many complemenary soluons, as no single one migh address he
breadh and deph o his challenge. These basic assumpons have wo consequences.

They rs call or he need o generae appropriae merics and assessmens ha accoun or he capaciy o
echnology o conribue, no only o decarbonisaon, bu also o all dimensions o susainabiliy as here
migh be rade-os among hem. This is neiher rivial nor easy, as mos assessmens are conex- as well as
me- and space-scale specic, accoun or complex and uncerain processes, and require mehods and indi-
caors ha are no always available. This is in parcular he case or addressing emerging issues ha were no
considered in he pas, in parcular climae change.

The second consequence reers o he need or conex-specic design processes. This is essenal o joinly
consider echnological resources, he innovaon process and heir conribuons o addressing susainabili-
y concerns. Agriculural and ood sysems are conex-specic. Their ransormaon relies on local adaped
pracce changes ha depend on resources and available echnology, know-how, risk managemen, ec., and
may involve various sakeholders wih divergen vesed ineress. In addion o discussions on is impac,
echnology implemenaon may hus ace resisance relaed o values and ineress, conics o ineres, risk
management and path dependency159 hamake i very complex o analyse is polical economy.

Finally, echnology may have a conroversial dimension and, alongside growing suspicion concerning echnol-
ogy and he spread o ake news, may become a polemical and polarising issue, as he well-known and doc-
umened case or Genecally Modied Organisms shows. In order o undersand and consider conroversies
relaed o agroecology, he HLPE or example idened divergen views and values regarding 6 opics hawere
analysed aking ino consideraon governance, economic, resource, social, culural and knowledge acors.

159 HLPE. 2017a. Nurion and ood sysems. A repor by he High-Level Panel o Expers on Food Securiy and Nurion o he Commiee on World Food Securiy,
Rome. Rerieved rom hps://www.ao.org/3/i7846e/i7846e.pd
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4. Dieren narraves

The ransormaon o ood sysems will ake place considering our ses o driving and seering orces.
The rs se will depend upon he ype o echnology ha is promoed and he economic model i reers o
and serves. We can in parcular oresee hree dierenaed and simulaneous rends: (i) he acceleraon o
echnology, which is inensive in capial, adaped o large-scale producon or indusrial unis and conribues
o economies o scale; (ii) high ech developmen, implemened by sar-ups and small and agile producon
unis ha permanenly adap o he marke and consue hemselves in economic clusers; (iii) he advance
o low-ech green and circular sysems ha avour local inormal chains based on proximiy and resource
recycling 

The second se is relaed o he capaciy o echnology o ensure producon independenly rom land use:
i will be a key driver in he uure o address environmenal issues, alhough he energy consumpon o such
modalies will be key o alleviang he environmen ooprin.

The third set is about what we shall produce and will depend on what we will consume and waste The share of
animal source producs in consumpon will be key and he young generaon is likely o engage and promoe
deep changes in consumpon paerns.

The ourh se or he ransormaon will depend on he capaciy or no o promoe he co-exisence o dier-
en ood sysems, building upon synergies and complemenaries a erriorial and regional levels as a way o
ensure adapabiliy, resilience, and susainabiliy. This relaes o agriculural producon and he way land use
akes ino accoun environmenal concerns hrough landscape symbiosis ha address he arcial opposion
beween opons represened by land sharing and land sparing (see secon 4). This also relaes o he agro-in-
dusrial secor wih he developmen o erriorial symbiosis or o specialised producon basins.

These our ses will shape he uure o ood sysems, and, as a consequence heir conribuon o decarbon-
isaon, heir perormance regarding energy producon and consumpon and heir environmen ooprin,
including heir conribuon o climae change. Among plausible and possible uures, when considering he
wo axis o “Degradaon versus susainabiliy” and “Regional versus global” a he global level, we could or
example imagine:

• he general collapse o ood sysems because o heir high and uniorm specialisaon and, as a conse-
quence, heir low resisance o shocks;

• a dierenaed ransormaon in which susainable producon “pockes” emerge and become he
regional or global cellar, while he ood producon capaciy o oher regions is compleely degraded;

• a balanced organisaon o susainable ood sysems based on erriorial symbiosis and conneced o each
oher hrough ecien global regulaon mechanisms;

• an archipelago o local susainable ood sysems wih lile exchanges.

Furher research is needed o prepare he mehods, merics, and equipmen o assess such an evoluon.
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5. Key messages and recommendaons

A large panel o echnologies is available o ac on he decarbonisaon o ood and agriculure sysems (FAS).
The ollowing key messages summarise our main recommendaons oward his end. Ye, because o he com-
plex, muldimensional and inerscale ineracons o he FAS ransormaon, knowledge is sll missing o seer
desirable pathways 

Key Messages

5.1. Major ransormaons
The Food and agriculure sysems (FAS) have gone hrough deep ransormaons o cope wih he huge de-
mographic ransion and eed he world. Alhough he required increase in producon has been achieved,
his ransormaon generaed susainabiliy concerns, which in urn call again or radical change. This need
is reinorced by global changes (climae change, conics and wars, ec.) ha will dramacally impac ood,
agriculure, and ecosysems around he world.

5.2. Decarbonisaon and mehane reducon
Decarbonisaon and mehane reducon are essenal componens in his ransormaon bu no he only
ones. This implies rade-os among diverging susainabiliy objecves and across me and space scales, and
calls or he srenghening o our capaciy o address such rade-os hrough evidence and arbiraon mech-
anisms; a nexus approach and specic mechanisms are needed o address conroversies and arbirae conra-
dicons a all levels, including beween local innovaons and global challenges.

5.3. Disrupve echnologies and behaviour
There are now srong driving and seering orces osering he ransormaon o he FAS, including calls or
signican change and reducon in he consumpon o animal-based oods rom he young generaon o a
healhier die wih less mea; ye here is much conroversy, in parcular regarding he mobilisaon o disrup-
ve echnologies because o enrenched long-sanding radional pracces, ogeher wih he associaon o
ood wih religious and culural dimensions, on he one hand, and he increasing concenraon in he agri-ood
sector on the other hand 

5.4. Sysem o sysems
The FAS is a sysem o sysems and hus sysems hinking is crical o ransorm he FAS owards meeng
susainable developmen goals; however, i is he people who will make i happen – or no. To ha end, here
is need o move beyond conenous debaes, acknowledge he social, culural, economic and polical dimen-
sions o problems and soluons, and accep and design a broad array o approaches valuing scienc evidence
as much as possible 

5.5. Advances in science and echnology including design and merics
Science and echnology were keys in generang he pas ransormaon o he ood sysems and will connue
o play an eminen role; ye heir impac can be eiher negave or posive, and innovaon does no always
conribue o susainable developmen. While, in he pas, he perormance crieria o boh echnology and
innovaon in he FAS mainly relied on producviy and economic compeveness, oday, addressing uure
challenges requires new assessmen mehods, crieria, and merics; his no only applies o he agriculural
producon, bu also o he whole ood sysem; his is needed o promoe decarbonisaon and address rade-
os owards susainabiliy.

5.6. Quanave impac o specic echnologies
There is a need o assess he poenal conribuons o specic echnologies or decarbonisaon. However,
his very much depends on each specic ecological, echnological and social conex, on he one hand, and on
he way each echnology is implemened on he oher hand. Such knowledge is rarely available oday and his
would need a srong invesmen in research and experse.
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5.7. Sable Public Policies
Sable and comprehensive public policies are needed o make sure echnology and innovaon conribue o
decarbonisaon; his includes in parcular rade agreemens, inellecual propery righs, marke regulaon,
axes, and subsidies.

5.8. Need or research and exension
Research is required o design and ranser echnology and inormaon o all sakeholders including armers,
processors, consumers, exension/oureach persons, and policy makers a all levels o governmen rom he
global o he local. Research is also needed o oser parcipaon and innovaon arragemens o ideny
drivers and obsacles o innovaon, and assess conribuons o decarbonisaon parcipae in innovaon
arrangemens, ideny drivers and obsacles o innovaon, and assess conribuons o decarbonisaon.

Recommendaons

5.9. Food supply chain
We recommend ha science and echnology innovaons or decarbonisaon receive increased emphasis or
developmen a all sages o he FAS rom pre-producon inpus, hrough ood producon, processing, pack-
aging, disribuon and consumpon, o wase managemen.

5.10. Mehane reducon
We recommend ha pahways be urher developed o reduce biogenic mehane rom livesock and rice
culvaon. New eeds, eed addives, improvemens in manure managemen, ec. are needed o signicanly
reduce mehane emissions rom ruminan livesock. Improvemens in irrigaon echniques, increased ecien-
cy in he use o erlisers, new rice variees and he poenal use o baceria in he eld should improve, so as
o address he issue o reducing he share omehane in he rice elds.

5.11. Energy eciency and decarbonisaon
We recommend ha energy eciency and conservaon pracces be op priories along he supply chain
‘rom arm o ork’, because direc and indirec energy savings drive decarbonisaon. We recommend o in-
crease developmens in he co-locaon o solar Phoovolaics, ‘agrivolaics’ and wind urbines on agriculure
land. We also recommend elecricaon across he ood supply chain rom eld equipmen (racors), ood
processing, sorage, ransporaon, o consumpon.

5.12. Alernave proein oods / Conrolled environmen agriculure
We recommend he applicaon o Lie Cycle Assessmen sudies o assess any repored environmenal benes
o alernave proein oods, 3D-prined oods, aquaculure / aquaponic sysems, and advanced greenhouses
including vercal arms o quany his poenal ransion o a healhier die ha includes less radional
mea and signican benes or decarbonisaon.

5.13. Circular economy
We recommend that the FAS adopt and apply the principles of circularity as a key strategy to address the
reducon o ood loss and wase along he ood supply chain rom ‘arm o ork’.

5.14. Biomass / Bioenergy
We recommend resricng he ulisaon o biomass or bioenergy, biouels, and biochar o siuaons ha do
no compee wih land use or ood crops and ha do no generae price volaliy and ood insecuriy. Furher-
more, biogas produced rom wase organic sources can be an imporan driver o combined hea and power
sysems a arm, communiy and disric levels.

5.15. Bioechnology
We recommend he adopon o bioechnology in he FAS when improved perormance also conribues o
lowering GHG emissions as less ossil uel is being used and o reducing he amoun and use o disease proecon
products 



78

CAETS 2022 TOWARDS LOW-GHG EMISSIONS FROM ENERGY USE IN SELECTED SECTORS

5.16. Nanoechnology
We recommend he adopon o nanoechnology when i conribues o addressing decarbonisaon, examples
o which include biomanuacuring o replace peroleum-based producs, seed coangs o enhance nurien
upakes, more ecien upakes o nirogen erlisers hamay reduce he amoun o nirogen (N) needed and
curail N losses, and he developmen o sae edible packaging, o only menon a ew.

5.17. Nirogen use eciency
We recommend he righ applicaon o N-erliser use hrough pracces ha enhance nirogen use eciency:
he righ N source, righ rae, righ me o applicaon, and righ placemen. Depending on he conex, his
could lead o an increase or a reducon hrough, or example, inegraed soil managemen approaches, precision
agriculure or placemen and nanoechnology or me release.

5.18. Regenerave agriculure / Agroecology / Agrooresry
We recommend he iniaon o in-deph sudies o quany expecaons ha hese pracces sequeser soil
carbon and also enhance soil healh. This is imporan o develop public incenves and a raonal and equiable
carbon market for farmers 

5.19. Digial Agriculure
We recommend he connued assessmen o decarbonisaon resulng rom Digial Agriculure. Digial agri-
culure is a marriage o seemingly disparae echnologies involving advanced sensors, arcial inelligence,
daa inegraon, big daa, drones, robos, nanoechnology, smar ood packaging, elecronic devices (compuers,
ables, smarphones), racking echnologies, and climae inormaon ha lead o susainabiliy in ood
producon and processing.

5.20. Policy ramework
We recommend he developmen o a aciliang policy ramework and he implemenaon o adaped and con-
ex-specic policies o ully capure he benes o science, engineering and innovaon, while ensuring reduced
inequaliy and he coordinaed governance o land and oceans so ha FAS may improve and gain in susainabiliy.
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Lis o abbreviaons and acronyms

CHP Combined Heat and Power

CRISPR Clustered Regularly Interspersed Short Palindromic Repeats

DNA Deoxyribonucleic Acid

EU European Union

EGS Enhanced Geohermal Sysems

FAS Food and Agriculture System

FLW Food Loss and Wase

GM Genecally Modied

GHG Greenhouse Gas

HLPE/CFS High-Level Panel o Expers o he UN Commiee on World Food Securiy

HPC High Perormance Compung

IGA Inenonal Genomic Aleraon

IoAT Agricultural Internet of Things

IPCC Inernaonal Panel on Climae Change

LCA Lie cycle Assessmen

LULUC Land use and land use change

MIMO Mulple Inpu-Mulple Oupu

NFU Naonal Farmers’ Union

OECD Organisaon or Economic Co-operaon and Developmen

NRC Naonal Research Council

PAR Phoosynhec Acve Radiaon

RNG Renewable Naural Gas

SDG Susainable Developmen Goal

TEA Techno-Economic Assessmen

UAV Unmanned Aerial Vehicles

UN Unied Naons

VF Vercal Farm
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Execuve Summary

This chaper was developed wih he cooperaon o abou 20 expers rom all over he world, ensuring ha
dieren climae, echnical and polical ramework condions or he building secor were discussed.

Global buildings energy consumpon amouns o abou 36% o global nal energy use and 37% o global car-
bon dioxide emissions in 2020 (iea.org), hence he imporance o analysing he challenges presened by heir
decarbonisaon.

Secon 1 presens an inroducon o he opic, which summarises he main daa and challenges. Decarboni-
saon addresses residenal and non-residenal buildings, including he consrucon and operaon phase o
new buildings and operaon phase o exisng buildings. Besides he energec qualiy o he building envelope
and echnology, occupan behaviour has a major inuence on energy consumpon. Even i he energy demand
per square meer has been seadily decreasing in many counries by beer building sandards and hrough
reurbishmen, counerbalancing phenomena, such as he so-called rebound eecs, may appear.

Secon 2 is he cenral secon and deals wih he decarbonisaon o buildings, boh exisng and new. Because
o heir liespan,rerotng exisng buildings plays a major role. The energy hierarchy principle comprises he
design o low-carbon low-energy buildings, he choice o low carbon maerials and energy sources and apply-
ing he mos ecien equipmen (aking ino accoun heir aordabiliy).

More and more buildings change rom mere energy ‘consumers’ o energy ‘prosumers’ (consumers and pro-
ducers) by insalling phoovolaic sysems or cogeneraon echnologies or elecriciy and hea. Neverheless,
generally in cies, auo-generaon is eiher insucien or no possible. Then elecricaon using elecriciy
rom he grid remains he mos ecien soluon o decarbonize he buildings; as he CO2 content of the elec-
riciy mix is decreasing almos everywhere progressively.

Elecrical space heang is one o he mos promising and ecien ways where disric heang sysems are no
available. There are many echnical opons or elecrical heang, he mos ecien one being hea pumps
using ambien air, he sub-soil, groundwaer, and geohermal energy, wih a coecien o perormance (COP)
ranging between 1 5 and 5 

More han hal o he global populaon lives in counries where space cooling is required. Climae change is in-
creasing he need or cooling. The major sraegies or reducing energy demand or cooling are energy ecien
building designs, improved energy eciency o he cooling devices, where hea pumps play an increasing role,
and low-carbon disric cooling, where applicable.

The supply o ho waer in buildings is anoher pernen aspec. Due o low prices, phoovolaics (PV) increas-
ingly compees wih solar hermal sysems, which conribues o he increasing elecricaon o buildings, allow-
ing renewables o be beer inegraed ino he sysem.

The nex imporan applicaon in buildings/homes is cooking. Today, in many emerging counries, biomass
burning in inecien and dangerous cooking soves are sll in use and need o be replaced. For he decarbonisaon
o cooking, elecrical inducon cooking has he poenal o signicanly bring down energy consumpon and
reduce greenhouse gas (GHG) emissions 

The nex issue is exibiliy o elecrical equipmen, which reers o is abiliy o be inerrupble and adjusable,
using load management systems and energy storage 

Secon 3 considers he decarbonisaon o urban energy supply sysems. Low-carbon disric heang sysems
are an imporan opon, using wase hea rom power plans as well as indusrial wase hea or agriculural
and oresry wases. Since he ways hea is produced will ucuae and will no necessarily correspond wih
hea demand, insalling seasonal hea sorage would be a plus. This secon addresses also hea pumps as
emperaure converers. They allow he bridging o emperaure gaps beween available hea sources and
consumer needs 

This leads o a brie presenaon on smar cies - principally on he energy needs o heir buildings. We do
no discuss oher aspecs o smar cies, like overall energy managemen, ransporaon, waer supply, and
health care 
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Secon 4 deals wih susainabiliy, public policies and regulaons. A se o sable inegraed policy packages is
needed or he decarbonisaon o he building secor, adaped o he respecve climae zone. New business
models can also aciliae he decarbonisaon process.

Secon 5 idenes educaon and raining as relevan aspecs and precondions or increasing he energy
eciency in he building secor. New experse and capaciy or crasmen have o be buil up, or else he
reurbishmen o buildings canno increase rom oday´s ypical 1% per year rae o he 3% per year ha is
needed in Europe, or example, o reach he CO2 reducon goals!

In secon 6 he group colleced case sudies: he link beween regulaons and building decarbonisaon in
some Lan American counries, he decarbonisaon o a slum in Buenos Aires, and nally wo case sudies
of district heat networks in China 

Finally, he group proposed is key messages and recommendaons in secon 7.

1. Inroducon

1.1. Buildings’ energy consumpon and emissions
Building consrucon and operaons accouned worldwide in 2020 or 35 300 TWh (127 EJ), he larges share
(36%) o global inal energy use o all secors. The building secor is responsible or 37% o global carbon
dioxide emissions, o which 28% is aribued o he operaon o buildings and 10% o building maerials and
consrucon [hps://www.worldgbc.org/news-media/2019-global-saus-repor-buildings-and-consrucon]1 

In many counries, he building secor is he larges consumer o energy and also he larges emier o GHGs.
This fact underlines the importance of reducing CO2 emissions from this sector 

The Paris Agreemen has already paved he way o engage he building secor in achieving Naionally
Deermined Conribuons (NDCs). The secor will have o be subsanally decarbonised, especially or hea
consumpon, which is oen more challenging o decarbonise han elecriciy.

Though subsanal work has been underaken in many counries o develop and adop innovave mehods
and echnologies, in many cases i remains necessary o ideny appropriae no regre sraegies hrough
sysemic approaches. Such sraegies mus be adaped o dieren climac zones, be based on benchmarks
rom cos-eecve and climae responsive echnologies in collaboraon wih indusry and builders, and nally
adopted through suitable policies and codes 

In his chaper, we ry o show how o make he building a climae asse raher han a climae liabiliy.

1.1.1. Curren siuaon: global energy demand in buildings and corresponding carbon emissions
Buildings are broadly caegorised in wo dieren secors, residenal and non-residenal. The oal energy
consumpon in buildings can be aribued o he consrucon and operaon o hese wo caegories o buildings.
Their emissions, hereore, are o wo ypes: embodied greenhouse gas (GHG) emissions and operaonal
GHG emissions 

Table 2.1. below presens he shares o he dieren componens o he global nal energy consumpon or
buildings including heir consrucon (or he year 2020) and he relaed carbon dioxide emissions as per
GABC 2021 where daa have been repored rom he Inernaonal Energy Associaon (IEA) 2021, a repor
Tracking Clean Energy Progress, which also conains many oher daa.

1 This annual repor by he Global Alliance o Buildings and Consrucon (Global ABC) conains many useul pieces o inormaon and daa on he secor. In he chaper,
we menon hese by GABC 20XX, XX or he year.
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In his able, he direc emissions menoned above are due o he direc burning o ossil uels whereas indirec
emissions are due o power generaon or elecriciy and hea rom disric nework. Building consrucon,
menoned above, includes he manuacuring o consrucon maerials such as seel, cemen and glass.

Componens
Share o global nal energy

consumpon 2020
Share o global nal carbon dioxide

emissions

Residenal 22% Direc: 6% - Indirec: 11%

Non-residenal 8% Direc: 3% - Indirec: 7%

Building consrucon 6% 10%

Total 36% 37%

Table 2.1. Shares o global nal energy consumpon and carbon dioxide emissions or buildings (year 2020)

The operaon o buildings requires energy in he orm o elecriciy and hea or cooking, rerigeraon, waer
heang, clohes washing and drying, space heang, space cooling, lighing and or various appliances or
enerainmen, communicaion, compuers and a large and growing number o elecronic devices, ec.

Though space heang, lighng, waer heang and cooking radionally consued he primary end-use energy
demands in he building secor globally, in he recen pas, he ases growing end-uses have become space
cooling, appliances and oher plug loads (GABC 2019). Fig. 2.1. summarises energy consumption for the
consrucion phase (le side) and operaion/principal uses (righ side) worldwide.

Global share o buildings and consrucon nal energy (lef) and by end use (righ), 2020

Fig. 2.1. Final energy consumpon or consrucon and by use
Source: Unied Naons Environmen Programme (2021). “2021 GLOBAL STATUS REPORT FOR BUILDINGS AND CONSTRUCTION: Towards a Zero-emissions,
Ecien and Resilien Buildings and Consrucon Cecor”, Nairobi, Page 39, Copyrigh© Unied Naons Environmen Programme, 2021, Reproduced

with permission hps://globalabc.org/sies/deaul/les/2021-10/GABC_Buildings-GSR-2021_BOOK.pd

Geographical locaon and climae as well as he ype o he building and is characeriscs aec he overall
year-round energy demand o he building. The main energy applicaons in buildings are oen or heang and
cooling, depending on heir locaon. Boh depend very much on he consrucon and insulaon sandards.
Exisng buildings - many o hem may be over 100 years old - have signicanly lower sandards han newer
buildings: in European counries or example, he rae o new buildings is only 1% per year. Rerotng exisng
buildings is hus essenal or he decarbonisaon o he building sock. Heang and cooling echnologies play a
relevan role, as he eciency o a hea pumpusing groundwaer ismanymes higher han ha o a 30-year-old oil
boiler (many o which are sll in operaon). In recen well insulaed buildings, he use o energy or ho waer
may become higher han or heang.

1.1.2. Adoped resoluons and challenges
To achieve he Paris Agreemen goals, he Unied Naions Framework Convenion on Climae Change
(UNFCCC) Marrakech Parnership or Global Climae Acion Human Selemens Pahway, co-led by Global
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ABC and adoped by he #BuildingToCOP26 Coalion, se he ollowing goal: “By 2030, he buil environmen
should halve is emissions, whereby 100 per cen o he operaon o new buildings mus be ne-zero carbon,
wih widespread energy eciency rero o exisng asses well underway. Embodied carbon emissions mus
be reduced by a leas 40 per cen, wih leading projecs achieving a leas 50 per cen reducons in embodied
carbon. By 2050, a he laes, all new and exisng asses mus be ne zero across he whole lie cycle, including
operaonal and embodied emissions.”

Perspecves or he Chinese and German buildings socks

In 2020, China announced i would achieve carbon peak by 2030 and carbon neuraliy beore 2060.
China’s Sae Council released an acon plan o peak carbon dioxide emissions beore 2030, including or
he building secor. Acons in his secor include: elecricaon, low-carbon heang sysems in Norhern
China, PEDF (phoovolaic, energy sorage, DC curren, and exibiliy) buildings, and low carbon energy
systems for rural China 

In 2019, China unveiled is rs-ever naonal Green Cooling Acon Plan (GCAP). The GCAP is an inegraed
maser plan wih new energy eciency and marke peneraon arges or air-condioners and oher
cooling products See: hps://www.igsd.org/chinas-green-and-high-eciency-cooling-acon-plan-a-mod-
el-or-cooling-eciency-ambion/

In Germany, around 12.5 million residenal buildings (o a oal o 22 million) were buil beore 1977,
earlier han he rs German regulaons on energy-saving hermal insulaon in buildings. Greenhouse
gas emissions rom buildings were reduced rom 210million onnes in 1990 o 118million onnes in 2019,
hanks o energy-ecien new buildings and renovaons. According o he Climae Change Ac, emissions
are o drop urher, o jus 70million onnes by 2030. A ax relie by 20%o he renovaon coss is available
or energy-ecien renovaon measures such as replacing heang sysems, tng new windows, insula-
ing roos and exernal walls. Financial copensaon mechanism hrough Federal Governmen programs
or energy-ecien building and renovaon have been increased by 10%. A maximum o EUR 120 000 in
low-ineres loans wih a repaymen gran o up o 40% or buying, renovang or building energy-ecien
houses is graned. A gran o up o 45% is available o propery owners who replace heir old oil heang
sysems wih more energy-ecien ones. From 2026 onwards, insallaons o pure oil heang sysems in
buildingswill no longer be permiedwhere he adopono amore climae-riendly heang sysem is possible.
See hps://www.bundesregierung.de/breg-en/issues/climae-acon/building-and-housing-1795860

I may be noed ha many European counries, which in he pas were no requiring cooling, are now
using air-condioners because o a warmer earh.Many o hese counries will have o develop regulaon
codes or such new applicaons; hey may also have o rero he older sock o buildings.

As indicaed, decarbonisaon mus address residenal and non-residenal buildings. Anoher disncon has
o be made beween exisng buildings, which may be 100 years o age or older in some counries, and new
buildings: or each caegory, adaped policies and rules are needed.

One imporan characerisc o he residenal buildings secor is ha decisions and acons or he reducon
of CO2 emissions involve millions o non-exper building users and owners, having urhermore oen disparae
and conicng ineress. Legislaon should overcome several barriers: he ar oo me-consuming decision
process carried ou by he cies, conics o ineres beween building users and owners, oen oo long payback
mes or eciency measures, and las bu no leas he proceedings or heriage proecon.

Due o populaon growh, energy consumpon in buildings has dramacally increased over he pas decade.
Moreover, longer me spen indoors, increased demand or building uncons and indoor environmenal qualiy,
as well as global climae change are urher reasons or increased energy consumpon. The year 2020 is an ex-
cepon: global energy consumpon hen decreased because o he economic slowdown in he pandemic period.

Signican energy savings can be achieved in buildings i he laer are properly designed, consruced and
operaed. Energy eciency o buildings can provide key soluons o energy shorages, carbon emissions and
he serious hreas rom such emissions o our living environmen. Furhermore, energy eciency has incidenal
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benes, such as comor, air qualiy and reducing he risk o energy povery. Ye, aaining cerain levels o
energy eciency may enail long payback periods, which may no be movang or owners.

Abundan daa and discussions on all hese subjecs can be ound, no only in he yearly GABC repor and he IEA
Tracking Clean Energy Progress repors bu also onmany naonal and inernaonal websies, including ha o he
American Council or an Energy-Ecien Economy (aceee.org), he European Energy Eciency Plaorm (e3p.jrc.
ec.europa.eu), whose scope exends beyond he Unied Saes and Europe, and ohers cied laer in his chaper.

1.2. Occupan behaviour, comor and echnical choices
We do not address here human comfort per se but occupancy and the technical choices made to obtain comfort 

A holisc approach o low-energy and low-carbon buildings implies considering he comor desired by heir
users. Indeed, occupan behaviour (wheher o individuals or corporaons) plays a very imporan role in he
decarbonisaon o buildings. There are subsanal worldwide dierences in he use o energy in buildings,
driven largely by behaviour and culure. Residenal energy use or similar dwellings wih he same occupancy
and comor levels can be improved by a acor o 3 and more and up o acor 10 in oce buildings wih same
climae and building uncons as well as wih similar comor and healh levels.

Furhermore, he globalised spread o commercial air condioning and oher heang/cooling soluons induces
he creaon o ully-conrolled indoor climaes hrough various mechanical sysems; hese ypically resul in
signicanly increased energy demand.

An alernaive developmen pahway o he ubiquious use o ully-condiioned spaces by auomaically
operaed mechanical sysems is o inegrae key elemens o radional liesyles in buildings: he major
characeriscs o buildings using less energy are radional approaches o obain a suiable indoor climae and
hermal comor, in which windows can be opened by he building users or naural venlaon or example. Such
adapve comor sraegies ake advanage o he human capaciy o adap o varying emperaure condions,
a leas o some exen (e.g. adapng clohing, acvies ec.).

Such ypes o design permi ‘par-me’ and ‘par-space’ indoor climae condioning (o emperaure, humidiy,
and resh air), using mechanical sysems only or he remaining needs when passive approaches cannomee
comor demands. Such pahways can reach energy use levels below 30 kWhe/m²/yr as a world average, as
opposed o he 30–50 kWhe/m²/yr achievable hrough building developmen pahways using ully auomased
maximum hermal condioning.

Behaviours and local culural acors can drive he basic use o energy, e.g. how people and organisaons adjus
heir hermosas during dieren mes o he year. During he cooling season, increasing he hermosa
setng rom 24 °C o 28 °C will reduce annual cooling energy use by more han a acor o hree or a ypical
oce building in Zurich, by more han a acor o wo in Rome and by a acor o wo o hree i he hermosa
setng is increased rom 23 °C o 27 °C or he nigh-me air-condioning o bedrooms in aparmens in Hong
Kong (Lin and Deng, 2004). Thermosa setngs are also inuenced by dress codes and culural expecaons
owards atres, and hus major energy savings can be achieved hrough changes in atre sandards, such as
Japan’s ‘Cool Biz’ iniave o relax cerain business dress codes and allow higher hermosa setngs.

An example on how behaviour and liesyle are crucial and complex drivers o energy use in buildings

Survey resuls (Fig. 2.2.a.) have shown he occupancy diers in dieren buildings, bu he oal occupied me
and space in residenal buildings on average only accouns or 20% o ull me and ull space. According o
he big daa analysis based on China’s VRF (Variable Rerigeran Flow) operaon, he operaon behaviour is
“par me and par space” insead o “ull me and ull space”. Fig. 2.2.b. indicaes ha, during he whole
operaon period o VRF’s oudoor uni, more han hal o he me only 1 indoor uni is operang, and more
han 80% o he me here are only 2 indoor unis operang. Mos o he moniored amilies wih VRF sysems
are high-income amilies, hereore, hese daa revealed he “par ime and par space” demand is he
real demand, insead o ha limied by economic and cos reasons. However, owards he “par me and
par space” demand, dieren sysems would lead o signican energy inensiy dierences. Wih “ull me
and ull space” sysems like cenralised HVAC (heang, venlaon and air-condioning) sysem in residenal
buildings, he cooling energy inensiy is more han ve mes higher han decenralised VRF sysems wih
“par me and par space” service. On-sie measuremen omore han 600 aparmens in ve similar residenal
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buildings in Beijing in 2006 ound ha households using mini-spli ACs used less energy per m2 for cooling than
hose neighbours using mul-spli unis, shown in Fig. 2.2.c.. The average cooling elecriciy inensiy o apar-
mens in a building wih a cenral HVAC sysem was more han our mes greaer, reaching nearly 20 kWh/m2 
In summary, invesgaon o real occupan behaviour and proper sysem ype choice are key issues o achieve
suiable building indoor service and low-energy consumpon.

Fig. 2.2.a. Occupancy rae o urban households in China (daa source: quesonnaire survey on 3 400 households in 4 Chinese cies) (Hu e al. 2019).
Provided by Tsinghua Universiy wih Permission or Reproducon.

Fig. 2.2.b. VRF operaon paerns o urban households in China
(daa source: 12 527 VRF sysems operaon monioring daa in residenal buildings in in 2020). Provided by Tsinghua Universiy wih Permission or

Reproducon.

Fig. 2.2.c. Average cooling energy inensies by dieren sysem in urban residenal building
(daa source: monioring o 5 buildings in Beijing in 2006)(IEA, 2019). Reproduced wih permission
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Three oher dimensions have o be menoned:

• The inroducon o auomaons, a he same me, reduces he use o equipmen (heang, cooling, lighng,
ec.), he energy bill, and he emissions. I is usually welcomed by he users i hey can regain conrol when
they want or need 

• Numerous experiences have been made o inorm in real me he user/cusomer on heir mobile phone
or on a screen in he kichen or example abou heir consumpon: cos savings are usually low, and do no
movae users. Neverheless, individual meers measuring energy consumpon and indicang he level o
he uure bill may have an impac on consumpon.

• The sandardisaon and simpliciy o he equipmen’s inerace wih he users are key or heir eecve
use, even more so or people wih impaired reading abilies, bu also o make i easier or new residens,
who will no have o ge used o dieren equipmen when changing heir aparmen or home.

While in many counries he consrucon o new homes and he reurbishing o older ones has enailed decreasing
energy demand and GHG emissions per m2, some counerbalancing eecs may appear. They are described
below:

1 The rebound eec, when, or example, beer insulaon allows occupans o op or higher emperaures
a he same cos. In such cases, energy consumpon and emissions are no necessarily decreasing as
foreseen 

2 Higher living sandards may allow he acquision or renng o larger homes or aparmens, such as or
example in Germany, where he average room space did more han double in he las 50 years.

3 For he same ren/price, cizens may have he choice, e.g., beween modern as in he ciy near heir
working places or a larger, older amily house ouside he ciy. The dierence or he laer choice a
he level o energy consumpon and emissions (heang/cooling, driving) easily amouns o a acor 4.

2. Decarbonisaon o buildings’ energy consumpon

Assuming ha he developmen in addional cooling applicaons in buildings will be very dynamic in mos
counries, leading o beer living condions in ho emerging counries and also under he condions o cli-
mae change. This secon ocuses on he siuaon in developing counries and does hereore no repor ino
much deail on heang echnologies. Insead, i ocuses on cooling and cooking applicaons as well, as on he
siuaon omillions o amilies, which is sll no sasying in view o healh, saey, comor and CO2 emissions 

2.1. Buildings’ eciency: exisng and new buildings, archiecural design and consrucon

2.1.1. Rerotng o exisng buildings
In mos counries, he exisng buildings sock is a major energy consuming acor. The characeriscs o hese
buildings (walls, windows, roos, insulaon, venlaon, ec.) have oen exensive scope or improvemens
in energy eciency hrough rerotng. Ye, while echnically easible, he owners o such buildings have
reservaons abou invesng in such enhancemens as he payback period may be oo long or hem o consid-
er he invesmen o be reasonable. Furhermore, regardless o he benes in erms o comor (e.g. acouscs)
he payback period is no clearly predicable, as i depends on he rerotng qualiy and possible rebound
eecs.

A number o counries have already inroduced several measures hrough a variey o policy inervenons,
hough oen in a less rigorous manner han or he requiremens ha apply o new buildings, such as suppor or
requiremens or individual measures (e.g. insulaon, new windows, heaers wih perormance labels) raher
han approaches or whole buildings, despie he ac ha he laer can deliver he bes cos-eecve resuls.

The aspecs menoned in he las wo paragraphs demonsrae he imporance and diculy o dening a
‘low-regre sraegy’ and o apply i in he eld. For more elemens on ‘low-regre sraegy’, he reader may
refer for example to the 2021 report Rapid ‘low-regres’ decision making or ne zero policy rom he UK’s Royal
Academy o Engineering (RAEng).

Equipmen or dieren needs (heang and cooling, lighng, cooking, waer heang, rerigeraors, air-condi-
oners and oher building-relaed appliances) has seen remarkable eciency improvemens in he las weny
years. These improvemens should be applied as much as possible o exisng buildings. While some equip-
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men is direcly using he sun (e.g. or waer heang), mos equipmen is elecric, whichmean i is ‘low-carbon’
as soon as he elecriciy is low-carbon.

One should also ideny he low-hanging rui or emission reducon in he building sock o he counry,
region or ciy under consideraon (such as commercial and insuonal buildings). Some o he business models
o achieve he menoned goals ha are successully being adoped in some counries are described below:

The Energy Service Companies (ESCO) as business models or rerotng

ESCO is a company ha oers energy services, such as design, rerotng and he implemenaon o
energy eiciency projecs aer ideniying energy saving opporuniies hrough he energy audi o
exising acilies. I also includes energy inrasrucure ousourcing, power generaon and energy supply,
nancing or assisng Faciliy’s Owners in arranging nances or energy eciency projecs. ESCOs operae
by providing a savings guaranee, risk managemen in he implemenaon o energy eciency projecs.
Moreover, hey also perorm measuremen & vericaon (M&V) acvies o quany acual energy sav-
ings aer he implemenaon o energy eciency projecs, ec. The ESCO business model allows compa-
nies o carry ou energy services wihou he cliens having o inves heir own capial ino he projecs.

The ESCO concep sared in Europe more han a cenury ago and spread o Norh America. In he las
ew decades, because o increased ineres in he provision o energy services, he ESCO movemen has
widely spread all over he world.

Example rom India

In India, signican energy eciency poenal is le unapped. The Bureau o Energy Eciency (BEE) o
he Minisry o Power o he Governmen o India encourages ESCOs by oering raining and capaciy
building and hereore qualiy ESCOs or aking up relaed projecs. ESCOs are considered o be he main
vehicles o harness his unapped energy eciency poenal o he counry. The BEE, hrough various
programmes, brings ogeher end-users, ESCOs, echnology providers, nancial insuons, disribuon
companies (DISCOMs), Governmen agencies, ec. on a single plaorm o accelerae he upake o energy
eciency projecs hrough he ESCO roue. (hps://beeindia.gov.in/conen/escos-0)

Example rom Souh Arica

The Souh Arican Naonal Energy Developmen Insue (SANEDI), in collaboraon wih he Deparmen
oMineral Resources and Energy (DMRE) and he Deusche Gesellschaf ür Inernaonale Zusammenarbei
(GIZ), esablished a naonal regiser or Energy Service Companies (ESCO regiser (hps://www.giz.de/en/
worldwide/111395.hml)). The ESCO regiser is used by boh he public and privae secor organisaons
o ideny, plan, develop, nance or implemen energy eciency projecs, including energy eciency de-
mand side managemen and small-scale embedded renewable energy generaon.

More recenly, he World Bank parnered wih SANEDI and he DMRE o drive opporunies in he large-
scale demand-side energy eciency marke in Souh Arica. This is being done hrough a reques or
consulans’ expressions o ineres (EoI) o assiswih ESCO marke developmen and echnical assisance,
which was launched by he World Bank in June 2021. SANEDI noes, “The appoined consulan will build
on inernaonal bes pracces o ideny easible pahs or ransormave developmen o he ESCO
indusry in Souh Arica ha could eecively conribue o unapping he large-scale demand-side
energy eciency marke”
Creamer Media Engineering News, 16 July 2021, by TASNEEM BULBULIA
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2.1.2. New buildings
According o Fuure o Consrucon, a orecas repor produced by Oxord Economics and Marsh McLennan
subsidiaries Marsh and Guy Carpener, consrucon will be a vehicle or global economic growh in he decade
o 2030 wih oupu expeced o be 35% higher han in he en years o 2020. Furher, i has been projeced by
many oher repors ha his spur in building consrucon acvies will connue unl 2050, especially so in he
counries wih growing economies. Because o increasing populaon, economic growh, he rising aspiraons
or improved liesyles and rapid pace o urbanisaon, hese counries, many owhich are in ropical and warm
climac region, will experience a dramac increase in he demand or energy or building consrucon and
operaon. As a resul, global building energy consumpon and relaed GHG emissions will connue o rise a
a very high rae unless drasc acon is aken o decouple growh and emissions.

Exensive work has been accomplished in many counries or he design, consrucon and operaon o new
buildings in a climae-riendly manner, bringing down energy use and emissions boh or consrucon and
operaon o hese buildings. I is imporan o noe ha he lieme o buildings is ypically a leas 50 years,
and hereore he specic GHG emission levels will be locked-in or decades based on he ways buildings are
constructed 

I is hus desirable, or he purpose o decarbonisaon, o exchange guidelines on how o possibly design,
consruc and operae buildings in a “greener” way based on hework carried ou bymany counries or dieren
climac condions.

The ‘energy hierarchy’ principle proposed in his repor involves:

1 Passive design: as he rs sep in creang energy-ecien buildings o reduce energy demand, i implies
ha he bes possible and aordable design in he local conexwill bring down he annual cos o operaon
o he building hroughou is lieme.

2 Choosing he righ available low-carbon maerials and energy sources/vecors: direc solar use (or waer
heang or example), geohermal heang or cooling, low-carbon hea rom disric nework, low-carbon
elecriciy rom local PV or rom he nework.

3 Choosing he mos ecien equipmen using he chosen sources/vecors, aking in o accoun heir
aordabiliy.

Concerning the design:

• The orienaon o buildings and heir walls and windows as well as he colouring o heir roos is a crucial
factor in maintaining comfortable temperatures inside 

• Passive design sraegies are by naure easier o inegrae ino buildings during heir consrucon phase, and
evenmore so when larger developmens are concerned, where designs can ake advanage o opporunies
a he wider scale in erms o buildings and sree layou, prevailing winds, developing neighbouring green
areas or bodies o waer, ec.

Archiecures should priorise passive measures. Then acve opmised measures should be considered when
all passive opons are ully adoped. The objecve o passive design archiecure is o produce a suiable indoor
environmen qualiy by aking advanage o he naural surrounding environmen and resources, including
naural lighng, naural venlaon, ree heang and cooling, ec. The opmisaon o building design can
subsanally reduce he buildings’ demand or energy. This can be parcularly eecve in he case o naural
venlaon and shading devices when he oudoor emperaure is suiable. Sandards and guidelines in his
respec have been developed in many counries:

• volume acor, window-o-wall rao, ransparen envelope rao;

• building layou, including he posioning o uses according o orienaon; avouring dual-aspec dwellings
and buildings o encourage cross-venlaon and provide users wih a choice o openings on dieren
acades depending on he sun, ligh, noise levels, ec.;

• hea ranser, hea sorage and he ligh ransmission properes o walls, roos and windows;

• he radiaon characeriscs o he exernal surace maerial o buildings;

• improved airghness, enhanced naural venlaon, adjusabiliy;

• naural lighng and glare avoidance;



92

CAETS 2022 TOWARDS LOW-GHG EMISSIONS FROM ENERGY USE IN SELECTED SECTORS

• humidiy regulang and moisure sorage maerial on he inner surace o he wall so as o mainain
indoor humidity 

To summarise, inbuil energy eciency due o passive design, will always bring down he annual cos o operaon
o he building hroughou is lieme.

Concerning he consrucon maerials, i is worh menoning ha he design o he srucure and choice o
he maerials are linked. In order o reduce especially he need or heang and cooling, low-carbon maerials,
i possible local ones, should be used as much as possible.

A growing number omaerials able o conribue o decarbonisaon o buildings are already available or a an
indusrial demonsraon phase. A ew examples:

• ‘green’ cemens, o replace Porland cemen, engineered woods such as glue-laminaed beams and
cross-laminaed mber composed omulple layers o smaller board;

• adapve insulaon maerials shielding rom cold and aking advanage o solar gains; phase-change maerials
o sore energy, reduce consumpon and enhance comor; acve and selecve insulang glazing,
produces energy via phoovolaic cells, and lers sunligh o avoid glare;

• preabricaed elemens (prebuil on an indusrial scale), manuacured small homes and on-sie 3D-prined
homes, ensuring ease and qualiy o insallaon;

• wood-ramed buildings, which require less energy and induce less GHG emissions han concree-ramed
buildings 

To improve he qualiy o buildings, which has posive consequences on energy consumpon and emissions,
ar more digialisaon would be useul: he use o Building Inormaon Modelling (BIM) allows inormaon o
bemanaged during he enre lieme o he building rom design o consrucon, operaon andmainenance.

2.1.3. Buildings wih PV exernal suraces as energy ‘prosumers’
Space has become a valuable resource or renewable energy developmen. Wih he dramac decrease o PV
sysem coss, disribued PV sysems are more and more used in rural and urban areas. Suiable policies
(incenives, special ypes o aris or he elecriciy generaed) may aciliae PV inegraon in buildings.
Building disribued PV can be carried ou simulaneously wih building design and consrucon (or insalled on
exisng building roos when possible) which avoids using land areas as cenralised phoovolaic power plans do.

In he uure energy sysem, he role o buildings will swich rom consumer-only o prosumers, e.g. mainly
wih in-house elecriciy generaon by PV. Solar PV should be adoped aking ull advanage o building rooop
and açade space. Building Inegraed PV (BIPV) and Building Aached PV (BAPV) would become uure rends
o archiecure design opmisaon and space ulisaon, hrough:

• BIPV/BAPV echnologies aer evaluang he space resources o building surace

• Indoor environmen conrol wih BIPV/BAPV measures: considering he indoor hermal environmen and
he real me power generaon.

Rooop Solar PV (RTS) has been expanding very as in many counries. Apar rom greening he building, he
oher major benes or insalling hese sysems are ha he user can ge he RTS sysem insalled on he
vacan space o he roo o he building (wih a variey o conguraons ha may allow ulising he space
under he PV panels) and he elecriciy produced is ulised a he poin o generaon wihou any ransmission
and disribuon loss. Many counries have made appropriae modicaons o heir elecriciy regulaons ha
allow RTS or BIPV or BAPV sysems o be conneced o he grid wih adaped meering and billing. Thus, he
building can use he solar elecriciy i generaes during dayme whenever required, can expor i o he grid
when i is no used or in excess, and can seamlessly receive elecriciy rom he grid during nigh or whenever
he solar elecriciy produced is no sucien. A number o business models are now also in place ha allow
he user o eiher make heir own invesmen or insalling and operang he sysem (capial expendiure
(CAPEX) model) or make arrangemens wih a developer o make he invesmen or insalling he solar sysem
on the roof of the building and operate it The electricity will then be purchased by the user for a certain number
o years (RESCO model). As he cos o PV has been drascally decreasing, many users nd business sense in
opng or such solar sysems.
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2.2. Elecricaon
Elecricaon wih low-carbon elecriciy is cerainly he major avenue or decarbonisaon. Keeping in view
he recen progress o global elecricaon, he increasing ubiquiy o use o appliances and equipmen in
buildings, and he SDG arges, we can consider elecriciy as he basic inrasrucure or he building secor, is
speed o implemenaon depending on he counry or region.

Wih more and more low-carbon elecriciy, elecrical soluons are becoming he leas emitng and more
energy-ecien soluons in comparison wih using ossil uels (coal, gas, perol). Ye, while producing incidenal
benes such as exibiliy and he avoidance o local polluon, depending on he local relave price o elec-
riciy and ossil energy, he cos relaed o he elecric soluons may be higher han ha or using ossil uels.

2.2.1. Heang
The space heang o buildings should be adaped o climae condions and local resources.

In regions wih disric heang sysems, such as China, Russia, Germany and oher Nordic counries, disric
neworks are a good resource o collec various low-emperaure hea sources. Achieving low-carbon emission
heang by low-carbon heang sources (wase hea rom indusrial process, biomass uel hermal plans,
exhaus hea rom daa cenres, and so on) is he principal issue.

In regions wih no wase hea and disric neworks, elecrical heang should be promoed. Elecrical heang
has many echnical opons: direc heang sysems via air or via radiaon, sandalone sysems including nigh
sorage heaers or heaers inegraed in he oor or he walls. I is obvious ha a hea pump operaed wih
low-carbon elecriciy, in parcular solar and wind elecriciy, using ground hea and supplying a new house a
low ow emperaure is a more susainable soluon han elecriciy rom coal or hea rom a gas red disric
heang sysem.

Elecrical hea-pumps are regarded as a key echnology o increase energy eciency, in combinaon wih
ongoing increases in low-carbon elecriciy. Elecric hea pumps may be opmised or new low-energy buildings
bu also as a subsue in exisng buildings wih boilers and radiaors. Hea pumps may have a COP beween
1.5 o 5, depending on he ow emperaure and he emperaure spread beween he source and he room
(Carnot´s law) 

A possible hea source is ambien air bu, when possible, using ground, ground waer, shallow geohermal en-
ergy (rom 3 meers o 100-200 meers deep), disric hea or wase hea rom grey waer or sewage, is more
eecve since, a leas in winer, hese sources reach higher emperaure han air and hey have smaller em-
peraure variaons (See Secon 3.). The ow emperaure needed is abou 30 °C in new buildings wih oor
heaters and up to 60 °C for older buildings and for drinking warm water 

Air source hea pumps can be used in regions where oudoor emperaure during winer is above − 10 °C and
he COP may be more han 2.5. The key echnical barriers o air source have been resolved by new compressor
echnology, variable requency echnology and new sysem orms, and he applicabiliy o low emperaure
air source hea pump heaers has been exended o regions wih − 30 °C oudoor emperaure. Neverhe-
less, large oudoor emperaure variaon leads o lower energy eciency across he heang season, lower oper-
aonal reliabiliy issues a high compression raos, and insucien hea supply a ulra-low oudoor emper-
aure. Increasing enhalpy by double-sage compression echnology and oher echnologies can overcome
such shorcomings and achieve high-energy eciency a low ambien emperaures, so ha he use o hea
pumps exends o a wider span. The air source hea pump, based on double-sage inverer compressor and
air replenishmen enhalpy increasing echnology, can eecively solve he problem o hea decay in low
oudoor emperaure. The energy eciency could reach 3.1, which is 10%~15% higher han normal air source
hea pump. Fros is anoher imporan working issue under high humidiy environmen. Reverse cycle derosng,
ho gas bypass derosng, hermal sorage derosng and ulrasonic derosng could eecvely solve he ros
problem. The opmisaon o indoor airow organisaon by disribued air supply erminals could urhermore
improve he level o indoor comor.
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2.2.2. Cooling

Energy demand or space cooling
More han hal o he global populaon live in counries ha require space cooling. Cooling degree days (CDD)
are projeced o connue increasing during he nex decades, wih bigges increases occurring in already ho
places where income and populaon are rising ases. Access o space cooling is a crical developmen need
o improve he qualiy o lie, healh, educaon and also producviy (IEA 2018a). Furhermore, wih global
warming, here will be increasing demand or cooling, including in he counries which radiionally have
arrangemens or space heaing only. As a resul, global building energy consumpion and relaed GHG
emissions will coninue o rise a a high rae (see IEA2018a). I immediae appropriaemeasures are no aken,
the state of technologies and a part of the GHG emissions will be locked in for decades 

GSR 2021 repors ha according o he IEA, energy use or space cooling doubled since 2000 – rom 1 000 TWh
o 1 945 TWh – due o hoer weaher condions, rapid urbanisaon, he diusion o air condioner ownership
and use o inecien air condioners (Cooling Pos 2018). The projeced growh in residenal and commercial
space cooling capaciy rom 11 670 GW in 2016 o over 36 500 GW in 2050 (See Cooling Emissions and Policy
Synhesis Repor, published in 2020) could leave subsanal cooling needs unme.

Air condioning may conribue o 50-80% o peak demand in ho climaes (Khalallah e al. 2016). Peak power
is usually he mos carbon inensive, pollung and cosly elecriciy, sraining elecriciy grids. Consequenly,
space cooling is an increasingly major carbon conribuor among building end uses, emiing around 1
gigatonne of carbon dioxide annually (GSR 2021) 

Sraegies o decarbonisaon or cooling
The ollowing sraegies or decarbonisaon may be pu orward, keeping in mind ha he principal energy
source for cooling is electricity 

1. Take advanage o he climac zones o he world 

This is one o he major sraegies o meeng cooling demand wih minimum elecriciy consumpon and
carbon and oher GHG emissions. I provides he appropriae background o dene he naonal codes or
energy-ecien and climae-riendly air-condioner sysems or dieren caegories o buildings in a parcular
region 

The world could be divided ino hree principal kinds o climae regions, as shown in Fig. 2.3.:

a Dry regions, as shown in blue, include mos counries in Europe, pars o counries in Asia (including he
norhwes side o China, Mongolia, Saudi Arabia, Kazakhsan, he middle o India and so on), Norhern
Arica, mos pars o Ausralia, he wes side o he Unied Saes and souhwes areas o Canada, where
Indirec or Direc Evaporaon Cooling (IEC or DEC) echnologies could be used or air condioning, insead
omechanical rerigeraon sysems.

b Cool and humid regions, including pars o counries in Europe, especially around he Medierranean Sea,
pars o regions in he Unied Saes and Canada, pars o regions in Asia, such as he norheas side o
China and so on 

c Ho and humid regions, including pars o regions in Asia, such as he souheas side o China, pars o
India, pars o regions in he Unied Saes and also pars o Cenral and Souh America.
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Fig. 2.3. Regions o he world where IEC or DEC echnologies may be suiable

Suiable cooling echnologies could be developed/opmised according o he dieren climaes in he world.

2. Design energy-ecien new buildings or rerotng sraegies or exisng buildings, hus also reducing
cooling as well as heang needs.

• A number o solar passive eaures have now ound appropriae place in he energy-ecien building
design guidelines published in dieren pars o he world.

• Exisng buildings can be suiably modied by incorporang appropriae insulaon echnology, energy
ecien windows, judicious choice o venlaon, energy managemen sysems ec.

Furhermore, plans grown or shade in summer and letng ligh ener in winer are useul.

3. Increase he energy eciency o cooling devices (air-condioners, ans ec.) o reduce elecriciy consumpon
and, hereore, carbon emissions. Many old air-condioning sysems which are sll used are inecien and no
well insalled. High-eciency air-condioners wih appropriae rerigerans ha have much lower global warm-
ing poenal are now available. Appropriae guidelines or insalling new air-condioning sysems need o
be developed and heir implemenaon should be promoed.

4. Use direc elecricaon o cooling demand wih local renewables, as much as possible.

Buildings wih mosly day-me cooling requiremens (educaonal insues, oce buildings, a ew indusries
ec.) can have heir own decenralised green energy generang sysems. Examples include rooop solar PV,
small wind urbines in windy areas, elecriciy generang sysems, ec. However, here mus no only be
suiable elecriciy regulaons ha permi such local use bu also inegraon o hese elecriciy generang
systems with the grid and appropriate metering systems 

5. Dene and mandae cooling sandards (cooling temperature set point) 

More han 80 counries already have minimum energy perormance sandards (MEPS) or air condioners,
wih addional sandards currenly under developmen in over 20 counries. These sandards vary considerably
rom one counry o anoher (IEA Nov 2021) and considerable improvemens can be made in many counries.
I has also been observed ha MEPS are generally weaker or absen in ho and humid regions where rapidly
increasing AC demand is expected 
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Sandards and guidelines or cooling sysems require periodic review in order o ailor he adopon o new
developmens o he climac zone under consideraon. Guidelines are also required o be issued by he
governmens or major commercial and insuonal esablishmens wih he objecve o conserving energy
hrough opmum emperaure setngs o air-condioners wihin he comor zone/char. As noced in Secon
3.2. o his chaper, setng he emperaure rom a presumably convenonal 20-21 °C o 28 °C or example can
resul in subsanal energy savings and concomian carbon emissions.

Chinese and Indian cases

For energy conservaon purposes, he Chinese Sae Council and MOHURD (Minisry o Housing and
Urban-Rural Developmen) require indoor air condioning emperaures o be conrolled and no less
han 26 °C in public buildings, hrough a decision documen.

See also: hp://www.gov.cn/govweb/wxx/sh/2006-09/01/conen_375201.hm

The India cooling acon plan (ICAP) was launched in March 2019. The plan seeks o reduce cooling de-
mand, rerigeran demand and cooling energy requiremen. This plan also menons research and de-
velopmen, and raining and cercaon in cooperaon wih Skill India Mission. See also: hps://pib.
gov.in/PressReleaseIramePage.aspx?PRID=1805795#:~:ex=The%20India%20Cooling%20Acon%20
Plan,going%20programmes%2F%20schemes%20o%20he

6. Alernave cooling sysems.

• Evaporave coolers (ha exrac energy rom he air o evaporae waer) in appropriae shapes and sizes,
wih energy ecien ans and pumps, as well as wih suiable solar power sysems, mus be considered.
These are very eecve or residenal and oce use in areas and in seasons wih low humidiy. The neces-
sary supply o waer hey require may, however, creae problems in many areas.

• Cooling sysems (absorpon or adsorpon) based on solar hermal hea (or wase hea) or insuon
buildings which need cooling mainly during dayme, mus also be considered.

Saus o Cooling iniaves (as repored a COP 26 by Clean Cooling Collaborave - a philanhropic
iniave working o creae a uure wih ecien, climae-riendly cooling or all)

A number o oher cooling commimens were made in he run-up o COP26, setng he sage nicely or
ohers o ake similar seps. Highlighs include bringing super-ecien air condioners o he marke,
developing naonal cooling acon plans, mapping pahways o susainable cooling, and devong sizable
amouns o unding o he suppor o clean cooling globally. The Cool Coalion’s Cooling Commimens
Compass gives an overview o recen announcemens and updaes rom around he world o cooling.
See also: hps://www.cleancoolingcollaborave.org/blog/cooling-a-cop26-wha-did-and-didn-happen/

2.2.3. Domesc HoWaer
The mos suiable opons will be conex-specic, aking accoun o such acors as:

• he use prole, how well his maches he generaon prole, and he abiliy o incorporae sorage o
maximise he use o renewable generaon in he case o PV sysems and/or make use o grid elecriciy a
mes o low demand;

• climac condions, and wheher hey are beer suied o solar hermal or PV generaon;

• marke prices and produc availabiliy;

• energy prices, and wheher op-up is needed o complemen on-sie renewable generaon (or example,
in some counries, elecriciy is expensive and using i o op-up elecrical ho waer heang could be
detrimental to users) 

According o he domesc ho waer survey, dieren vecors o energy are used o hea waer, especially
elecriciy, gas and solar energy.
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The solar domesc ho waer (SDHW) sysem has been developed rapidly in he pas decade o reduce ossil
energy use. As oher renewable energy echnologies, he solar domesc ho waer sysem is characerised by
higher upron invesmen coss and lower operaion and mainenance (O&M) coss han convenional
echnologies. Invesmen coss or solar waer heaing depend on he opology o he sysem, marke
condions o dieren counries and labour coss. As inial invesmen in SDHW sysems has decreased, hey
have become aordable or more and more people in many counries.

Wih he rapid developmen o he solar phoovolaic (SPV) echnology, prices have decreased by more han
85% in he pas 10 years. The curren inial invesmen or he SPV sysem is abou USD 0.6 per Wa-peak
in 2021. Compared wih he solar hermal sysem, he O&M cos o he SPV sysem is ever lower. As a
consequence, he SPV sysem has more and more advanages over he solar hermal sysem in erms o sysem
cos, eciency, and O&M. Solar PV should be promoed as he main source o domesc ho waer, and, in
urn, domesc howaer provides exible load o compensae or unsable solar energy, which can bene he
promoon o solar PV.

Fig. 2.4. Comparison o solar domesc ho waer sysem and phoovolaic sysem. Provided by Tsinghua Universiy wih Permission or Reproducon.

The heat pump water heater with CO2 as a rerigeran is also a good echnology or domesc ho waer pro-
ducon, and i has beenwidely promoed in Japan by elecrical ulies. The associaedwaer heaermanuacurers
even nicknamed ‘Eco Cue’ he hea pump waer heaers ha use naural rerigeran CO2. Roary, swing and
scroll are the three main types of compressors applicable to the current CO2 water heat pump To reduce the
high hroling loss resulng rom he high-pressure dierence o CO2, wo-sage compressor and expander
echnologies have proved o be quie eecve soluons.

Ho waer heang in Souh Arica

The Souh Arican Naonal Building Regulaons (NBRs) Par XA Environmenal Susainabiliy, Energy
Usage in Buildings, lawully requires ha a leas 50% (volume racon) o he annual average ho waer
heang requiremen shall be provided by means oher han elecrical resisance heang, including bu
no limied o solar heang, hea pumps, hea recovery rom oher sysems or processes and renewable
combusble uel. See also: hps://www.sans10400.co.za/energy-usage/
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2.2.4. Cooking
Cooking is a universal and subsanal energy requiremen in buildings. Various mehods and a variey o uels
are used or cooking. A large poron o he world populaon sll use cook soves and uels ha are inecien,
pollung and responsible or carbon emissions and may creae sress o local naural resources.

Inroducon
Since me immemorial, humans have been using various orms o biomass as uel o cook heir ood. The
eciency o hese cook soves wih a variey o biomass uels were never very high. This migh be because in
ancien days biomass was no a shor supply, and also because people around he world developed dieren
kinds o cooking habis ha did no require ecien soves. Even aer he arrival o coal as a convenien uel,
he siuaon did no change as ar as he eciency o soves was considered.

As a consequence o incomplee combuson, kichens have always been lled wih smoke and black ar. Cleaner
uels, such as coal gas, naural gas, liqueed peroleum gas (LPG), biogas, bu also elecriciy, enered he
scene only since he lae nineeenh cenury. Sll, depending on he geography, radional uels (coal, wood,
charcoal, dung or oher kinds o solid uels and kerosene) are sll predominanly used in many counries. Even
aer hal a cenury o programmes on providing access o clean cooking, he world alls shor on is progress
owards he Susainable Developmen Goal (SDG) 7, achieving universal access o aordable, reliable, and
modern energy services (The World Bank Bries, November 2020). These programmes mainly argeed he im-
provemen o cooksove eciency o ameliorae solid uel combuson and reduce he emission o smoke and
carbon shoos as well as he use o he above-menoned uels.

Eors, however, are now being made o revisi hese programmes on cooking, no only o provide clean cooking
a he poin-o-use bu also o decarbonise cooking.

The curren siuaon or cooking
In many counries o he developing world, a large percenage o households sll ollow radional cooking
mehods using he above-menoned uels o cook on soves made o mud, bricks or sones, which are
exremely inecien in uel ulisaon. According o he 2020 edion o Tracking SDG 7, The Energy Progress
Repor, 2.8 billion people in he world sll do no have access o clean cooking uels and echnologies.

Reasons aribued or pracsing radional cooking mehodologies include he poor economic condions o
many households, absence o alernave cooking uels even i a small percenage o households can aord i,
and absence o concree planning and appropriae acons by he governmens.

Challenges or cooking
Parculaes (e.g., small parcles resulng rom he combuson o hydrocarbons), conain a large number
o healh-damaging air polluans. Tradional cooksoves emi parculaes. I is nearly impossible o go be-
neah some level o emission, parcularly i ulising a solid or liquid uel. In many cases, he poorly venlaed
kichens wih such cook soves ge lled wih concenraed emissions negavely aecng he users. Mohers,
pregnan women, and young children are disproporonaely aeced, as hey are ypically responsible or
household cooking and rewood collecon (The World Bank Bries, November 2020). Household air polluon,
mosly rom cooking smoke, is linked o abou 2.5 million premaure deahs annually. (Access o clean cooking
– SDG7: Daa and Projecons – Analysis, IEA, Ocober 2020. Rerieved 2021-03-31)

Clean cooking is hus an urgen global developmen issue since more han 2.5 billion people in he world have
no access o clean cooking uels and echnologies. To decarbonise he cooking secor, each counry should
assess all available modern cooking uels and echnologies o ideny wha is righ or he counry, aking ino
accoun local cooking pracces in heir complexiy.

Exisng, orhcoming and possible breakhrough soluons or cooking
The eciency o rudimenary cooksoves relavely o hea ulisaon is very poor, andmay even drop o a level
lower han 10%.
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A number o improved cooksoves or burning solid uels have been developed and implemened. Many o
hese more ecien cooksoves reduce uel use by 30-60% and ensure more complee combuson. Recen
evidence also demonsraes ha advanced (ecien and low emission) cooksoves and uels can reduce
black carbon emissions by 50-90% (Clean and Ecien Cooking Technologies and Fuels, USAID & Winrock
Inernaonal, Sepember 2017).

Connuous developmens o he design o he cook soves based on modern gaseous and liquid uels (such as
coal gas, naural gas, liqueed peroleum gas (LPG), biogas, kerosene, ehanol, ec.), as well as elecriciy, have
resuled in sandardised designs wih higher uel use eciency and lower emissions. These sandardised new
cook soves are now used by around wo hird o he global populaon. In many counries, naonal guidelines
discourage the household use of kerosene and unprocessed coal 

Gas soves are widely used globally because hey oer insan hea and provide easier emperaure conrol.
All variees o cooking can be underaken wih hese soves. These soves, however, compromise indoor air
qualiy, especially i no ed wih an exhaus hood. Gas soves emi nirous oxides (NOx), carbon monoxide
(CO), and ormaldehyde (HCHO). However, as noed earlier, emission reducons are much simpler and easier
o obain wih gaseous uels han wih solid uels. On naural gas cooking, i has been repored ha naural gas
soves also emi 0.8−1.3% o he gas hey use as unburned mehane2 

Elecric coil soveops are convenien o use. However, hese soves have hermal inera, which resuls in wase
hea, and remain ho aer cooking, which is dangerous. Bu hese soves do no emi any indoor air polluan.

Inducon cooking works wih ar less elecriciy and is very exible. Considered as one o he mos ecien
cooking echnologies, i works only wih cookware conaining errous meal. In inducon echnology, he ow
o an alernang curren (AC) hrough he ‘elemen’ creaes an elecromagnec eld ha excies he molecules
in erromagneic pos and pans placed on op o he glass soveop. As a resul, up o 90% o he energy
consumed is ranserred o he ood, compared o abou 60% o 70% or radiional elecric sysems and
around 40% o 50% or gas. These soves neiher emimuch hea ouside, nor any indoor air polluan3 

Concerning CO2 emissions, considering ha, o obain 1 kWh by gas combuson, abou 200 g o CO2 are
emied, and considering ha he eciency is double wih an inducon sove compared o a gas sove, inducon
sove emissions are hus less han gas soves as soon as he elecriciy mix conains less han 400 g o CO2

which is the case in more and more areas 

Conclusion and recommendaons or cooking
The rend o elecriciy mix in many counries owards low-carbon elecriciy srongly suppors inducon cook-
ing as he desired equipmen o decarbonise he cooking secor in he near uure. Based on sound echnical
reasoning, i can be projeced ha he cooking secor o he indusrially developed counries can move
owards inducon cooking rom gas cooking or radional elecrical cooking because o is reliable elecriciy
inrasrucure, which is becoming greener over me, a srong indusrial base wih esng and sandardisaon
aciliy, widespread nework o sales and servicing, and he capaciy o he populaon in general o purchase
inducon cookers.

Neverheless, he eors o inroducing ecien cooksoves in place o radional inecien ones mus connue
on a war oong o provide clean cooking a he poin o ulisaon or a vas par o he developing world.
I may be noed ha biomass cooking, i implemened wih he bes possible eciency, has also is inheren
conribuon owards he decarbonisaon o he cooking secor.

In parallel, in many emerging economies and especially in Arica, governmens are developing policies or solar
-based cooking in areas lacking elecric neworks: a PV panel, a baery or sorage and an adaped well- in-
sulaed chamber is hen able o replace inecien cooksoves4 

2 Mehane and NOx Emissions rom Naural Gas Soves, Cookops, and Ovens in Residenal Homes: Eric D. Lebel, Colin J. Finnegan, Zuao Ouyang, and Rober B. Jackson,
Environ. Sci. Technol. 2022, 56, 2529−2539).

3 See or example: The Elecricaon o Cooking Mehods in Korea—Impac on Energy Use and Greenhouse Gas Emissions Hyunji Im and Yunsoung Kim Energies 2020.
www.mdpi.com/journal/energies 

4 E cooking Burundi rom he UN World Food Programme
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Clean cooking in Nigeria

In Nigeria, he use o rewood and charcoal or cooking is sll common bu eors are being made o
reduce i. Kerosene remains a common uel or cooking. The arge se in he UNFCCC Naonally deer-
mined conribuons (NDC) is or 48% o households o use liqueed peroleum gas (LPG) and 13% o use
improved cooksoves by 2030.

The NDC also aim o provide o-grid and solar mini-grid o 5 million households or 25 million people by
2030. Developing cheap solar sysems may allow elecriciy o be more generally used or cooking.

The new daa-driven ineracve Nigeria Inegraed Energy Planning Tool, launched in February 2022 by
he Federal Governmen o Nigeria, will play a vial role in helping Nigeria achieve is shared energy access
by 2030 alongside energy ransion Ne Zero goals by 2060. The energy planning ool is powered by
exensive geospaal modelling and layers o daa. I oers crical daa and analysis ha would assis he
counry in achieving universal access arges or boh elecricaon and clean cooking. The ineracve
plaorm will provide aconable inelligence or he Governmen and privae secor sakeholders o deliver
leas-cos access o elecriciy and clean cooking in Nigeria. (see also hps://www.seorall.org/evens/glob-
al-launch-o-he-nigeria-inegraed-energy-planning-ool and hps://nigeria-iep.sdg7energyplanning.org/)

2.3. Buildings’ energy exibiliy
In radional elecric power sysems, since here is no or limied sorage possibiliy (only hrough pump sorage
o waer), he power-demand equilibrium has o be managed careully o avoid excess o demand or surplus
o producon.

The idea o adapng as much as possible demand o he available producon leads o he concep o demand
exibiliy, especially o shave peak loads or shi loads ha may be ancipaed or posponed when a lo o
power is available.

This has been done or many counries hrough conracs beween he elecric uliy and some indusrial
acilies able o inerrup heir process. For residenal cusomers, i has been already done in some counries
as France did in the 1950s by remotely controlling electric water heaters: customers allowed the network
operaor o swich on/o heir waer heaers – echnically, he operaor sen a signal o he heaer hrough
he elecric nework, a Power Line Curren (PLC) – in exchange o which he cusomer paid lower aris. This
allows he French elecric Uliy EDF or example o shi load a nigh when demand is lower. Anoher possi-
biliy, used in dieren counries, was ari modulaon (seasonal, day/nigh, cold periods, ec.) o incenvise
cusomers o use some equipmen like washing machines when elecriciy is cheaper.

In he elecriciy sysem o he uure, renewable power wih volaliy and non-adjusable characeriscs will
play a major role in power supply. Thereore, buildings should be able o achieve beer exible elecriciy use
by consuming renewable power rom heir own phoovolaic power sysem and heir oher evenual low-carbon
source o elecriciy (wind, ec.). They would hen conribue o he opmisaon o he elecric power sysem.
Furhermore, i he building is less dependen rom he power grid, i possesses higher resiliency o any power
grid problems 

Since he 1950s, new echnologies have appeared and are increasingly deployable a aordable coss in many
counries. Three ground-breaking echnologies are indicaed below.

• Inormaon and communicaon echnology, inerne, Inerne o Things (IoT), ‘smar-meers’ (which are
one applicaon o IoT) – all hese provide new possibilies or he conrol, disan or no, o home and
oce equipmen.

• Energy sorage sysems in buildings – his mainly reers o xed baeries or elecric vehicle baeries. Here,
elecric vehicles will suppor wo-way charging and discharging, which will no only mee he elecric
vehicle aribues bu also become an eecve approach o regulang elecriciy hrough one more
conribuon o he end user.
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• Conrary o radional power elecric sysems and end users’ appliances, more and more equipmen and
appliances use or provide Direc Curren (DC), insead o Alernang Curren (AC). The laer was hisorically
developed o produce boh low volage or he end users or saey reasons and high volage a he plans
or economic reasons. Examples o DC sysems include: LED lamps, he baeries o our mobile phones our
remoe conrols, baeries in general, PV panels, ec.

All such echnologies may conribue in dieren ways and in many dieren combinaons o increasing exi-
biliy in buildings, allowing he developmen o new business models and, above all, reduce GHG emissions. An
example o how all hese echnologies are inegraed ino he low-carbon shi in he building secor in China
is provided in he box below5 

PEDF buildings: he Chinese low-carbon approach in he buildings secor, Par 1

The Phoovolaic, Energy Sorage, Direc curren, Flexibiliy (PEDF) building inegraes echnologies o
adjus real-me, as bes as possible, he balance beween local power supply and power demand. PEDF
buildings are thus able to contribute to power system carbon neutrality 

Taking ino accoun he increasing imporance o appliances using DC, he elecric disribuon nework
o such buildings uses DC and no AC. This is also allowed by he advancemen o elecroechnics and
electronics 

To give an order o magniude, every 10 000 m2 o PEDF oce buildings is esmaed o be combined
wih 100 smar charging piles and elecric vehicles (EVs) and may supply 1 MW o exibiliy capaciy and
5 MWh power sorage capaciy. Every 10 000 m2 o residenal buildings is esmaed o be combined
wih 100 smar charging piles and EVs may supply 0.5 MW exibiliy capaciy and 5 MWh power sorage
capacity 

The Figure below shows an example o he energy disribuon wih all usual uses in a PEDF building.

For more deails, see or example IEA, An Energy Secor Roadmap o Carbon Neuraliy in China[EB/OL],
hps://iea.blob.core.windows.ne/asses/9448bd6e-670e-4cd-953c-32e822a8077/Anenergysecor-
roadmaptocarbonneutralityinChina pdf

Fig. 2.5. Example o PEDF buildings power sysem in China. Provided by Tsinghua Universiy wih Permission or Reproducon

5 Yi Jiang. PSDF (phoovolaic, sorage, DC, exible)—A new ype o building power disribuon sysem or zero carbon power sysem [J]. Heang Venlang & Air
Condioning, 2021, 51(10): 1-12(in Chinese).
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The PEDF building in China, Par 2.

A se o pilo PEDF buildings are already buil in China, or example he IBR Fuure Complex (see also:
hps://www.acvehouse.ino/cases/ibr-uure-complex/). The IBR Fuure Complex in Shenzen is a 6259m2

8-oor oce and research building, locaed in a ho summer and warm winer climae zone in China,
and designed or ne zero energy wih very low energy demand. The building is also he rs one using
100% Direc Curren (DC) power disribuon o provide elecriciy or all is end use demand. The IBR Fu-
ure Complex only connecs wih he uliy AC grid hrough wo 100 kW AC/DC converers, while is peak
power demand can reach 345kW Another focus is on the use of DC power to electrify building end use
appliances, in which boh he oce and residenal scenarios are developed. The IBR Fuure Complex
was compleed in 2019, and several advanages o DC power sysemhave been veried hrough wo years
o operaon, such as beer power saey, sysem eciency, a grid-riendly and easy o conrol sysem,
etc 

2.4. Poenal role o hydrogen in he buildings secor
Hydrogen may play a role in he decarbonisaon o buildings probably limied o wo ypes o uses.

A presen, during he consrucon phase, equipmen ha canno be conneced o he grid is powered by diesel
engines. In he uure, hese will be replaced by baery elecric equipmen in he case o small machines wih a
low o moderae energy demand, and by low-carbon hydrogen powered equipmen (inernal combuson
engines or uel cells) when power consumpon is large or connuous and i hydrogen is available a reasonable
price. Many consrucon equipmen suppliers are now developing such alernaves (JCB, Liebherr, Sany, ec).
The advanages o he hydrogen soluon are he eliminaon o he carbon ooprin during he consrucon
phase as well as a signican reducon in he noise level, an imporan requiremen in urban environmens.

In normal operaon, a building is conneced o he grid and hydrogen has no specic role o play here. However,
in case o long-lasng power ailure (due o exreme evens), hydrogen can be used o provide emergency
power, hus replacing diesel genses. Such an approach is already applied o some large buildings (oce ow-
ers, hospials, daa cenres, ec.).

3. Decarbonisaon o urban energy supply sysems

3.1. Low-carbon heang disric neworks

3.1.1. Various disric heang and cooling sysems
Many dieren ypes o disric heang and cooling sysems already exis, some providing heang and cooling
a he same me, even hough heang sysems are ar more widespread. A grea variey o srucures make i
possible o adap o local condions: only one heang source or mulple heang sources, hea sorage anks,
a emperaure setng imposed by he source or adjused o he needs hrough hea pumps a he enry o he
buildings, digialised managemen sysems, ec. More and more o hese neworks are low emperaure (0 - 40
°C) since imay be sucien or correcly insulaed buildings and/or o allows increased eciency and limied
losses 

Depending on he energy sources, he CO2 conen o he kWh provided o he users may be very dieren. The
neworks may bene rom local wase, excess indusrial energy, geohermal energy, hermal panels and also
PV panels and baeries. The operaors are progressively using more and more such resources even i radional
soluons (he use o coal, gas, cogeneraon o hermal plans) are sll used.

3.1.2. Low emperaure hea sources

(1) Indusrial wase hea
Indusrial wase hea is an imporan kind o wase hea source. A presen, including meal smelng, cemen
producon, he chemical indusry and he producon o building maerials sll implies large amouns owase
hea ha have no been ulised. The emperaure o such wase hea is in he range o 30 °C o 200 °C, which
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is dicul o recycle or indusrial producon process. I his hea is recovered o hea a ciy, imay cover all or
a par o he heang need o he ciy. Using such wase hea is evidenly posive as i avoids oher emissions.
This hea used by he ciy may be considered as “zero-carbon” hea since no emissions are produced or is
use (or low-carbon i aking in accoun he inial emissions o build he recovery sysem o be precise). Even i
indusrial processes are ransormed in a carbon-neural uure, here will sll be a large amoun o indusrial
waste heat to be used 

According o sascs and projecons, China or example, ollowing is low-carbon ransormaon o is indus-
rial generaon process as oreseen, sll consume abou 660 million onnes coal equivalen (TCE) o ossil uels
and 3 600 TWh o elecriciy. Par o such energy consumponwill evenually be released ino he environmen
in he orm o wase hea, which can be ulised or disric heang.

In addion o radional indusries, some emerging indusries, such as daa cenres, will also generae wase
hea. In China, or example, he rapid developmen o daa cenres has also led o a rapid increase in power
consumpon by he cooling sysem o he compuer room resulng in he availabiliy o low emperaure
wase hea, above 40 °C generally. This kind o wase hea is generaed in cenralised locaons and easy o be
colleced. I is prediced ha he residual hea emied by daa cenres in China could reach some 360 TWh per
year in the future 

(2) Biomass and wase
Biomass mainly comes rom agriculural and oresry wases. Sraw o various crops and manure rom he
livesock indusry can be colleced and processed as uel (e.g. sraw compression block, biomass naural gas, bio-
massmehanol, ec.). These biomass uels can be used o replace he ossil uels o he above-menoned hermal
power plants and reduce CO2 emissions, even hough burning does induce CO2 emissions 

In addion, urban wase incineraon cogeneraon plans provide low-carbon elecriciy or cies, as well as
low-carbon hea. For example, i is a normal eedsock or disric heang neworks in Sweden and mos coun-
ries o Norhern Europe and is increasingly so worldwide.

Buildings, boh commercial and residenal, produce a grea amoun o organic and inorganic residues. These
are colleced and hen eiher recycled (inorganic) or disposed o in landlls where hey decompose, producing
methane (CH4) and CO2. This process may resul in waseland areas and he generaon o GHG.

Technology exiss ha could make much beer use o organic wase, in buildings or specic wase processing
insallaons, by capuring CO2 and CH4 and hus producing energy and oher by-producs as well as compos.

Commercial equipmen also exiss, by which ood producs are bio-digesed o generae compos. I is now
used in some resaurans and spors sadiums, where onnes o ood wase are generaed daily. Similar producs
could be used in residenal buildings and shopping malls, or example.

An upgrade in hese bio-digesers could be he use o sludge, which is now dumped ino he sewer, o capure
CH4 and CO2, oherwise unconrollably produced in he sewer. The ormer may be combined wih naural gas
or LPG used as a domesc or commercial energy source. In some cases, CO2 may be used to produce carbonic
acid or lered hrough dense greenery, or example.

(3) Wase hea recovery rom power plans
Thermal power plans, including pure condensaon power plans and cogeneraons, exhaus large amouns
o wase hea hrough seam and ue gas, as shown in Fig. 2.6.. In a large coal-red cogeneraon plan, he
wase hea rom he exhaus seam accouns or over 30% while wase hea in he ue gas exceeds 15% o he
inpu hea supply. And or a pure condensaon plan, he wase hea produced rom exhaus seam accouns
or over 50% o he inpu hea supply. Generally, hea neworks sourced by a power plan operae a ‘high’
emperaure (over 60 °C).
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Fig 2.6. Poenal wase hea recovery in hermal power plans (rom Building energy research cener o Tsinghua Universiy, 2019
Annual repor on China building energy eciency, Beijing, China Archiecure& Building Press, 2019 (in Chinese).)

Provided by Tsinghua Universiy wih Permission or Reproducon

In some counries, in he uure conex o a carbon-neural power sysem, a cerain number o hermal power
plants using biomass or with CCS may possibly be retained in the power system to meet some seasonal power
gaps. Such gaps may sem rom he ac ha phoovolaic and hydroelecric power generaon capaciy is much
higher in he summer han in winer. In such a case, using he wase hea o such plans should be considered.

In China or example, reained hermal power plans could generae approximaely 1 500 TWh o elecriciy an-
nually, represenng approximaely 11% o oal uure elecriciy consumpon. The wase hea resulng rom
power generaon would provide cies wih zero-carbon heang and mee he heang needs o approximaely
12 billion m² o buildings space, which accouns or abou 60% o he oal heang area in norhern China.

Nuclear power plans are anoher source o wase hea. For example, a 1 000 MW nuclear power plan can
provide abou 1800 MW o wase hea. Furhermore, he operang me o nuclear power plans is almos
wice ha o normal hermal power plans, and he quany o wase hea exhaused rom a 1 000 MW plan
is about 13 TWh throughout a year 

In general, i is only possible o use such wase hea, rom a echnical and economic poin o view, i i is decided
when the plants is built 

3.1.3. Seasonal hea sorage
Hea, as menoned above is called wase heawhen i is produced by oher producon processes. This means
ha wase hea ucuaes wih he producon process. This creaes me mismaches beween hea gener-
aon and hea demand. For example, power plans, acories and daa cenres generae wase hea all year
round, while hea is needed mainly in he winer: hea produced in oher seasons is no ully ulised, which
resuls in wasng such valuable hea. In addion, in China, or example, when he Spring Fesval comes, ac-
ories close and elecriciy consumpon is grealy reduced, as is, subsequenly, wase hea rom hese power
plans and acories, hus causing hea shorages. In order o achieve he maching o wase hea supply and
demand, seasonal hea sorage may be an ecien soluon o solve he problem o inconsisen hea demand
and generaon me.

In addion, seasonal hea sorage can also play a role in he regulaon o he peak hea load. Through he
insananeous release o a large amoun o sored hea, he heang capaciy can be grealy increased in he
short term to bear the peak heat load 

3.1.4. Temperaure converers based on hea pumps
In a disric heang sysem dominaed by low grade wase hea, he emperaure o all kinds o hea sources
varies rom 0 °C o 200 °C. A he same me, he emperaures cusomers require may be very dieren: hey
depend upon he orm o hea dissipaon erminal, building insulaon, couryard pipe nework, ec. Hea em-
peraure needs o be adjused as i is colleced and delivered o he user. Necessary emperaure adapaons
may be made by heat pumps 
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3.1.5. Long-disance hea ransporaon
Anoher problem in using large-scale wase hea is he mismach beween wase hea sources and heang
demands in spaal disribuon. Figuring ou o ranspor hea economically over such long disances is he
challenge 

The applicaon o he above-menoned emperaure converer can grealy reduce he backwaer emperaure
o he hea nework, and change he supply and reurn waer emperaure o he hea nework rom 130 °C/70
°C o 130 °C/10 °C. The dierence beween he emperaure o he waer supply and he emperaure o he
backwaer nearly doubles he amoun o hea ha can be ranspored by he same nework, dramacally
reducing he cos o hea ranser. Furhermore, he reduced reurn waer emperaure o he hea nework
can grealy improve he energy eciency o he wase hea recovery sysem a he hea source, hus urher
reducing heang cos. The economic heang radius is abou 80 km compared o coal-red boiler heang sysems
and 240 km compared o gas-red boiler heang sysems, as Fig 2.7. shows 

Fig 2.7. Coss o convenonal heang sysems and large emperaure dierence heang sysems or large hea supply disances.
Provided by Tsinghua Universiy wih Permission or Reproducon

3.2. Poenal role o hydrogen or cies and communies
In several counries wih sparse populaon, such as Canada and Ausralia, isolaed communies are no
conneced o he elecric ransmission or disribuon grid. They generae heir own elecriciy, mos o he
me using a hermal power plan ed by heavy uel oil. No only does his generae a signican amoun o
CO2 and oher amospheric conaminans, bu he operang coss o he power plans is also very high as he
uel has o be impored rom ar away (in Norhern Canada by shipping during he summer season). In hese
communies, he price o elecriciy can reach 1.5 CAD/kWh, as compared o an average o 0.1 CAD/kWh in
he populaed areas o Canada. The soluon o decarbonise he communies is o use renewable energy as a
source o local power and dimension he sysem o conver par o he unused power ino hydrogen or long-
erm sorage and urher use when he renewable sources canno injec enough power in he local grid. I
should be noed ha he use o hydrogen o power isolaed communies has been esed in he Raglan mining
complex o Glencore in Nunavik.

3.3. Smar Cies

3.3.1. Inroducon o Smar Cies
The concep o ‘smar ciy’ is no very precise bu he basic objecve is o mee he demands o he urban
populaon in a susainable way o improve lives and provide greaer eciencies in delivering services. I oen
includes some echnologically advanced choices. Core inrasrucure elemens in smar cies are: adequae wa-
er supply; assured elecriciy supply; saniaon; solid wase managemen; ecien urban mobiliy and public
ranspor; aordable housing; robus IT connecviy and use o Inerne o Things; e-governance; cizen
parcipaon; susainable environmen; he saey and securiy o cizens; healh and educaon.

In many counries, cies and urban areas are being planned wih he same broad objecve bu under dieren
names: susainable cies, Ne Zero cies, solar cies, BiodiverCies, ec.
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3.3.2. Cies in he world: curren siuaon
The majoriy o he world populaon is now urban. The urban populaon o he world has grown rapidly, rom
751 million in 1950 o 4.46 billion in 2021. The percenage o populaon ha lives in urban areas is hus 56.6%
o he world populaon. I is projeced ha by 2050, 68% o he world populaon will live in urban areas6 The
pace o urbanisaon is projeced o be aser in developing economies. I has been widely recognised ha he
growh o urbanisaon has aken place a he expense o climae and naure. I is esmaed ha cies and
meropolian areas are responsible or abou 60% o global GDP and 70% o global carbon emissions. For he
purpose o decarbonisaon, cies are, hereore, a ron runner or consideraon.

3.3.3. Challenges or cies o become smar
Buildings are major consuens o cies. The buildings secor is no only a major consumer o energy and waer
bu is also responsible or ransporaon and communicaon requiremens, and is majorly responsible or he
urban congeson on rac and business, governmen inrasrucure, educaonal insuons and healh acilies.
The sing o buildings, heir design, neighbourhood planning and overall own planning can bring a drasc
change in he environmenal consequences o an urban conglomeraon. This also provides a major opporuniy
or he decarbonisaon o cies basically hrough he decarbonisaon o buildings and relaed inrasrucure
such as roads, ransporaion, oices, indusry, markeplaces, educaion & healh aciliies, recreaion-
al aciliies, communicaon, ec. Wase ulisaon and use o green energy can conribue o susainabiliy.
Smar cies, hereore, occupy an imporan space in building decarbonisaon. However, one o he major
consideraons in his decarbonisaon iniave is how a ciy is ormed. Cies have hisorically evolved o pro-
vide adequae opporunies or producon and consumpon models o susainable economies. As urbanisa-
on advances, he up o now ever-increasing requiremens o oce buildings - which could change wih he
pos-covid and climae change induced increase o remoe work - residenal housing, markes, spaces or
educaon, healh care, recreaon and or so many relaed acilies, hus need o be addressed. I could be
he same or he sores and shopping ceners wih he developmen o he E-commerce.

Several counries and cies have developed sraegies and applicaons o suppor urban green inrasrucures
and naure-based soluons (NBSs). Building yards and surrounding areas can be an imporan par o he urban
green growh and conribue o reducing he need or cooling. Carbon-binding capaciy and sorage are direcly
dependen on he lea area and biomass o a plan, and hus on he dieren vegeaon ypes. Depending on
he local climae, guidelines or planng appropriae plans can help subsanal carbon sequesraon and
sorage (CSS) poenal. Furhermore, he adapaon and opmisaon o he echnologies o dieren climae
zones is a very imporan issue.

3.3.4. Exisng, orhcoming and possible breakhrough soluons or smar cies
Wih new echnological breakhroughs, global sociees are undergoing major changes o make everyday lives
beer, more ecien and more eco-riendly. Neverheless, a number o ecien echnologies and soluons
are now available ha can address key issues such as healhcare, ransporaon, and waer and energy
management in a city 

Inormaon and communicaon echnologies, wih he Inerne o Things (IOT), Big Daa and Machine Learning,
allow he developmen o ‘plaorms’ ha play a crucial role in improving he eciency o ransporaon ne-
works, delivering real-me inormaon o users and providers, bringing down uel consumpon and relaed
carbon emissions. As a resul o improved eciency, ransporaon becomes hen aordable o all he inhabi-
ans o he ciy aciliang an inclusive approach.

As a ool or acon and an insrumen o improve he lives o all cizens, he Inernaonal Insue orManagemen
developmen in Lausanne, Swizerland (IMD) and Singapore Universiy o Technology and Design (SUTD) recenly
brough ou he hird edion o heir Smar Ciy Index (SCI). The Smar Ciy Index Repor 2021 includes 118 cies
o he world. In his repor, he ‘smar ciy’ connues o be dened as an urban setng ha applies echnology o
enhance he benes and diminish he shorcomings o urbanisaon or is cizens. Daa colleced or he survey
included ve key areas: healh and saey, mobiliy, acvies, opporunies, and governance.

This edion o he SCI ranks he cies worldwide by capuring he percepons o residens in each ciy. The

6 World urban populaon 2021-SascsTimes.com
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nal score or each ciy is compued by using he percepons o he las hree years o he survey.

The Top 10 smares cies in 2021 were: Singapore (1st), Zurich (2nd), Oslo (3rd), Taipei Ciy (4th), Lausanne (5th),
Helsinki (6th), Copenhagen (7th), Geneva (8th), Auckland (9th) and Bilbao (10th) 

The repor emphasised ha, in order o unleash he ull poenal o smar cies, a necessary balance should
be ound beween he echnological aspecs o smar cies and heir human aspecs. However, apar rom
hese 118 cies repored by he hird edion o he Smar Ciy Index Repor, here are many more cies, boh
big and small all over he world, ha srive or improving heir urban inrasrucures, aking several seps ha
include echnological developmens, susainabiliy goals, and he aspiraon o he inhabians in he same way
as smar cies ry o do. The example o India is presened below.

Examples o smar cies in India

I is esmaed ha India’s buildings sock is se o grow by 0.86 billion square meers by 2030. This is an
opporuniy o plan and build only Green Cies.

In 2014 he Governmen o India announced is ambious plan o build smar cies across he counry
on building new smar cies and redeveloping exisng urban regions wih populaon o over 100 000
people. The naonal Smar Cies Mission o he Governmen o India (hps://smarcies.gov.in/) is an
urban renewal and rerotng programme wih he mission o develop smar cies across he counry.

100 smar cies will soon be a game changer and usher in a paradigm shi in he way cies are conceived
and designed 

Green cies and smar cies go ogeher, and he ormer is an inegral par o he laer. Focus areas o
green cies are: employmen opporunies; walking disance o work; he reamen and use o wase
waer; open spaces and green covers; and sakeholder parcipaon.

India is one o he rs ew counries o develop an exclusive rang sysem or Green Cies hrough he
Indian Green Building Council (hps://igbc.in). IGBC Green Cies Rang, as sandards or he greening o
such large developmens, based on sound environmenal principles, has been launched since 2015. IGBC
is closely working wih Developmen Auhories and Developers o apply green conceps and planning
principles in several Indian Cies, resulng in reduced environmenal impacs ha are measurable, hus
improving he overall qualiy o lie.
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4. Susainabiliy, public policies and regulaon

Energy policies are relying on scks, ambourines, and carros. In he conex o he decarbonisaon o he
buildings sector:

i) Scks are regulaons, codes and perormance sandards ha provide benchmarking merics and indices
o how he perormances o buildings and heir energy end users conorm o legal requiremens. For buildings,
sck policies include: building design codes o implemen passive design measures and decrease building
heang and cooling demand, or boh new consruced buildings and he rerotng o exisng buildings;
minimum energy perormance sandards or building sysems and appliances, such as he Minimum
Energy Perormance Sandard (MEPS) or appliances and lighngs. These sck policies are normally
mandaory and well implemened and conribue o a signican eec on building energy conservaon
and emission reducon.

ii) Tambourines are inormaon ools such as capaciy building, labelling, and awareness-raising campaigns
ha inorm and educae he public on compliance requiremens, decarbonisaon pahways and energy
saving sraegies. Building Labels and Energy Perormance Cercaes (EPCs), energy audis and inormaon
disclosure (especially or governmen buildings), as well as appliance labelling and inormaon campaigns,
are proven and eecve policy ools in he building secor. Building energy consumpon eedback wih
smar meers is also an inormaon insrumen exploied o reduce he energy use o buildings. In he
conex o carbon emission reducon, real-me signals o emission acors o elecriciy are useul o
nudge he behaviours o he occupans, in order o implemen demand-side response and achieve emission
reducon. The digialisaon rend in he building and power secors provides opporunies or he
applicaon o carbon emission inormaon ools.

iii) Carros are economic incenives such as rebaes and subsidies o encourage ousanding building
perormance hrough eiher echnological innovaon or curailmen pracces. Grans and subsidies are
radional nancing insrumens in he building secor. They are widely used by governmens all over he
world, or insance o improve he energy perormance o new buildings or appliances and he rerotng
o exisng buildings. Towards he arge o renewable energy on-sie generaon and ulisaon, several
subsidy ools have been implemened, including direc invesmens, eed-in aris, ec. Proper subsidies
and elecriciy pricing scheme designs wih carbon signals are key o movae on-sie power generaon
and build exible energy demand. In addion, new business models – oen based on he inerne, and
more and more also on AI – can as well conribue o bolser behaviours and energy eciency.

Buildings policy ools are oen inegraed and coupled: such consisency is imporan o aciliae he decisions
and acons o he numerous sakeholders. Furhermore, i is decisive ha hey aciliae:

• he reducon o GHG emissions a he lowes possible cos in he area o concern;

• decision-making and he rapid implemenaon o change, aking ino accoun poenal conicng ineress
o owners and users in parcular.

The number o counries implemenng sandards and labels on he equipmen o buildings is increasing,
especially in he area o lighng (wih LED and LED managemen sysems) and cooling which are in rapid
developmen in mos counries.

Much inormaon on he progressions o sandards and labels is available in he GABC repors. Fig. 2.8.
below, rom he GABC 2020 repor. This shows he percenage o he world populaon ‘beneng’ rom sand-
ards and labels or he dieren uses in he buildings.
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Fig. 2.8. Percenage o he world populaon beneng rom a sandard or a label by energy useChina building policies, a case sudy
Source: Policy coverage o oal nal energy consumpon in buildings, 2000-2018 - Las updaed 26 Oc 2022. Reproduced wih permission.

hps://www.iea.org/daa-and-sascs/chars/policy-coverage-o-oal-nal-energy-consumpon-in-buildings-2000-2018

The Chinese governmen has insued new policies o promoe buildings’ energy conservaon.

Such a naonal buildings’ energy conservaon plan was updaed every ve years o illusrae he main
arge and key measures o buildings’ energy conservaon measures. For example, he 13h Five-Year Plan
or Building Energy Conservaon and Green Building esablished a se o arges including energy ecien-
cy improvemen, a proporon o green building’ in new consruced buildings, green building maerial
applicaons, he rerotng o exisng buildings, ec. Eecve policy ools or implemenng he Five
Years Naonal Energy Plan are sandard improvemen and implemenaon among boh new and exisng
buildings. A series o energy conservaon sandards or buildings ook eec in recen years, including he
energy eciency design sandards or public and residenal buildings in several cold zones, in ho sum-
mer and cold winer zones and in ho summer and warm winer zones. Economic incenves inegraed
wih he Minimum energy perormance sandard (MEPS) were also implemened in China, and signi-
canly improved he ownership o energy ecien home appliances and home lighng bulbs.

Towards China’s carbon neuraliy, a series o acon plans and new policy clusers are also being launched.
The Carbon Peaking Acon Plan by 2030 which was launched in China idened several key areas o
buildings’ decarbonisaon, including elecricaon, energy eciency, PSDF buildings, zero carbon hea-
ing sysems in norhern China, and clean energy sysems or rural China. Several policy measures and
ools have been produced o suppor hese key areas. For insance, boh direc invesmen subsidies and
eed-in aris have been used o promoe disribued PV sysems in rural China. See also:

1) Minisry o Housing and Urban-Rural Developmen o PRC, The 13th Five-Year Plan o building energy
eciency and Green Building developmen[EB/OL],
hps://www.mohurd.gov.cn/gongkai/dzdgknr/zgg/201703/20170314_230978.hml, 2017-03-14.

2) The Sae Council o China, Acon Plan o Peak Carbon by 2030[EB/OL],
hp://www.gov.cn/zhengce/conen/2021-10/26/conen_5644984.hm, 2021-10-26.
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Policy ramework rom Souh Arica, a case sudy

Souh Arica has a reasonably well-developed policy ramework, as well as public/privae secor supporng
iniaves.

The privae propery developmen secor has been a leader in pushing he susainable building agenda
orward, and in ac suppored he esablishmen o he Green Building Council o Souh Arica (GBSA),
which has developed and manages a number o Green Building rang ools. Such ools include exisng
and new buildings. The GBCSA has recenly inroduced a Ne Zero rang ool which is awarded o buildings
ha show hey have no ecological impac in one or more areas o waer, energy, wase and ecology. To
dae, eigh buildings have received Ne Zero rangs.

A a governmen level, he naonal Deparmen o Public Works and Inrasrucure (DPW&I) has devel-
oped is Green Building Policy, which mos Provincial Governmen Deparmens have also adoped and
are applying to all new buildings See: hps://www.ecsa.co.za/news/News%20Arcles/181113_DPW_
Green_Building_Policy.pd

A key elemen o governmen policy was he developmen o he Souh Arican Naonal Sandard SANS
10400XA Energy Usage in buildings, which all new buildings have o comply wih. Through he DPW&I
Green Building Policy, SANS 10400XA se an “energy rajecory” which will be incorporaed ino all uure
revisions o SANS 10400XA and which arges o achieve a reducon o 8% on previous maximum energy
demand and maximum annual consumpon every wo years.

Souh Arica has also inroducedmandaory requiremens or public secor buildings greaer han 1 000m²
and privae secor buildings greaer han 2 000m² o publicly display Energy Perormance Cercaes
(EPCs). The EPCs are based on acual energy usage over a period o one year, and are valid or a period o
ve years. The inormaon conained wihin EPCs is being capured in a naonal daabase by he Souh
Arican Energy Developmen Insue (SANEDI).

5. Educaon and raining

5.1. Old and new needs oward low-carbon buildings
Energy ransormaon o buildings is a huge challenge, no only or R&D bu also in educaon and proessional
developmen, in all relaed ypes o acvies: rom archiecs o engineers, rom crasmen o operaors.
Furhermore, radional acvies, like changing a window, are remaining and evolving, and new acvies are
in developmen like insalling new echnologies rom hea pumps o smarmeering. New experse and capaciy
or crasmen ha insall his equipmen have o be buil up.

Wih sauory requiremens or climae proecon and conserving resources consanly increasing, a holisc
approach o recording, assessing and implemenng eciency measures is imporan. Aspecs o ‘lie cycle
hinking’ and he circular economy, along wih all relevan connecons, mehodologies and daa, mus increasingly
and sysemacally be ransmied o mulpliers in businesses via inormaon and consulng neworks or
crasmen and operaors o buildings.

The qualiy o he realisaon is also key as i has an impac on he energy needs, he level o emissions and he
operaon cos o a new building and aer rerotng. These quesons on he qualiy o realizaon and relaed
pracces mus cerainly have a greaer place in educaon and proessional developmen.

Changing he windows o a building may no be economically proable over a shor depreciaon period, even
i he qualiy o he realizaon is good, bu considering he enre lie cycle and he aendan use o resources
over a longer ime rame, i may be a paricularly susainable soluion. This example shows why improved
connuing proessional developmen mus no be limied o echnological aspecs bu explicily include
exended consideraons o economic eciency/proabiliy over a sucienly long me. Such economic
consideraons should also include pricing in he side eecs o new echnological soluons.
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In many European counries, abou 1% o he buildings are modernised yearly; however, o reach he energy
ransormaon goals, a hreeold increase is necessary. I is hen necessary o aracmore young people in his
area! I needs hemobilizaon o he enre enre ecosysem involved. For example, or many years, in Germany,
he Learning Energy Eiciency Neworks (LEEN), in a collaboraion beween businesses and academia
(suppored by public unding), have been assising enerprises and housing associaions in planning and
implemenng operaonal energy eciency measures in buildings and processes. The ocus is on measures
ha are relavely economically proable rom he poin o view o he businesses.

5.2. Higher educaion
Susainabiliy and Lie cycle analysis are already presen oday in some universiy disciplines, alhough oen
reaed as amarginal opic. Lie cycle design, on he oher hand, is rarely augh oher han in specialis courses.
Boh opics will play an increasingly imporan par in many disciplines, and no jus in engineering, where i is
o obvious relevance. An undersanding o so-called ‘susainable and lie cycle hinking’ is also o imporance
in economics, business sudies, sociology, polical science, or he eaching proessions, among ohers. This
raining can be given on specic opics such as energy ecien buildings.

Furher, environmenal impacs, asidemanuacured homes, are increasingly shiing rom he operang phase
o buildings o he producon phase, aking ino consideraon he energy inensive producon o passive
homes due o, or example, more energy and inormaon echnology or insulaon maerial. In engineering,
however, he ocus is sll on opmising and improving he operang phase. Thereore, in uure, raining in
sustainability should become an integral part of any engineering degree It is worth considering whether more
mandaory praccal work experience should be required a he beginning o an engineering course. This will
help engineering sudens wih heir communicaon skills and provide an undersanding o everyday pracce
in companies 

An example rom Germany

The ransormaon o he building energy supply requires experse rom engineering and archiecure.
Corresponding inegraed Maser courses a universiy level are eiher no available or no visible. An
experimen a TUMunich showed he ollowing challenges: ormal hurdles or iner-aculy exams, dier-
en ways o eaching and learning. Archiecs preer visualisaion by drawings and picures, engineers
use ormulas and graphs. I ook a long me beore he archiecure and engineering sudens began o
correspond. Bu he experimen was worhwhile: in he end, he sudens evaluaed he lecure mos
posively and asked or more. Universies should esablish commonMaser courses, or a leas common
lectures 

5.3. Training he uure apprences
Furher skilled manuacuring workers/craspeople able o nd susainable soluons and run he circular
economy wih he necessary echnical knowledge o innovave processes are needed. In he coming decades,
OECD counries will experience an increasing shorage o specialisworkers in his eld, due o he overvaluing
o academic sudies while he raining o skilled workers and craspeople is negleced – be i in insallaon and
commissioning or mainenance and service. New echnologies can only really be rolled ou across he economy
i he relevan craspeople wih relevan raining are available.

From his viewpoin, a debae on he principles o he srucure o educaon and raining would doublessly
be useul in many counries. I should again be discussed wheher universies or applied sciences and appren-
ceships in rades can be beer inerconneced. Tha is o say, wheher very demanding rade apprenceships
should perhaps in uure lead o a bachelor’s degree. This does no mean ha he apprenceship should
become more heorecal – apprenceship in a rade mus remain very praccal.
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5.4. Lielong learning – Connuous Proessional Developmen
As a resul o rapid echnological and social change, in he building secor like in ohers, lielong learning is
becoming more and more imporan a all levels o educaon and raining, rom rades hrough echnical
colleges o universies. Training and degree courses alongside work, in rades and a universiy, or connuing
raining in he aoremenoned opics is becoming par o everyday working lie. The speciciy o he building
secor compared o ohers is he high number o small and mid-sized local companies where connuous
proessional developmenmay be dicul o organize.

While crossovers beween rade apprenceships, echnical colleges and (echnical) universies are becoming
more ransparen, his does nomean one-sided inellecual raining!

Some more elemens may be ound in Working Group Circular Economy and Susainable Energy, TUMünchen,
March 2022. See: hps://mediaum.ub.um.de/doc/1649455/documen.pdf

India, a case sudy

The building secor currenly consumes 35% o he elecriciy generaed in India. I is hus imperave
ha ciy developmen and planning should become inegraed wih susainable, climae sensive and
resource preserving soluons rom he consrucon indusry. The Bureau o Energy Eciency (BEE) de-
veloped he Energy Conservaon Building Code (ECBC) and he Sar-rang program or buildings o pro-
vide guidelines o he indusry and encourage he consrucon o energy ecien buildings. To his end,
a sysem ha would provide he indusry wih he requisie pool o qualied proessionals needs o be
pu in place. The curren archiecural educaon scenario in India, while able o mee he requiremens
o he indusry, is no ully equipped o implemen a naonal susainable design and consrucon srae-
gy. This would require undamenal and praccal knowledge in building physics and climaology, passive
solar design, energy-ecien echnology and sysems, sae o he ar compuer simulaon ools, and a
broader undersanding o he energy ows in he larger ecosysem. Moreover, wih approximaely 4 000
archiecs cered by he Council o Archiecure (COA) in India each year, i is expeced ha here will
be a growing shorage o archiecs o mee he demand or he consrucon o new buildings in he u-
ure. This challenge is urher compounded by he ac ha barely a handul o archiecure insuons
have signican ocus on susainable growh in he consrucon secor. An absence o up-o-dae curric-
ula as well as limied availabiliy o rained aculy urher aggravaes he problem. To address hese
issues, Energy Conservaon and Commercializaon projec Phase 3 (ECO-III) iniaed an archiecural
curriculum enhancemen iniave in India. The objecve o he exercise is o assis academic insues
in preparing he nex generaon o archiecs and engineers who are aware o he needs o he Indian
building design and consrucon indusry rom an energy eciency and susainabiliy perspecve. As
par o his iniave, i is also proposed ha he experse and knowledge o he exisng aculy will be
upgraded by organising ‘Train he Trainer’ programmes as well as oher programmes providing connuous
learning opporunies. (Source: A need or curriculum enhancemen in archiecural educaon o promoe
susainable buil environmen and migae climae change, USAID Energy Conservaon and Commercial-
izaon Projec Phase 3, Ocober 2009). See: hps://www.researchgae.ne/publicaon/266382605_A_
NEED_FOR_CURRICULUM_ENHANCEMENT_IN_ARCHITECTURAL_EDUCATION_TO_PROMOTE_SUSTAINA-
BLE_BUILT_ENVIRONMENT_AND_MITIGATE_CLIMATE_CHANGE
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6. Case Sudies

6.1. Buildings’ decarbonisaon in Lan-America and impacs on regulaon
77% o he populaon o Lan America and he Caribbean (LAC) counries (431 million oal in 2021) live
beween he souhern and norhern ropics (Cancer and Capricorn), wih a climae ha is mosly beweenmild
and warm, wih medium o high humidiy, as Fig. 2.9. shows, excep or Monerrey, Ciudad Juárez and Tijuana
in Mexico; Buenos Aires, Cordoba, Mendoza and Sana Fe in Argenna; Sanago de Chile in Chile; Monevideo
in Uruguay; Poro Alegre in Brazil. All large urban areas are also in ha area.

In consequence mos o he energy used in buildings and households is applied o cooking, heang waer,
house appliances and cooling. Heang is no a widely used service.

Wih a relavely low GNP, LAC’s populaon ends o consume less energy per capia han developed counries.

LAC’s nal consumpon by energy and secors or 2020 (OLADE, 2021), where residenal akes 17.5% and
commerce 5% o oal energy consumpon, reach 1240 TWh. This percenage has grown only 1% in he las
10 years 

Fig. 2.9. Lan-America geographical siuaon

As Table 2.2. shows, rewood is more used han oher energy sources in Cenral America: i amouns o 78.8% o
oal residenal energy consumpon (140 TWh, 11.1% o LAC) and 27.8% o oal rewood consumpon in LAC.

Energy vecors %

Naural gas 11.1%

LPG 18.3%

Firewood 24.1%

Elecriciy 42.3%

Other 4.1%

Table 2.2. Energy consumpon by energy source in he residenal and commercial secors
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Specic decarbonisaon and energy savings iniaves in he residenal and commercial secors are being
implemened in several Lan-American counries. Argenna, or example (De Schiller, 2020), has counry-wide
and regional ools o oser energy eciency7 in buildings, such as a non-mandaory sandard or he energy
capabilies o buildings and buildings’ energy rang cercaon.

InMexico, hreemainmechanisms o oser energy eciency and susainabiliy are applicable, mosly in urban
areas (Morillón G., 2015). One is he use o direc economic incenves, owhich we can menon our examples:

• economic aid o exchange old inecien rerigeraors and washing machines or new energy-ecien
models, as well as or solar waer heaers;

• economic aid or he hermal rerotng o buildings (hermal isolaon and more ecien lighng and air
condioning);

• special morgaging condions or susainable housing (designed or lower CO2 footprint);

• bidireconal elecrical energy inerchange beween buildings wih phoovolaic generaon and he
disribuon grid, as an incenve o his ype o disribued generaon.

Anoher mechanism is he publicaon omandaory naonal sandards or energy eciency in new buildings
and non-mandaory sandards or consrucon maerials, solar waer heaer sysems and susainable ouris
building insallaons, among ohers.

The third mechanism is the certification and recognition of sustainable buildings and sustainable urban
developmens.

Oher counries, like Brazil and Chile, have developed cercaon sysems; however, no mandaory sandards
or legislaon enorce heir applicaon (De Schiller, 2020).

Fig. 2.10. shows he changes in building’ energy consumpon rom ulies (BECU) per urban inhabian since
he year 2000 or hree counries (Argenna, Brazil, Mexico) and wo regions (Cenral and Souh America).
There seems o be a correlaon beween acve measures o oser energy eciency plus local susainabiliy in
buildings, on he one hand, and BECU per-capia in urban areas on he oher.

Fig. 2.10. Relave Building Energy Consumpon rom Ulies (BECU) change since 2000 per-capia in urban areas.
Source of data: PANORAMA ENERGÉTICO DE AMÉRICA LATINA Y EL CARIBE, 2021, OLADE, Organización Lanoamericana de Energía

hps://sielac.olade.org/WebForms/Repores/VisorDocumenos.aspx?or=453&documenoId=10000014
OLADE is he Lan American Energy Organizaon” (in Spanish: “Organización Lanoamericana de Energía”).

SIELAC is he Energy Inormaon Sysem or Lan America and he Caribbean.

7 Energy eciency has wo prongs: one is he use o appliances ha are more energy-ecien; he oher is he subsuon o energy supplied by elecric and gas ulies
by locally generaed energy, mosly hrough solar heang and FV elecric generaon.
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For Cenral America, even wih a rapidly growing urban populaon, ew decarbonisaonmeasures have resuled
in a 20% increase in BECU per-capia (urban) in 20 years. While, or Argenna, here was a marked endency o
lower BECU per capia (urban) beween 2010 and 2020. Brazil’s BECU per capia (urban) is almos unchanged,
while Souh America as a whole shows a endency o reduce BECU per capia (urban) aer 2010, probably
pulled by Argenna.

In Mexico’s case, a connued reducon in BECU per capia (urban) is apparen and reached almos 20% in 20
years. Alhough direc economic incenves have been he primary drive o reduce BECU per capia, mandaory
sandards or energy eciency in new buildings should mainain his endency.

We can conclude ha here is a clear opporuniy o increase decarbonisaon in buildings in Lan America,
hrough incenves o promoe local susainabiliy (reducing energy consumpon rom ulies) or boh new
and exisng buildings8 

6.2. Decarbonisaon a he disric level: he case o poor neighbourhoods in developing
counries
The scope o his case sudy is o analyse he consequences o he curren sysem o subsidies in poor neigh-
bourhoods in Buenos Aires (Argenna) rom he poin o view o GHG emissions and o propose anoher
approach or decarbonisaon and he improvemen o he qualiy o lie o inhabians. This case sudy was
carried ou by he Universiy o Buenos Aires in 2021.

We observe ha in many counries:

1 households below he local povery line have almos all heir energy subsidised;

2 a percenage o he populaon receives paral subsidies;

3 the rest of the homes pay the total cost of energy 

Fig. 2.11. ‘Villa 31’ slum, locaed close o Buenos Aires downown ciy.
Source: Google Earh

8 The presenaon o his case sudy is based on he ollowing documens: De Schiller, S. e. (2020). Eciencia Energéca Edilicia en Argenna. Buenos Aires, Argenna:
Cenro de Invesgación Hábia y Energía.

Morillón G., D. G. (2015). Reos y oporunidades para la susenabilidad energéca en edicios de México: Consumo y uso nal de energía en edicios residenciales,
comerciales y de servicio (Vol. SID 689). Mexico Ciy: Insuo de Ingeniería, UNAM.

OLADE. (2021, January 6). OLADE - Lan American Energy Organizaon. Rerieved 01 2021, rom sielac olade org:
hps://sielac.olade.org/WebForms/Repores/InogramaBalanceEnergecoSimplicado.aspx?or=545&ss=2&v=3
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Elecriciy consumpon and subsidies in Buenos Aires slums
Around he 1930s, he rs selemens were insalled in Buenos Aires, as a resul o is proximiy o he por
and the train terminals (see Fig. 2.11.). The expansion o he slums increasedwih he arrival o new immigrans
rom neighbouring counries. The erriory in which hey sele has been he undamenal issue or dispues
since is esablishmen, generang organisaonal orms o resisance rom he neighbours agains he ranser
or eradicaon projecs. The siuaon o he slums is a complex problem rom he social and urbanisc poin
o view. We will reer only o he presen siuaon o he energy subsidies and heir eecs on GHG emissions.

The disribuon o elecriciy in Buenos Aires is licensed o privae companies. In he slums, homes do no have
individual meers bu communiy meers (see Fig. 2.12.) and all he consumpon is paid rom he ederal and
provincial budge.

As shown in Fig. 2.12., he elecriciy consumpon by home in slums ranges beween 2.5 o 3 mes he mean
consumpon by home in he ciy o Buenos Aires. There are several possible reasons or his large dierence:
a) he condion o hermal isolaon o he houses are wors in he slums; b) elecrical appliances are less ecien
here; c) heang is based on elecriciy (in mos o he homes in Buenos Aires heang is based on naural gas);
and d) as he elecriciy is ree, here is no incenve o reduce consumpon. This commen is no a cricism
o he inhabians o hese areas, bu an observaon o he exisng condions in which hey may use energy.

Fig. 2.12. Communiy meers in slums (le) and monhly elecriciy consumpon by home in Buenos Aires vs. slums (righ)

One o he wo elecriciy disribuon companies o Buenos Aires has, under his sysem, 68 000 houses ha
consumed 615 000 MWh in 2020, disribued in dieren slums o he meropolian area o Buenos Aires.
Considering a cos o elecriciy o USD 85/MWh and an emission acor or he elecriciy sysem in Argenna
of 0 407 tonnes CO2/MWh, his means USD 52 million/yr o subsides and 250 000 onnes CO2/yr o emissions.

Case sudy or one o he Buenos Aires slums
The ollowing paragraph summarises he economic resuls o replacing subsidies o consumpon by invesmen
in energy eciency, solar hermal and phoovolaic equipmen, and disric heang or ‘Villa 31’ in Buenos
Aires Ciy. ‘Villa 31’ has 7 950 houses wih 26 400 inhabians. 83% o he houses have clean waer by pipeline,
47% o he houses have one sorey and 36% have wo.

The ollowing analyses are calculaed considering a cos o elecriciy a USD 85 /MWh, emission acor or
electricity at 0 407 tonnes CO2/MWh, inernal rae o reurn o 8% and prices in Buenos Aires. The slum is
considered to be comprised of 8 000 houses 
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• Ecien rerigeraor

Considering he energy savings, he Ne Presen Value o he subsidies o consumpon represens 55% o he
cos o buying a new rerigeraor. The new appliance would also avoid 0.274 onnes CO2/yr o GHG by home
and improve he qualiy o lie o he inhabians.

• Solar thermal for hot water

Considering he energy savings, he Ne Presen Value o he subsidies o consumpon represens 98% o he
cos o buying and insalling solar hermal equipmen and a ho waer ank. Such new equipmen would also
avoid 0.821 onnes CO2/yr o GHG by home.

• Solar phoovolaic.

Considering he energy savings, he Ne Presen Value o he subsidies o consumpon represens 90% o he
cos o buying and insalling solar phoovolaic equipmen. Such new equipmen would also avoid 2.196 on-
CO2/yr o GHG by home.
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• Disric heang

A 589 MW naural gas combined cycle power plan produces elecriciy in Buenos Aires a a disance o only
1 000 m rom ‘Villa 31’ (see Fig. 2.13.) The heat generated by the power plant can be distributed through a
sysem o insulaed pipelines a very low cos. The ho waer rom he pipelines is used a houses or space
and waer heang. From he 168 kWh/monh required by elecric ho waer anks and he 353 kWh/monh
required or space heang as average during he 4 winer monhs, a oal o 3 428 kWh/yr is replaced by he
Disric Sysem. Accounng by he 8 000 houses o he Villa 31, he Ne Presen Value o he replaced subsidies
is USD 27 million. Alhough he cos o he projec sll mus be assessed, i is esmaed ha i should reduce
heang cos or he area. Disric heang would also avoid 11 160 onnes CO2/yr o GHG.

Fig. 2.13. Disance beween he exisng hermal power plan and he ‘Villa 31’ (Buenos Aires, Argenna)
Source: Google Earh

Conclusions and key poins o his case sudy
A presen, elecriciy subsidies rom he ederal and provincial governmens or an 8 000-home slum in Buenos
Aires involve USD 6.1 million/yr. According o he acor emission o elecriciy in Argenna a he me o he
sudy, GHG emissions resulng rom he consumpon o heir inhabians are 29 300 onnes CO2/yr.

This sudy shows ha replacing subsidies o consumpon by one-me invesmen in solar hermal and solar
phoovolaic residenal equipmen is praccally ‘neural’ rom an economic poin o view and would reduce
GHG emissions by 24 134 tonnes CO2/yr (Table 2.3.) 
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Concerning heang, because a 589 MW power plan is producing elecriciy a only 1000 m o he sie, wih
‘wase’ hea available rom he elecriciy generaon process, disric heang is one opon or replacing
subsidies o consumpon in he case sudy o his paper. A combinaon o disric heang or waer and space
heang and solar panels or elecriciy could reduce he presen subsidies o USD 0.1 million/yr and GHG emis-
sions to 570 tonnes CO2/yr.

Iwould be reasonable o insall domiciliary meers or he small amoun o elecriciy no covered by he solar
panels, as an incenve o save energy and a ool in avoiding he use o ree elecriciy or indusrial acvies.

For counries wih nancial problems, i may no be possible o aord such one-me invesmen ha could
replace subsidies o consumpon wih economic advanage and drascally reduce he GHG emissions pro-
duced in the slums 

Invesmen Subsides Avoided Ne Presen Value o
Subsides Avoided CO2 avoided

MMUSD MMUSD/yr MMUSD tonCO2/yr

Ecien Rerigeraor 7 1 0 46 3 9 2 191

Solar Thermal or ho waer 12 0 1 4 11 7 6 564

Solar Phoovolaic 40 0 3 7 36 0 17 570

Disric heang To be computed 2 3 27 2 11 160

Presen Siuaon
Present Susides
MMUSD/yr

Present CO2

toncCO2/yr
6 1 29 300

Table 2.3. Subsidies and possible invesmens o replace hem a he Buenos Aires slum (8 000 homes)
MMUSD = Million US$

6.3. Two case sudies o disric hea neworks in China

Projec 1: Taigu long-disance heang projec in Shanxi Taiyuan
The Taigu heang projec, presened in Fig. 2.14., involves large emperaure dierences alongside a
long-disance nework. Iwas sared in 2013 and successully pu ino operaon in 2016. This projecwas he
rs one in China o ransmiwase hea rom suburban power plans o he main urban hea nework hrough
long-disance pipelines wih large emperaure dierences. The Gujiao Xingneng power plan is a large hermal
power plan 40 km rom Taiyuan ciy wih a oal insalled elecriciy capaciy o 3120 MWe and a hermal ou-
pu o 4480MWh. This power plan is used as he hea source or Taiyuan wih a heang radius o 70 km. Four
1400mm diameer ransmission pipelines carry he howaer rom he Gujiao power saon o he inermediae
energy saon as he key par o he projec. The main pipeline is 37.8 km long wih 3 pumping saons and
1 emergency waer make-up saon. The six-sage circulang pump gradually pressurises he waer. Heigh
dierence is 180 m. The design waer ow rae o he long-disance heang nework is 30 000 onnes per hour
wih supply and reurnwaer emperaures o 130 °C and 30 °C. This sysem currenly provides hea or 76million
m2 in buildings wih abou 60% o he subsaons rebuilwih absorpon hea exchangers wih a reurn waer
emperaure o 37 °C rom he long-disance hea ransmission nework.
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Fig. 2.14. General layou o he main heang pipeline rom he Gujiao power plan o Taiyuan. Consruced rom an aerial phoograph rom Google Earh

The sysem provides signican environmenal benes. The cogeneraon and indusrial wase hea accouned
or 79.2% o he oal hea supply in Taiyuan. The disric heang nework kep expanding o replace small
dispersed coal-red boilers and mee he heang demand o new buildings. Since he implemenaon o he
Gujiao long-disance wase hea ransmission projec in 2016, he sysem has replaced 41 million m2 o heang
by scaered coal-red boilers, and he Taiyi power plan wih 4×300 MWe unis in he ciy cenre has been
shu down. Annually, he sysem replaces he use o 3.66 million onnes o sandard coal usage or heang and
eliminates 13 000 tonnes of air pollutant emissions and 9 5 million tonnes CO2 emissions by reducing the use
of coal 

Because o he high eciency o he hea source and he large reducon in he cos o hea ransporaon, he
oal heang cos o he long-disance heang sysem is also grealy reduced. The comprehensive heang cos
o he Taigu heang projec is abou 138 yuan/MWh, which is similar o ha o coal-red boilers and much
lower han ha o gas-red cogeneraon.

Fig. 2.15. Toal heang cos comparison. Provided by Tsinghua Universiy wih Permission or Reproducon

Projec 2: Indusrial wase excess recovery projec rom Qianxi seel acory in Hebei province
Jinxi Seel Plan and Wanong Seel Plan, hereaer reerred o as Seel Plan J and W, are 10 kilomeres o
he norhwes o Qianxi Couny. The annual seel producon o Seel Plan J and W is abou 6.5 million and
2 million onnes respecvely. The wo plans purchase iron ore as raw maerial and produce seel producs in
our major processes: sinering, iron-making, seel-making, and seel-rolling.

Large amouns o low-grade indusrial surplus hea is released during he producon processes, and he heang
poenals o blas urnace (BF) cooling waer, blas urnace slag-ushing waer, and low-pressure seam in
power-generaon devices are calculaed in Table 2.4.. The maximum heorecal heang power is approxi-
maely 400 megawas (MW).
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Hea sources Temperaure (°C)
Quany (MW)

Plan J PlanW Toal

BF cooling water 35-45 116 80 39 90 156 70

BF slag-ushing waer <100 140 70 47 70 188 40

Low-pressure seam 143 44 00 8 00 52 00

Total 301 50 95 61 397 10

Table 2.4. Heang poenal o indusrial surplus hea in seel plans J and W

The disric heang sysem in downown Qianxi serves o hea abou 3.2 million m² o buildings, and hea
demand is abou 150 MW. Considering he inner hea demand o Seel Plan J and W is 20 MW in sum, he
oal hea recovered is abou 170 MW. Since he oor area o buildings in Qianxi keeps expanding rapidly, i is
esmaed ha hea demand migh reach 500 MW in 2030 or aer.

A cascade hea recovery procedure has been designed, as shown in Fig. 2.16. The implemenaon o his projec
is divided ino hree sages wih he growh o hea demand. So ar, he rs sage has been running or 8 years.

The oal hea recovered in he 2020-2021 heang season was approximaely 129 MW in average. The heang
power o he slag-ushing waer is abou 90 MW. Comparing his par o low-grade surplus hea o hea rom
coal combusonwih a hermal eciency o 80%, he conserved uel is equal o 40 000 onnes o sandard coal
per year. Thereore, reducons in CO2 emission, SO2 emission, and NOx emission are some 106 000 onnes,
340 onnes, and 300 onnes per year respecvely.

Fig 2.16. Hea recovery procedure and supply nework. Provided by Tsinghua Universiy wih Permission or Reproducon
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7. Key Messages and Recommendaons

Key Messages
1 A large number o echnologies is available oday, allowing us o ac immediaely on he decarbonisaon

o buildings. The ollowing recommendaons presen our views owards his end. Mos o hem are ‘no-re-
gre sraegies’ and ‘low-hanging rui’. Some especially concern he exing building sock, since many o
he exisng buildings will sll be presen in 2050, while some oher especially concern he new buildings.

2 Research and innovaon is needed o enrich he already very signican number o echnical soluons,
giving hen more possibilies o decrease he emissions.

3 Even i he direc use o solar wase hea has o be considered, we consider ha he principal avenue or
buildings decarbonisaon is more and more elecricaon, as elecriciy will progressively have a lower
carbon content 

4 We are ully aware ha he siuaons are very dieren rom one counry o anoher, inside counries, ec.
The soluons are no he same in indusrialised counries and emerging ones. They are also no he same
or avoured people and poor people or whom improving he qualiy o lie comes rs. In any case, he
polical, socieal, economical and organisaonal dimensions are essenal (see 1, 2, 3 and 9 especially).

Recommendaons

7.1. Clear, sable, and holisc policies o eecvely accelerae reducon in buildings’ emissions
We recommend ha all public policy projecs impacng he building secor be only validaed i hey are orien-
ed owards reducing emissions. This is no only abou choosing energy vecors bu also abou he respecve roles
o he cies, he owners and he users in he decision process.

We hus highly recommend developing holisc public policies or he secor (codes, minimum energy peror-
mance sandards, labels, nancial incenves, axes) and ha hey become even clearer and more sable in he
long erm. However, a review mechanism or improving such public policies should be incorporaed and pub-
lished 

We recommend paying aenon o he implemenaon pahways o he policies hrough adaped indicaors
(specially the CO2 emissions per m2). We also recommend conducng measuremens aer consrucon or
rerotng o check/audi nal perormances.

7.2. Locally-adaped design, consrucon and equipmen: keys o new susainable buildings
We recommend rying o reach reasonable comorwih low emissions a aordable cos hrough his ordered
lis o priories:

1 Bes possible passive aordable design in he local climae and conex, as i will bring down he annual
cos o operaon o he building hroughou is lieme.

2 Choosing he available low-carbon maerials or building consrucon and energy sources/vecors: direc
solar use (or waer heang or example), geohermal heang or cooling, low-carbon hea rom he disric
nework, low-carbon elecriciy rom local PV or rom he nework.

3 Choosing he mos ecien equipmen and building services using he sources/vecors chosen a sep 2
and aking in accoun heir aordabiliy.

To opmise he use o maerials and sysems as well as he consrucon process, we recommend promong
he use o Building InormaonModelling (BIM) o improve qualiy and reduce energy use, emissions and coss
along he lieme o he buildings. More globally, he developmen o a circular economy by embracing a cradle-
o-grave or cradle-o-cradle liecycle assessmen in he buildings secor will be needed.
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7.3. Well-balanced exisng rero soluons o signicanly reduce emissions and energy use
a he lowes possible cos
For rerotng, we recommend ha public policies aciliae obaining he righ local balance beween im-
proving he building envelope (insulaon), inroducing local generaon (especially PV on he roo) and sor-
age, and changing he equipmen or low-carbon equipmen (e.g. replacing a gas heaer by a hea pump):
the amount of yearly CO2 reducon depends on his balance and so do he capial and operaonal expenses
(CAPEX and OPEX) and comor or he inhabian.

7.4. Elecricaon or decarbonisaon, improved inegraon o renewables and exibiliy
Beside he specic use o elecriciy or inormaon and communicaons echnology, we recommend elecri-
caon and making elecricaon available or all basic uses, including:

• cooking: using elecric cooking appliances (inducon) i possible, and advanced cooksoves as soon as
possible where biomass is sll used due o he unavailabiliy o elecriciy;

• lighng: using LED and lighng managemen sysems using LED;

• waer heang: using elecric waer heaers, hea pump waer heaers;

• heang/cooling (decenralised space heang/cooling): using hea pumps, i possible, reversible i needed,
and radiave heang i hea pumps are no relevan.

The increasing elecricaon o buildings allows heir energy consumpon o increase (exibiliy, load shiing,
peak shaving) and urhermore conribues o he high inegraon o remoe inermien renewables like PV
and wind 

Furhermore, insead o being only energy consumers, buildings could play a greaer role in he conex o
energy system decarbonisation through: (a) the utilisation of their roofs (and façade spaces) to install
on-sie renewable energy generaon unis, especially in low-densiy and low-rise buildings; (b) he inegraon
o hermal or power sorage echnology in he buildings (see 7.7); and (c) he use o exible energy o achieve
demand-side managemen or response.

7.5. Disric heang and disric cooling in seleced locaons: asses in abang emissions rom
buildings and cies
We recommend considering disric heang neworks as an asse or decarbonisaon i he energy hey provide,
in kWh, is ‘low-carbon’, which may be possible or example i solar, geohermal and biomass, wase hea rom
indusrial sies and power plans, urban wase and hea pumps are used.

In seleced locaons, disric cooling may also be an asse i he kWh hey are providing is ‘low-carbon’ which
may be possible using he waer o a lake or o he sea, as well as renewables like solar and shallow geohermal
energy as well as heat pumps 

Boh could bene ar more han is usually he case rom iner-seasonal hea sorage.

7.6. Hydrogen: a limied bu useul poenal or buildings and cies
Under specic condions, hydrogen may be used o sore energy rom solar and wind energy. For insance, in
isolaed communies.

We recommend using low-carbon H2, as i may be useul o replace diesel as uel or some non-connecable
equipmen needed during consrucon phase. We recommend uel-cells powered by low-carbon hydrogen
replacing diesel generators in case of power failure in hospitals or data centres for example 

7.7. Considering buildings as energy sysems o aciliae exibiliy and susainabiliy and
enhance digialisaon
We recommend operang buildings as exible energy sysems hamay be opmised o conribue o reducing
emissions and energy bills hrough demand-side response or example - even more so i hey are conneced o
he energy disricmanagemen sysem, i exisng.

There is a need o insall sensors and o connec all principal equipmen o a Building Energy Managemen
sysem (BEM), which is easier or new buildings han or old ones.
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Users will be made more responsible hrough creave business models and hrough beer inormaon on he
operaon o energy-consuming devices via appropriae ineraces, even i, in mos cases, hey consider i o be
unineresng.

7.8. Smar Cies o bring ogeher smar buildings
The smar ciy concep has emerged as a game changer in he building secor and suppors he decarbonisaon
o he secor. This is equally applicable o exisng buildings in developed counries, and o he socks o be buil
in developing counries.

We recommend his approach, which is non-invasive and does no inerere wih any o he exisng echnologies
or processes bu improves heir eciency by inegrang digial echnologies or opmising he use o naural
resources by he own planning and operaon, hus allowing carbon emissions in cies o be reduced. I is
basically a sysemic change wih very lile addion o building cos.

7.9. Renewed educaon and raining o ‘smar enerprising builders, archiecs and operaors’
and beer inormaon or he public
Beyond he general awareness o susainable echnologies and heir implemenaon on all levels o educaon
(school, apprenceship, engineering educaon, lielong learning), we recommend paying a special aenon
o he needs o he building secor and hus orm numerous well-rained craspeople, rom apprenceship
o connuous proessional developmen, in he workplace. They are indeed a he roo o he massive
implemenaon o low-carbon echnologies, such as hea-pumps, PV panels, BEMs and heir neworks, new
echnologies like 3D prinng, ec.

Educaon and inormaon o he public are needed o help he user o behave in such a suiable manner as o
promoe he decarbonisaon and raonal use o energy. Moreover, he undersanding by cizens as a whole
o he juscaons o he regulaons described above (7.1), heir ‘why, how, when’, is key or such a ransor-
maon.

7.10. Social measures o ensure energy ransormaon policies are eecve
Decen living sandards, sucien building space and service levels are essenal measures, and should be
enhanced because:

• suiable building per capia oor area, low carbon building maerial and consrucon mehods are key o
reducing buildings embodied energy and emissions;

• passive buildings design, suiable indoor emperaure, green liesyle and ‘par me and par space’
behaviour, and naural venlaon play a crucial role in reducing building operaon energy and emissions.

Soluons should concern all human beings, especially hose now in siuaons o energy povery and, more
generally, povery, which aecs many counries and suburban areas. Such issues should hus be addressed
o simulaneously improve lie and reduce emissions. We recommend ha every ‘green plan’ ake hese
consideraons ino accoun.

Furhermore, policies should also be implemened and adaped o remoe locaons.
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Lis o abbreviaons and acronyms

AC Air Condioning
AC Alernave Curren
AI Arcial Inelligence
BAPV Building Aached PV
BECU Building Elecriciy Consumpon rom Ulies
BIPV Building Inegraed PV
CCS Carbon Capture and Storage
CDD Cooling Degree Day
CHP Combined Heat and Power
COP Coecien o Perormance
DC Direc Curren (Connuous)
DEC Direc Evaporave Cooling
EdF Elecricié de France
EJ ExaJoule
EPC Energy Perormance Cercae
ESCO Energy Service Company
GABC Global Alliance o Buildings and Consrucon, Global ABC
GHG Green House Gas
HVAC Heang Venlaon Air Condioning
IEC Indirec Evaporave Cooling
IoT Internet of Things
IPCC Inernaonal Panel on Climae Change
IT Inormaon Technology
LAC Lan America and Caribbean (Counries)
LCA Lie Cycle Assessmen
LED Ligh Emitng Diode
LEEN Learning Energy Eciency Nework
LPG Liqueed Peroleum Gas
M&V Measuremen and Vericaon
MEPS Minimum Energy Perormances Sandard
NBS Naure Based Soluon
NDC Naonal Deermined Conribuon
NPV Ne Presen Value
O&M Operaon and Mainenance
PEDF Phoovolaic Energy Sorage, DC curren and Flexibiliy (Buildings)
PEDF Phoovolaic Energy sorage, Direc Curren, Flexibiliy (Buildings)
PLC Power Line Curren
PV Phoovolaic
RESCO Renewable Energy Service Company
RTS Rooop Solar PV
SCI Smart City Index
SDG Susainable Developmen Goal
SDHW Solar Domesc Howaer Sysem
SPV Solar PhooVolaic
VRF Variable Rerigeran Flow
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Execuve Summary

We live in he mids o he ossil energy age. Fossil energy sources provide more han 84% o global primary
energy consumpon (PEC), and oil and naural gas accoun or more han 57%. Moreover, he global use o oil
and gas is increasing, especially in less developed counries: here has been an asounding hreeold upsurge in
worldwide PEC over he las 50 years. In 1970, oal PEC was 52 500 TWh, while oday’s global energy de-
mand is now over 166 667 TWh and is projeced o grow o nearly 250 000 TWh by 2050. The rising use o ossil
fuels is responsible for the main share of increasing anthropogenic greenhouse gas (GHG) emissions While
here is growing polical, social and nancial pressure – including on oil and gas companies o parcipae in
he urgenly needed ransion owards saed ‘ne-zero’ GHG emission goals - he world is no making any
signican progress as emissions connue o increase or all GHGs. In 2019, he global emissions o CO2 from
all ossil uel combuson amouned o 33.5 G, he highes level ever, wih 8% (2.65 GCO2) arising from the
producon, reamen, rening and ranspor o oil and gas. Mehane is he second larges anhropogenic
conribuor o global climae change aer CO2 and is a more potent GHG (by a factor of about 30) with a shorter
impac me rame. The Inernaonal Energy Agency (IEA) esmaed ha oil and gas mehane emissions were
abou 82.5 million onnes in 2021 equivalen o around 2.5 GCO2 

The energy ransion needed o lower carbon inensiy is complex, risky and uncerain1. The IEA projecons or
global energy consumpon builds on hree scenarios: STEPS (Saed Policies Scenario), which corresponds o
he curren siuaon wih a connued growh rend in oil and gas producon hrough 2050; APS (Announced
Pledges Scenario), which corresponds owha counries have pledged under he inernaonal Paris Agreemen
bu are by and large ailing o accomplish; and he more aspiraonal NZE scenario (Ne Zero Emissions by
2050). While he pace o decarbonisaon remains highly uncerain, he oil and gas indusry will keep adapng
o he demand or lower GHG producon mehods and producs. Our key observaons and recommendaons
for the industry are the following 

1 Reducing mehane emissions and aring in oil and gas producon are he mos pressing and perhaps he
mos achievable and cos-eecve acons o underake or oil and gas producing counries and companies.

2 We recommend urher improvemens in he eciency o oil and gas operaons, including he increased
use o new digial echnologies and increased use o elecricaon o process equipmen where easible
and where he elecric grid has a high proporon o low-carbon energy sources.

3 Greaer use o Lie Cycle Assessmen (LCA) models and improvemens in such models are needed o
deermine wheher acons inended o reduce GHG emissions are eecve, or wheher hey are nohing
else than ‘greenwashing’ 

4 Carbon Capure Ulisaon and Sorage (CCUS) is receiving considerable aenon and invesmen in
demonsraon projecs. However, he scale o viable and sae deploymen, and is acual subsequen
impac remain o be seen as ar as applicabiliy o oil and gas producon is concerned.

5 Signican invesmens are needed in peroleum-ocused R&D, susainabiliy and global equiy, and
especially or people and sociees o char possible pahs or lowering GHG emissions rom he oil and gas
industry 

1 hps://vaclavsmil.com/2022/03/07/how-he-world-really-works/
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1. Inroducon

As explained in Chapter 0, he goal o he 2022 CAETS Energy Commiee Repor is o be useul o public
auhoriies, all sakeholders in he energy secors in our respecve counries, and our naonal Engineering
and Science Academies The focus of this chapter on crude oil and natural gas (referred to as ‘oil and gas’) is
o explore and assess he poenial easibiliy o lower carbon emission roues and alernaives or he
producion o curren oil and gas producs used in he ranspor and oher secors, he perochemical indusry
and oher applicaons. We are no ocused on he myriad o end uses o hese producs. Oil and gas are he
major drivers and componens o mos segmens o human acviy, encompassing ranspor, ood producon,
seel making, concree producon, perochemicals and he manuacure o chemicals, ec. In his repor, we
ocus only on he supply side o peroleum and naural gas, rom is exracon ou o reservoirs o renery and
gas operaons. Our repor does no duplicae hemany exisng repors on peroleum, is producs and heir impac
on climae change. Our inerpreaons, ndings and recommendaons consue he consensus o our eam
members. They do no necessarily agree wih he cied reerences nor represen he views o our respecve
insuons.

Fossil uels have been known and used since anquiy. However, large-scale producon, in parcular o oil
and gas, only sared in he mid-19th cenury, and i has been increasing worldwide ever since. Fossil uels now
provide more han 84% o global primary energy consumpon (PEC), wih oil and gas accounng or more han
57% (Fig. 3.1.) 

Fig. 3.1. Conribuon o global PEC by dieren energy sources2

Global PEC ell by 4.5% in 2020 compared wih 2019 due o he impac o he COVID-19 pandemic. In 2020,
oal PEC was 154 444 TWh, owhich oil (27%) and gas (25%) represened 52%. A as recovery was experienced
in 2021 demand, reaching he level o 2019 consumpon.

2 BP Sascal review oWorld Energy, 2021 hps://www.bp.com/en/global/corporae/energy-economics/sascal-review-o-world-energy.hml



130

CAETS 2022 TOWARDS LOW-GHG EMISSIONS FROM ENERGY USE IN SELECTED SECTORS

Global PEC was 52 500 TWh in 1970, o which oil (47%) and gas (17%) represened 64% o PEC. The increasing
use o nuclear energy and, more recenly, low-carbon energy sources have reduced he oil and gas percenages
o PEC since he 1970s, bu he percenage o coal consumpon remained seady, a an average o 28% o PEC
(see Fig. 3.2.)3 

Fig. 3.2. Primary Energy Consumpon (PEC)

The demand growh rae or each primary energy source was dieren in each decade. Reasons include new
echnologies, price and demand changes and changes in GDP growh. Gas usage grew much aser han oil
hroughou his period, and i is projeced o keep growing and reach a peak much laer han oil. Many
consider naural gas as a ‘ransion uel’, wih lower GHG emissions han oher ossil uels. I has a key role in
supporng low-carbon energy sources, which ypically ace inermiency and sorage challenges. One parcularly
as-growing segmen o naural gas has been liqueed naural gas (LNG). LNG has womajor roles – he major
one being in he ranspor o naural gas over long disances where pipelines are no easible. The global LNG
rade increased since is incepon in he early 1970s omore han 370million onnes in 2020, i.e. abou 12% o
naural gas produced. The end-use omos LNG is power generaon. LNG has also been used o a lesser exen
as a ranspor uel, parcularly or large vehicles such as ships, bus ees and rucks.

The impac o hydrocarbons on energy end use in he las decade

Fig. 3.3.a, b, c, d, e, f, g, h below were calculaed rom 2021 Inernaonal Energy Oulook daa. They depic
energy consumpon by end use in several economic secors, and by uel. I is imporan o poin ou ha he
EIA denion o ‘indusrial’ includes energy inensive manuacuring, non-energy inensive manuacuring and
non-manuacuring.

Energy demand by end use secors is: indusrial (54%), ranspor (25%), residenal (14%) and commercial (7%)
(cf Fig. 3.3.b.) 

3 U.S. Energy Inormaon Adminisraon-EIA - EIA 2021 Inernaonal Energy Oulook hps://www.eia.gov/oulooks/ieo/
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(a) (b)
Fig. 3.3.a. and 3.3.b. Energy consumpon by end use

(c) (d)
Fig. 3.3.c. and 3.3.d. Indusrial energy consumpon by uel

In 2021, coal (26%), oil (25%) and naural gas (24%) represened 75% o indusrial demand or a oal o 268 EJ.
Worldwide 61% o disposable ossil uels are used or elecriciy generaon. Percenage-wise, he share o
naural gas in elecriciy generaon is growing, while oil and coal are declining.

(e) (f)
Fig. 3.3.e and 3.3.f. Commercial energy consumpon by uel
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In 2021, coal (5%), oil (11%) and naural gas (30%) represen 46% o commercial demand or a oal (including
elecriciy) o 35 EJ.

(g) (h)
Fig. 3.3.g. and 3.3.h. Residenal energy consumpon by uel

Source o daa or hisograms in Fig. 3 a, b, c, d, e, , g, h: EIA U.S. Energy Inormaon Adminisraon - Inernaonal Energy oulook 2021
hps://www.eia.gov/oulooks/ieo/

In 2021, coal (12%), oil (11%) and naural gas (38%) represened 61% o residenal demand or a oal o
64 EJ (17 800 TWh) (Fig. 3.3.g. and h.). Finally, energy consumpon in he ranspor secor used 95% o oil-
derived producs, wih a oal energy consumpon o 121 EJ (33 600 TWh) (Fig. 3.3.a.) 

Global crude oil consumpon has sabilised, or slowed down, in he developed world, bu i is sll increasing
in developing counries, which resuled in a ne increase o 1.4% annually rom 2010 o 2019. I showed a
rapid rebound in 2021 aer a drop in 2020 due o he COVID-19 pandemic4. Is global consumpon hough is
projeced o peak someme around 2030 or laer, depending on supply and demand consideraons and how
as world decarbonisaon proceeds. Naural gas producon and consumpon have been growing aser han
oil and is producs and are projeced o peak much laer han oil.

The IEA projecons or global energy consumpon consider hree scenarios (Fig. 3.4.)5, described below.

• STEPS (Saed Policies Scenario) corresponds o wha is acually aking place in all he counries surveyed;

• APS (Announced Pledges Scenario) corresponds o wha various counries have pledged under he
inernaonal COP 21 Paris Agreemen; and

• NZE (Ne Zero Emissions scenario), he aspiraonal scenario or 2050. In IEA’s World Energy Oulook 2021,
he base case shows connued global increase in ossil uels in spie omuch aser growh in low-carbon
energy sources through the next few decades 

4 IEA, Global Energy Review: CO2 Emissions in 2021. hps://www.iea.org/repors/global-energy-review-co2-emissions-in-2021-2)
5 IEA, World Energy Oulook 2021
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Fig. 3.4. Consumpon o liquid, gaseous and solid uels by scenario, IEA World Energy Oulook 2021 projecons, p.213.
Oil producs consumpon increases hrough 2050 in STEPS, and naural gas beyond 2050. Reproduced wih Permission
hps://iea.blob.core.windows.ne/asses/4ed140c1-c33-4d9-acae-789a4e14a23c/WorldEnergyOulook2021.pd

I is no dicul o see why i is so hard or he world o move away rom ossil uels, especially liquid and
gaseous uels [hps://vaclavsmil.com/2022/03/07/how-he-world-really-works/] While the rate of global
populaon increase is slowing, UN projecons show ha he global populaon is likely o increase rom nearly
8 o abou 11 billion people someme in he second hal o he 21s cenury. By comparison, world populaon
was esmaed o be lower han 1 billion people beore he sar o he indusrial age, and lower han 2 billion
beore he widespread use o ossil uels. Increased ood producon and oher similarly impacul echnological
advances have resuled in oday’s human populaon numbers, once hough o be impossible o aain and
susain. In addion o he use o peroleum producs or ranspor, here are many oher drivers or heir
growh. Examples include increases in polymer consumpon (rom 4 kg/capia in he developing world o
abou 60 kg/capia in he developed world) and he producon o HVC (High-Value Chemicals) and mehanol,
ammonia and other basic chemicals6 

More imporan han he number o people is he aspiraon o an increasing par o he global populaon,
especially in he indusrialised counries, now usingmuch less o he world per capia GDP and energy o achieve
higher sandards o living and a beer qualiy o lie. Anoher major rend ha can conribue o increasing
energy demand is he projeced connued urbanisaon, leading o he doubling o he number o people living
in large cies, wih perhaps as many as 70% o he world populaon in he second hal o he 21st cenury living
in or around large megacies, according o he UN Deparmen o Economic and Social Aairs projecons.
Hence, global PEC is projeced o keep increasing signicanly, and while low-carbon energy use is growing
aser, much o he new increase in global demand could sll be supplied by ossil uels or a long me o come.

All major energy ransions in he pas have been relavely gradual, wih overlapping shares o energy sources.
As ar as ossil uels are concerned, he ransion has been mosly addive, raher han a replacemen. For
example, oil and gas did no compleely ‘replace’ coal – oday’s global use o coal is he highes i has ever
been. Similarly, he use o low-carbon energy sources has been addive, hough i can be argued ha i i were
no or low-carbon energy sources, more ossil uels would have been used. As described long ago by he Jevons
Paradox, or wha is usually ermed oday as he ‘Rebound Eec’, improvemens in eciency and new sources
of energy lower their cost and can contribute to increasing the use of energy 

6 IEA, The Fuure o Perochemicals (2018). hps://iea.blob.core.windows.ne/asses/bee4e3a-8876-4566-98c-7a130c013805/The_Fuure_o_Perochemicals.pd



134

CAETS 2022 TOWARDS LOW-GHG EMISSIONS FROM ENERGY USE IN SELECTED SECTORS

Considering he imporance and he prominen role o ossil uels in all aspecs o civilisaon, he ransion
rom ossil uels is likely o ake decades as well, wih a pace deermined by commimen and easibiliy,
echnology breakhroughs, he availabiliy omassive global invesmens, and oher global acors. Moreover,
he ransion canno be driven on he supply side only The demand side is equally imporan, bu polical
acons impacng demand, such as higher axaon, setng a high price or CO2, emission rading sysems, ec.
are ar more complex o design, more dicul o implemen, and enail slower responses, since he oucome
depends on personal decisions, social condions in each counry and he exibiliy o changing use paerns.
To dae, lile is being done o address he demand side in many counries.

The base case (according o he IEA), even assuming ha governmens will somehow deliver on heir climae
promises (which has no been he case so ar), sll shows he share o ossil uels o be probably over 70%
hrough 2040.Many published scenarios roll ou he possible ranges and paces o such a ransion, rom he overly
pessimisc o he overly speculave, aspiraonal, or even misleading ones. Transparen daa and clearly saed
assumpions are essenial or evaluaing scenarios. They allow he underlying acs o be checked, physical
laws and consrains o be complied wih, and he unceraines and long-erm consequences o be undersood.

This is where Lie Cycle Assessmen (LCA) models are crical (See Annex 1.3. o Chaper 0: “To set the
Scene). Aribuonal LCAmodels are ypically used by regulaors, and hey can be comprehensive, such as
‘well-o-wheels’ models, bu hey do no always capure all he rebound eecs, unknowns, unceraines,
or uninended consequences. Consequenal LCA models are increasingly employed o add some o
hese indirec and ollow-up eecs bu heir long-erm predicon accuracy and compleeness remain
o be proven. LCAs are useul, ye hey mosly address he supply side o liquid uels (biouels, gasoline,
diesel, naural gas, ec.). The IPCC uses Inegraed AssessmenModels, or IAMs, or versions o LCA ermed
Socieal-LCA, or S-LCA, which ocus on he demand side, on he impacs on sociees, economies and
climae change, and hence indicae wha real susained reducons in energy use and GHG emissions may
be achieved. See also: hps://link.springer.com/arcle/10.1007/s11367-020-01750-8

There are many examples o LCAs and IAMs being used o evaluae he carbon ooprin o oil and naural gas
producon and delivery sysems. One example or a specic LNG supply chain is provided by Roman-Whie e
al7. The auhors examined a specic projec and roue o liqueying US naural gas in Cheniere’s Sabine Pass
LNG aciliy and sending such LNG o China, where i is regasied and used in power generaon, hypohecally
replacing coal. The LCA sysem boundary encompasses naural gas producion (and resuling mehane
emissions), gas reang and ranspor via pipeline o he LNG liqueacon plan, hen liqueacon and sorage,
loading and ranspor via LNG ships, and nally receiving, regasicaon and power generaon in China. An
overall reducon in GHG inensiy o approximaely 50% is calculaed vs. a coal power generaon LCA. The
sudy also accouns or mehane emissions hroughou he whole chain. Using he sandard weny-year me
horizon, mehane emissions conribue more han 77% o GHG emissions in gas producon, abou 40% in gas
processing, 58% in he ransmission o gas o he LNG plan, and 43% in shipping and regasicaon.

Anoher recen example is he use o LCA o esimae he poenial o GHG emission reducion rom he
producon o shale oil and gas in he Permian basin – a major source o increased US oil and gas producon,
and methane and CO2 emissions8. The auhors considered opons or reducing GHG emissions relaed o
Permian basin operaons. They ound ha CO2 could be reinjeced ino convenonal oil ormaons o enhance oil
recovery and hen sequesered ino saline aquiers or unconvenonal gas ormaons in he orm o CO2-based
racuring uids. The auhors concluded hamuch bu no all o he Permian basin naural gas can be parally
“decarbonised” i he CO2 is sequesered in hese ways.

7 S. A. Roman-Whie e al: LNG Supply Chains: A Supplier-Specic Lie-Cycle Assessmen or Improved Emission Accounng; ACS Susainable Chem. Eng. 2021, 9, 10857-
hps://pubs.acs.org/doi/pd/10.1021/acssuschemeng.1c03307

8 U. Singh, J.B. Dunn: Shale Gas Decarbonisaon in Permian Basin is i Possible. ACS Eng. Au 2022, 2 3 248-256.
(hps://pubs.acs.org/doi/10.1021/acsengineeringau.2c00001)
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Anoher example is he aviaon secor. Despie improvemens in aircra eciency, he impac o his secor
on climae change is a growing concern. The Inernaonal Civil Aviaon Organizaon (ICAO) esablished he
Carbon Osetng and Reducon Scheme or Inernaonal Aviaon (CORSIA) o help reduce aviaon greenhouse
gas (GHG) emissions [hps://doi.org/10.1016/j.rser.2021.111398]. Four elemens proved key o he agreed
LCA mehod: (1) he use o lie-cycle accounng or GHG emissions; (2) he inclusion o indirec land use
change (ILUC); (3) saeguards o preven deoresaon; and (4) he creding o pracces hamigae he risk
o land use change (LUC). The CORSIA LCA mehod consues a good rs sep, bu i is no perec ye. Mos
credis in he CORSIA scheme come rom carbon credis, which can be conroversial as he amoun o so-called
‘susainable aviaon uel’ (a blend o biouel wih convenonal je uel) is a racon o one per cen a presen.
There aremany crics o CORSIA and he real oucome (reducing GHG emissions rom aviaon) remains o be seen.

2. Proposed pahways or reducing GHG emissions in he oil and gas indusry

Global ossil uel combuson-relaed CO2 emissions reached 33 5 GtCO2 in 2021, abou 0.22% higher han 2019
(IEA Global Energy Review)3. They accouned or abou 67% o overall world greenhouse gas (GHG) emissions.
Although CO2 emissions are he larges GHG source in he energy secor, mehane emissions are he second
larges and consue an imporan cause o global warming. In addion o naural sources o mehane and
ugive mehane emissions rom he producon o coal, oil and naural gas, oher signicanmajor sources o
mehane emissions are agriculure, land clearing, and animal husbandry. Oher GHG emissions, no addressed
in our chaper, alhough amuch lower amouns, include nirous oxide, HFCs, and ohers.

2.1. CO2 emissions
In 2021 the total global annual emissions of CO2 rom uel combuson amouned o 33.5 GCO2

(4), wih 8%
(2 65 GtCO2) arising rom he producon, reamen, rening and ranspor o oil and gas. In addion, more
han 0.0825 G o mehane, anoher greenhouse gas, equivalen o 2.5 addional G o CO2-e, was emied9 
These emissions (esmaed o be 5.1 GCO2e in 2021) accoun or as much as 12.5% o he world overall energy-
related GHG emissions (40 8 Gt CO2e) and 24% o hose corresponding o oil and gas uels.

Minimising greenhouse gas emissions rom oil and gas operaons (producon, reamen, rening and ranspor)
is a crical prioriy. This can be done via he improvemen o energy eciency by:

• he implemenaon o Energy Managemen Sysems (EMS): an ecien EMS improves he managemen
o energy and helps design acons o increase energy eciency;

• digialisaon o suppor he EMS by he deploymen o equipmen and soware or daa acquision,
perormance monioring and AI, in parcular, machine learning;

• Improving he rening o caalyc processes and hea inegraon iner-process unis;

• Replacing ossil uel heang wih elecrical heang using low-carbon energy as well as elecriying oher
equipmen and sysems where possible;

• Applying carbon capure, ulisaon and sorage (CCUS);

• Reinjecng gas o enhance oil recovery.

A presen, hese iniaves are underaken eiher volunarily by companies or in response o counry policies
and regulaons, parcularly in rening, which is he larges CO2 emier in he oil and gas producon chain.

Reneries are complex insallaons, wih process unis seleced or he ype o crude oils o be processed and
arge markes or he produc. Reners have been under pressure rom regulaons, which orced hem o
increase he number o heir process unis and adap heir processes o he new marke demands, new produc
specicaons, and environmenal regulaons – hereby increasing energy consumpon and CO2 emissions,
while a he same me signicanly improving energy eciency.

9 IEA, Global Mehane Tracker, Feb. 2022. hps://www.iea.org/daa-and-sascs/daa-produc/mehane-racker-daabase-2022#
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» Case sudies show ha he move rom ‘no-EMS’ o he implemenng o a ‘ull-EMS’ migh achieve abou
10% o energy savings10 

» Disllaon has been idened as oering he larges opporuniy or reducon in energy consumpon;
Such reducon has been suggesed o reach 10 o 15% hrough he implemenaon o exisng echnologies,
including:

• insalling pre-ash columns;

• opmising column inle emperaures;

• reducing coking in furnaces and the fouling of heat exchangers;

• maximising he disllae in he amospheric column;

• implemenng advanced conrols, such as dynamic marix conrol (DMC);

• replacing column inernals wih higher eciency rays.

» The hea inegraon o he process unis oers he possibiliy o reduce bolenecks and o improve he
eciency o hea exchange; however, increased inerdependency beween unis mus be careully
assessed, especially or sar-ups and unplanned shudowns.

» Inegraon wih perochemical plans allows he eedsock and producs (e.g., hydrogen) o be shared in
addion o energy disribuon neworks (seam gas and power), wih benes in erms o economy o
scale and improved opmisaon.

Addionally, reneries reduce CO2 emissions by:

• Increasing crude reamen exibiliy and he conversion o reneries. This allows hem o cope wih he
marke changes o peroleum producs. World oil consumpon increased in he period 2010-2019 a a
mean annual rae o 1.4%, whereas he consumpon o ligh and medium disllaes increased by 1.7%
annually and heavy uel oil decreased by 2.4%; his shows ha rening conversion could allow reneries
conneced o a naural gas nework o reduce uel oil ring and replace iwih naural gas, wih a reducon
o 20 o 25% in CO2 emissions 

• Insalling cogeneraon acilies: as a signican proporon o renery energy needs are supplied by seam,
insalling cogeneraon wihin he renery energy sysem is advisable (or high-eciency CHP). In his way,
reneries can produce elecriciy a a carbon inensiy o abou 350 kgCO2/MWhas a subsue or nework
elecriciy, and drive he reducon in CO2 emissions when network carbon intensity is higher 

Mehane Emissions
In addion o venng and aring large quanes o gas (mosly mehane) in many remoe oil producon
acilies, much mehane gas is being released ino he amosphere. The Inernaonal Energy Agency (IEA)
esmaed ha worldwide oil and gas mehane emissions were abou 0.0825 G in 2021, i.e. 3.6% lower han
in 2019, which is mainly due o lower producon acviy and acons or reducon (see Fig. 3.5.)10 As methane
has a global warming potential about 30 times higher than CO2 over 100 years (and 80 imes or a 20-year
ime horizon), his amoun o emiedmehane is equivalen o 2.5 G o CO2 equivalen (CO2e)

11, a gure equiva-
len o 90% o he energy emissions o he European Union in 2020. This is also comparable o he CO2 emied
or peroleum producon, ranspor, rening and processing (i.e. 2.65 GCO2) 

10 IEA: Curailing Mehane Emissions rom Fossil Fuel Operaons Oc. 2021. hps://www.iea.org/repors/mehane-racker-2021
11 Energy Transions Commission: Keeping 1.5 ºC Alive: Closing he Gap in he 2020s, Sep. 2021
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Fig. 3.5. IEA esmaon o oil and gas mehane emissions by source in 2020
Source o daa or hisogram: IEA 2021 Mehane racker. Reproduced wih Permission

hps://www.iea.org/repors/mehane-racker-2021

Anthropogenic methane emissions are the second largest cause of global warming behind CO2 and seem to be
growing at a faster rate than CO2 in he amosphere. Oil and gas producon and supply are among heir larges
sources (Fig. 3.6.)9. As a resul, he mos eecve shor-erm measure o reducing GHG emissions rom he oil
and gas secor is o reduce mehane emissions rom crude oil and naural gas producon-sies. Governmen
policies are imporan ools in encouraging he oil and gas secor o implemen reduconmeasures and inves-
mens in order o reduce mehane emissions and progress in achieving he global climae goals.

Fig. 3.6. World sources of methane emissions
IEA, “Curailing Mehane Emissions rom Fossil Fuel Operaons, Pahways o a 75% cu by 2030” Page 11 . Reproduced wih Permission

hps://iea.blob.core.windows.ne/asses/ba5d143a-3ab-47e6-b528-04981eb31ae/CurailingMehaneEmissionsromFossilFuelOperaons.pd
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As menoned earlier, Fig 3.6. shows hamehane emissions rom oil and gas operaons are one o he larges
conribuors o anhropogenic mehane emissions. However, echnologies ha may abae and preven
mehane emissions rom oil and gas operaons are available and well known.

Fig. 3.7. Toal mehane emissions and mehane inensiy o producon in seleced oil and gas producers, 2021
Source: IEA, Mehane Emissions rom Oil and Gas Operaons, Tracking repor— Sepember 2022, IEA. License: CC BY 4.0

hps://www.iea.org/repors/mehane-emissions-rom-oil-and-gas-operaons

Mehane abaemen oers some o he mos cos-eecve opporunies o reduce emissions, as, in many
cases, he gas saved can allow he required invesmen o be quickly recovered; he IEA esmaes ha 45% o
emissions can be abated at no net cost under 2021 gas prices9. A reducon by 60% or more by 2030 should
also be possible (Energy Transions Commission, Sepember 2021) i he necessary incenves or invesmen
are provided (e.g. regulaons, he creaon o a domesc naural gas markewhere none exiss, pipelines, ec.).

Mehane and oher GHG emissions ake place during vening and laring, especially as a consequence o
producon upses, equipmen operaon and ugive losses. Acons o assis in he reducon o hese emissions
are as follows:

• Reduce connuous and unplanned emissions by he inroducon o predicve mainenance, supervisory
conrol, sensors, and advanced daa analysis;

• Reduce ugive emissions by leak deecon and repair (LDAR);

• Replace pneumac pumps and conrollers and apply he bes available echnologies or pumps, compressors
and valve seals o reduce emissions and leaks;

• Insall vapour recovery unis.
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Many oil and gas producers have already volunarily underaken seps o minimise mehane emissions rom
aring and venng and have se volunary emission reducon arges or he nex years. As an example, some
IOGP members esablished mehane inensiy arges or heir upsream operaons, ypically 0.2% o he
markeed gas volumes12 

Counries seeking o develop policies and regulaons in his area should learn rom he experience o regional
or naonal adminisraons and companies ha have already implemened mehane-relaed guidelines and
regulaons in order o esablish volunary and regulaory rameworks suiable or local condions.

Policies, however, are no eecve wihou appropriae ools or measuring he emissions and accuraely
reporng hem o he auhories. These acons can assis in improving regulaory eecveness. Even hough
more sophiscaed measuremen ools are sll in developmen, ohers ha apply o known emission sources,
in parcular by hemos prominen emiers, can be applied immediaely, which would be useul or esablishing
a credible monitoring programme 

Measures used or mehane emission assessmen include he digialisaon o operaons, ground-breaking
new echnologies o operae more eecvely, and he deecon o mehane leaks by drones and saellies.
The adopon and deploymen o core echnologies enabling he Inerne o Things (IoT), which essenally in-
egraes sensor communicaon and daa analysis, can display grea opporunies or he conrol o emissions.

Mehane emissions can be deeced and raced in some cases, bu hey could be hard o deec in oher cases.
Tracable emissions can be dened as hose semming rom poin sources ha can be easily idened. When
hey are ound, migaon measures can oen readily be underaken. Super emier leaks rom producon
wells and pipelines are a one end o he racable specrum while abandoned insallaons are a is oher end
and boh o hese should be argeed rs. Example: In he Barne Shale gas eld (racking) in Texas, where a
massive mehane leak was developing (Zavala-Araiza e al. 2015)13

As he able below shows, he deecon o mehane ugive emissions has made signican progress and a
number o sensing echnologies can be used depending on he size o he measured elemen.

Table 3.1. Available measuremen and modelling echniques (UNECE 2019)
Bes Pracce Guidance or Eecve Mehane Managemen in he Oil and Gas Secor – Monioring, Reporng and Vericaon (MRV)
and Migaon, Augus 2019, Page 14, ©(copyrigh 2019) Unied Naons. Reproduced wih he permission o he Unied Naons

hps://www.globalmehane.org/documens/Bes_Pracce_Guidance_or_Eecve_Mehane_Managemen_in_he_Oil_and%20Gas_Secor_2019.pd

12 Inernaonal Associaon o Oil and Gas Producers; Mehane Managemen in he Upsream Oil and Gas Indusry
hps://iogpeurope.org/wp-conen/uploads/2020/04/Mehane

13 D. Zavala-Araiza, e al. Toward a Funconal Denion oMehane Super-Emiers: Applicaon o Naural Gas Producon Sies; Env. Sci. Technol. 2015, 49, 13, 8167
hps://doi.org/10.1021/acs.es.5b00133
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An innovave example o echnology combinaon is he parnership beween ToalEnergies and GHGSa. The
companies developed saellie imaging echnology o monior poenal mehane leak occurrences a oshore
acilies and combined i wih local measuremens using a drone-mouned specromeer. ToalEnergies has
hus been able o cu is emissions by nearly hal since 2021, and he company objecve is omainain emissions
inensiy below 0.2% o commercial gas produced in oil and gas acilies and below 0.1% in gas acilies.

The abaemen omehane emissions is no necessarily a cos as he recovered gas can bemonesed. Fig. 3.8. below,
romGEC Advisors LLC [www geclp com], illusraes he average cos o abaemen vs. he abaemen poenal.

For example, he Chinese company CNPC was able o cu emissions by 12.3% in 2019 in he Dagang oilelds
during a leak deecon and repair (LDAR) pilo campaign. Recovering he associaed naural gas rom oilelds
is now an inegral par o he company’s operaons. Ven gas rom remoe wells ha have no pipeline access is
now recovered, low-pressure associaed gas is pressurised ino gahering pipelines, and recovered gas is used
o provide drilling power o rigs and auxiliary generaors. As highlighed in he OGCI websie, in he Tarim oileld,
48 gas recovery saons have been se up, wih a capaciy o 4.2 million cubic meers per day14 

Fig. 3.8. Ne-zero cos soluons or abaemen omehane emissions
Produced by GEC wih Permission o Reproduce. Kimberly L. Bell as conribuor.

hps://www.GECLP.com /

Across many o he world’s naural gas producon elds, gas pneumac devices used or process conrol and
chemical injecon venmehane direcly ino he air. Qnergy (qnergy.com) has developed a soluon ha allows
converng mehane powered insrumenaon o compressed air powered insrumenaon, hus eliminang
he release omehane o he amosphere during he process. During a successul pilo projec a he Barne
sie in March 2021, Qnergy’s echnology enabled he eliminaon o up o 98% o he mehane venng emissions
relaed o insrumens using naural gas. A major peroleum company operang in he Barne eld has now
decided o insall 400 o such unis ha will allow mehane venng o be abaed by abou 7 000 onnes/yr.

A number o publicly available repors already documened bes pracces o reduce mehane emissions in he
oil and gas value chain. The able below gives an overview o he main abaemen opons by emission source
caegories (Bes Pracce Guidance or Eecve Mehane Managemen in he Oil and Gas Secor Monioring,
Reporng and Vericaon (MRV) and Migaon, Augus 2019, Torlei Haugland, UNECE).

14 hps://www.ogci.com/case-sudy/cnpc-ackling-mehane-emissions/#:~:ex=Reducing%20mehane%20emissions%20rom%20oil,upsream%20mehane%20
inensiy%20by%202025
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The opons described in Table 3.2. below provide many praccal ways o reduce mehane emissions and
should be diligenly implemened as soon as possible in every operaon.

Table 3.2.Main abaemen opon by emission source UNECE: Bes Pracce Guidance or Eecve Mehane Managemen in he Oil and Gas Secor
Monioring, Reporng and Vericaon (MRV) and Migaon Augus 2019, Pages 38/39. ©(copyrigh 2019) Unied Naons.

Reproduced wih he permission o he Unied Naons
hps://unece.org/leadmin/DAM/energy/images/CMM/CMM_CE/BPG_Mehane_nal_dra_190912.pd
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3. The uure o he peroleum indusry

This secon considers he poenal uure o he global peroleum indusry in he long erm, i.e., weny or
more years ino he uure.While deails o he long-erm uure are inherenly uncerain, canno be accuraely
prediced by mahemacal models, and vary by region and counry, i is likely ha he uure global peroleum
indusry will dier grealy rom oday’s indusry. The reasons or change are several major drivers and heir
ineracons, resulng in he poenal emergence o wo disnc bu conneced subindusries, boh relian on
peroleum eedsocks. The emergence o he disnc subindusries may be gradual bu will likely accelerae
over me.

3.1. Drivers o change and heir consequences
The ollowing drivers o change are expeced o have an increasing impac on he global peroleum indusry:

a Susainabiliy concerns and commimens relaed o greenhouse gas emissions, heir impac on climae
change, and he need o reduce such emissions.

a As saed elsewhere in his chaper, emissions arise during he exploraon, producon, ranspor,
rening / processing o peroleum and, mos imporanly, he use o he indusry’s primary producs: he
combuson o uels used in ranspor, heang, and heavy indusry. The laer hree are excluded rom
consideraon in his chaper.

b Advances in energy and carbon supply rom sources oher han peroleum-derived producs, including
elecriciy, hydrogen, biomaerials, biouels and wase.

c Elecricaon, especially o he ranspor and manuacuring secors.

d The elecricaon o personal ranspor is driven by improved baery echnologies and reduced vehicle
manuacuring coss bu empered by he supply o elecriciy and possibly he availabiliy o crical minerals.

e Advances in carbon capure, ulisaon and sorage (CCUS).

f Rising global populaons and prosperiy leading o increased demands or energy.

g The emergence o new energy producs, including hydrogen and ammonia, on a regional and global basis

h Growing global demands or maerials and chemicals (relaed o housing, inrasrucure, clohing, ec.)
and nuriens (mainly or plans and animals) ha can be me by peroleum-derived producs.

Drivers o change (a) o (c) could reduce demand or curren peroleum-derived producs, mainly energy producs,
while driver (d) could mainain demand provided suiable sorage and echnologies become available. Drivers
(e) o (g) could increase demand or convenonal and new peroleum producs.

Consequenly, he curren peroleum indusry can be expeced o evolve, likely emerging as wo disnc bu
conneced subindusries, over he nex decades. Fig. 3.9. and Fig. 3.10. respecvely skech he curren and po-
enal uure peroleum indusry.
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Fig. 3.9. The curren peroleum indusry, is principal producs, and heir disposion.
The widh o he arrows symbolises he relave magniude o wha is produced

Five poins o consider wih respec o Fig. 3.9. are detailed below 

a These daa are global gures, applying o he year 2019 or an earlier year. They are approximae, having
been aken rom dieren sources and, in some cases, recalculaed using sandard conversion acors. Daa
are indicave, wih some deviaon rom oher repored daa o be expeced.

b The global oil consumpon o 4 423 M is equivalen o 90 million barrels per day (mbpd)15, 16 

c The naural gas consumpon o 2 869 M is equivalen o 39 004 Gcm13

d Chemical eedsocks (olens, hydrogen, BTX, ec.) require abou 543 M o oil, equivalen o 12 mbpd
(based on an equivalency o 0.124 onnes per barrel o oil)17 

e The oil requiremen or solvens, base oils, waxes, lubricans, and asphals is 290 M.

15 BP Sascal Review oWorld Energy (2021). hp://www.bp.com/sascalreview
16 BP Approximae conversion acors (2021). hps://www.bp.com/conen/dam/bp/business-sies/en/global/corporae/pds/energy-economics/sascal-review/

bp-sas-review-2021-approximae-conversion-acors.pd
17 IEA, The Fuure o Perochemicals (2018). hps://iea.blob.core.windows.ne/asses/bee4e3a-8876-4566-98c-7a130c013805/The_Fuure_o_Perochemicals.pd
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Fig. 3.10. The poenal uure peroleum indusry, is principal producs and heir disposion.
The widh o he arrows symbolises he relave magniude o wha is produced.

In he uure, one subindusry can be expeced o produce mainly energy producs, such as gasoline, diesel,
andmarine and aviaon uel or which here will be connued albei poenally reduced demand. This subindusry
may also produce new energy producs, such as hydrogen, ammonia, and e-uels. The oher subindusry would
mainly provide non-energy producs o mee rising global demands or base chemicals, consrucon, and oher
indusrial maerials (housing, inrasrucure, clohing, ec.), and nuriens or plans, animals, and possibly humans.
Such needs, resulng rom growing and more prosperous populaons, are dicul o mee rom naural
resources alone wih no adverse impacs on he biological environmen and biodiversiy. This subindusry may
also be viewed as an exension o he presen perochemical indusry.

The wo subindusries will be linked by common reliance on peroleum resources, discovered and accessed
by exploraon and producon respecvely. They will share a common objecve: he reducon (as much as
praccable) o GHG emissions. The subindusries will also share and exchange inermediae eedsocks and
producs, recycled producs, wases, and ulies. Collaboraon and harmonised operang plans beween
peroleum (i.e., oil and gas) and perochemical indusries will likely grow o reduce overall energy consumpon,
increase eedsock eciencies, reduce he producon o by-produc uels, and minimise process GHG emissions.

The oil and gas indusry is and will connue o be he major provider o carbon-based uels and carbon-based
feedstocks for primary chemicals (see Fig. 3.9. and 3.10 ) 
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Reneries will connue o play a paramoun role as providers o uels, perochemicals, and eedsocks or he
perochemical indusry (see also he Chemical Indusry chaper). However, reneries mus also conron a uure
in which demand or convenonal uels (mainly or road ranspor) decreases while demand or chemicals
and chemical eedsocks grows a a rae likely exceeding 3% annually. Based on IEA daa18, he share o oil or
chemicals and or chemical indusry eedsocks is esmaed o increase rom 14% presenly o over 20% in
2030. This change will cause reneries o decrease he producon o gasoline componens and increase ha
o aromacs in caalyc reormers and ligh olens (mainly propylene) in uidised bed caalyc crackers19 
The changes will require dieren caalyss, greaer aromac and olen separaon capacies, and addional
hydrocracking capabilies. These changes may also allow reneries o process biological eedsocks and wase
ino bio-marine and bio-aviaon uels as well as ligher hydrocarbons and eedsock or olen plans. However,
such changes will limi he availabiliy o heavy residues or producs like asphal binders. The marke or he
laer is projeced o grow abou 5% annually, primarily driven by inrasrucure needs in developing counries.

3.1.1. Technologies
As suggesed above, he uure peroleum indusry is expeced o ulise, where easible, more diversied
feedstocks Important examples of such feedstocks are:

• Plasics, currenly produced a approximaely 400 M/yr, wih only a small porion being currenly
recycled 

• As he collecon o wase plascs increases, some may no be suiable or physical recycling and need o
be chemically recycled, pyrolysed or incineraed. In he laer cases, opporunies may arise or peroleum
reneries o co-process hese maerials.

• Biomass unsuiable as ood, organic wase (including animal a and used cooking oil), municipal solid
wase, and oher low-carbon energy sources, arising rom he applicaon o circular economy principles.

The use o variable eedsocks poses imporan challenges, including he removal o impuries, reliabiliy, and
economies o scale. Many dieren echnologies and pahways are now available o produce, or example,
advanced liquid biouels rom biomass (e.g. via gasicaon, Fischer-Tropsch synhesis and he hydroreamen
o lipids). However, each pahway has disnc echno-economic characeriscs, wih process selecon and
operang condions depending on he eedsock properes, inegraon wih oher operaons, economics,
and markes. A wide variey o approaches, involving boh exisng and novel ones, will hereore be required.

The coprocessing o crude oil wih low carbon eedsocks is also a possibiliy when he laer are available on a
large scale and a compeve prices20 

Examples o such schemes and echnologies are currenly being implemened in China and Saudi Arabia21 
Elecriciywill likely become he principal energy source or process heang and seam generaon in he peroleum
indusry. Large, seady supplies o low-carbon elecriciy will be needed, and low-carbon energy coupled wih
sorage will be used where easible. Nuclear energy (inially using ssion, possibly rom small modular nuclear
reacors, and laer usion energy) may also become imporan bu is impac will likely be small by 2050.
Low-carbon elecriciy will no only reduce greenhouse gas emissions, bu also increase energy eciency and
enable new process echnologies, including organic elecrochemisry. Carbon capure, ulisaon and sorage is
expeced o be applied in reining and chemical indusries where possible. CCUS can also be coupled wih
bioenergy (BECCS) o allow or calculaed ‘negave’ emissions. CCS and CCUS are wo ses o basic echnologies
that will be adopted by the future petroleum industry where technically and economically feasible Important
issues o scale-up, reliabiliy, and economic viabiliy remain o be resolved.

Digisaon and arcial inelligence are expeced o grealy conribue o he eciency o boh subindusries.

18 IEA, The Fuure o Perochemicals (2018). hps://iea.blob.core.windows.ne/asses/bee4e3a-8876-4566-98c-7a130c013805/The_Fuure_o_Perochemicals.pd
19 From crude oil o chemicals: How reneries can adap o shiing demand, McKinsey (2022). hps://www.mckinsey.com/indusries/chemicals/our-insighs/

rom-crude-oil-o-chemicals-how-reneries-can-adap-o-shiing-demand
20 DROP-IN BIOFUELS: The key role ha coprocessing will play in is producon, IAE Bioenergy: Task 39 (2019). hps://ask39.ieabioenergy.com/publicaons/
21 Crude Oil-o-Chemicals: Fuure o Renery. hps://www.uurebridge.com/blog/crude-oil-o-chemicals-uure-o-renery/
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3.1.2. Producs
In addion o curren energy and non-energy producs, i can be expeced ha he subindusry ocused on
energy producs will increasingly produce low- or zero-carbon uels, such as hydrogen, ammonia, and synhec
uels combining low-carbon hydrogen and carbon. In addion, i will likely incorporae biological and recycled
materials into feedstocks Biological CO2 sources can, in principle, also be used o synhesise bio-e-uels, bu
hey require independen and large energy sources a compeve prices.

The subindusry o he peroleum indusry ocused on non-energy producs will connue o produce erlisers
and perochemicals, bu growh in he producon o convenonal plascs may be ose o some exen and
where easible by new ypes o biodegradable plascs. The laer will be undamenally dieren rom curren
plascs, likely mimicking biological polymers. Carbon bres, advanced asphal binders, and new consrucon
maerials also provide major, high-value growh opporunies or his subindusry.

4. Ineracons beween sociey, unding and human resources

We acknowledge ha some o he ollowing maerial is ouside o he scope o he repor, bu we believe i is
imporan since i provides conex or a range o acvies exending rom he exracon o oil and gas ou o
reservoirs o oil rening and gas plan operaons.

Climae change poses challenges o achieving he goals o more equiable social and economic policies, such
as increased prosperiy, susainable growh and developmen and increased equiy. A non-pro peroleum
indusry group, he Inernaonal Peroleum Indusry Environmenal Conservaon Associaon (IPIECA), and
he World Bank, have been seeking o esablish an agenda or research and acion buil on an enhanced
undersanding o he relaonships beween climae change and he key social dimensions o vulnerabiliy,
social jusce, and equiy.22, 23, 24

The Unied Naons Susainable Developmen Goals (SDG) can serve as he basis or a roadmap and alas (see
Fig. 3.11.) or bes pracces or all indusries, including oil and gas. The Goals are overarching goals, explaining
he synergies and rade-os ha exis in key domains, where: decisions aec humaniy’s abiliy o realise he
individual and collecve aspiraons or greaer welare and wellbeing; here is a need o build physical and
social inrasrucures or susainable developmen; and here is a need o achieve he susainablemanagemen
o he environmen and naural resources25 

22 An Atlas hps://www.ipieca.org/resources/awareness-brieng/mapping-he-oil-and-gas-indusry-o-he-susainable-developmen-goals-an-alas-execuve-summary/
23 hps://www.worldbank.org/en/opic/climaechange/brie/3-hings-you-need-o-know-abou-climae-nance
24 Energy Transion Oulook 2021. www.dnv.com/e; www.dnv.com
25 hps://discovery.ucl.ac.uk/id/eprin/10037715/3/Tomei_Manuscrip%20-%20Energy%20and%20he%20SDGs_nal.pd
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Fig. 3.11.Mapping he Oil and Gas Indusry o he Susainable Developmen Goals: An Alas
IFC, IPIECA, UNDP Susainable Developmen Goals, Augus 14, 2017, Page IX. Reproduced wih Permission.

hps://www.undp.org/publicaons/mapping-oil-and-gas-indusry-sdgs-alas?um_source=EN&um_medium=GSR&um_conen=US_UNDP_Paid-
Search_Brand_English&um_campaign=CENTRAL&c_src=CENTRAL&c_src2=GSR&gclid=Cj0KCQjwk5ibBhDqARIsACzmgLRuvyligH2PQLLwVSlXrY-ls-

WyR8PwGb8XNUx_NIuj1xNF-3n3LiaUaAjHPEALw_wcB

Lis o Susainable Developmen Goals
Goal 1: End povery in all is orms everywhere. Inegrae ino core business; collaborae and leverage;

Goal 2: End hunger, achieve ood securiy and improved nurion and promoe susainable agriculure;

Goal 3: Ensure healhy lives and promoe well-being or all a all ages;

Goal 4: Ensure inclusive and equiable qualiy educaon and promoe lielong learning opporunies or All;

Goal 5: Achieve gender equaliy and empower all women and girls;

Goal 6: Ensure availabiliy and susainable managemen o waer and saniaon or all;

Goal 7: Ensure access o aordable, reliable, susainable, and modern energy or all;

Goal 8: Promoe susained, inclusive, and susainable economic growh, ull and producve employmen,
and decent work for all;

Goal 9: Build resilien inrasrucure, promoe inclusive and susainable indusrializaon and oser Innovaon;

Goal 10: Reduce inequaliy wihin and among counries;

Goal 11: Make cies and human selemens inclusive, sae, resilien, and susainable;

Goal 12: Responsible consumpon and producon—ensure susainable consumpon and producon paerns;

Goal 13: Take urgen acon o comba climae change and is impacs;

Goal 14: Conserve and susainably use he oceans, seas, and marine resources or susainable developmen;

Goal 15: Proec, resore, and promoe susainable use o erresrial ecosysems, susainably Manage oress,
comba desercaon, and hal and reverse land degradaon and hal biodiversiy loss;

Goal 16: Promoe peaceul and Inclusive Sociees or Susainable Developmen, Provide Access o Jusce
or All and Build Eecve, Accounable, And Inclusive Insuons a All Levels;

Goal 17: Srenghen he Means o Implemenaon and Revialize he Global Parnership or Susainable
Developmen.



148

CAETS 2022 TOWARDS LOW-GHG EMISSIONS FROM ENERGY USE IN SELECTED SECTORS

Delivering on SDG7 – ensuring access o aordable, reliable, susainable, and modern energy or all – requires
an undersanding o how energy sysems lie a he oundaons o social and economic developmen and a-
ec he achievemen o all SDGs. The SDGs represen a ramework or examining hese linkages and making
decisions ha balance hem eecvely. Acon is required o change energy sysems in a way hawill ake beer
accoun o how climae variables inerac wih oher drivers o vulnerabiliy.26, 27

I is widely recognised ha ineracons beween sociey, unding and human resources need o be equiable
and jus in order o be susainable globally over he long erm. A jus ransion is an inegral par o he Paris
COP 21 Agreemen, and i involves balancing susainabiliy priories, such as he SDGs, across all regions and
secors. Crucially, i ocuses beyond indusries and nancial markes on sociees and people aeced by hem.
A jus ransion is boh a risk and enabler o an acceleraed energy ransion. For governmens, enabling a jus
ransion is a prerequisie or achieving policy arges: ransion iniaves will ail in he absence o susained
suppor rom he mos par o sociey. Recognising his, governmens are aking acon.28

The European Union (EU) has launched is Jus Transion Mechanism as par o he European Green Deal.
The mechanism aims o mobilise EUR 65-75 billion over he period 2021-2027 in he mos aeced regions
in Europe o alleviae he socioeconomic impac o he ransion, parcularly o creae and saeguard jobs.
In Norh America, mechanisms are in place o reduce he cos o axpayers and consumers. Canada creaed a
Jus Transion Taskorce in 2018, and revenue rom is CO2 ax will be recycled and reurned o he populaon
(‘People’s payou’) on a per capia basis. I is probable ha, in Canada, no all unds colleced will be recycled
o he populaon, a leas no direcly. Signican amouns will be invesed ino research, developmen, and
the deployment of technologies that reduce GHG emissions 

In he Unied Saes, Caliornia’s Emissions Trading Sysem (ETS) compensaes all households wih a ‘Climae
Credi’ on uliy bills, and some ETS revenue goes o a GHG Reducon Fund or low-carbon echnologies and
migaon. The capaciy o companies o achieve a jus ransion - boh environmenal and social - is increas-
ingly among he crieria considered by a growing number o invesors. This includes looking a he dialogue
a company has wih sakeholders such as rade unions and local communies, is rack record o successul
ransormaons, and such behaviours as paying axes ha are linked o license o operae. Tha is, when
applying rameworks or susainable invesmen, nanciers calculae he abaemen o emissions, bu also he
benes o sociees and people rom climae inervenons. Specically, i governmen subsidies are involved
in a projec, here are likely o be expecaons or he projec o deliver jobs and long-erm inrasrucure. This
includes getng he supply chain o work in many cases using domesc companies, labour, and equipmen. For
energy companies, parcularly providing ulies or direcly serving he public, a jus ransion is also abou
ensuring benes or consumers and bringing all pars o sociey along. This oers opporunies i he righ
business model can be found 29, 30

4.1. Susainable Developmen Goals (SDGs)
A jus energy ransion will seek o nd soluons ha also provide co-benes o he SDGs. These include
economic developmen and employmen, energy access, cleaning he oceans, and alleviang air polluon, all
o which can grealy bene rom an acceleraed ransion. For all hese challenges, he pairing o poenal
soluons wih incenves or energy eciency can yield signican benes31, 32. This will require he oil and gas
indusry o map is objecves o assis in delivering he SDGs as shown in Fig. 3.11.

4.2. Workorce
The Inernaonal Labour Organizaon (ILO) esmaes ha shiing o a greener economy by 2030 could resul
in he ne creaon o 18 million jobs globally. This is he resul o 24 million jobs being creaed while 6 million
are los. This shows he signican employmen and economic benes o he energy ransion, bu also he

26 The World Bank: Undersanding Povery. www.worldbank.org/climae
27 Waage, J. e al. Governing he UN susainable developmen goals: ineracons, inrasrucures, and insuons. Lance. Glob. Heal. 3, e251-2 (2015).
28 Brew-Hammond, A. Energy: The Missing Millennium Developmen Goal. 35–43 (2012). doi:10.1007/978-94-007-4162-1_3
29 hps://www.worldbank.org/en/opic/climaechange/brie/3-hings-you-need-o-know-abou-climae-nance
30 Financing he Energy Transion; Energy Transion Oulook 2021. www.dnv.com/e; www.dnv.com
31 Nilsson, M., Griggs, D. & Visback, M. Map he ineracons beween Susainable Developmen Goals. Naure 534, 320–322 (2016)
32 Sovacool, B. K. & Dworkin, M. H. Global Energy Jusce. Global Energy Jusce: Problems, Principles, and Pracces (2014). doi:10.1017/CBO9781107323605
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danger o los jobs. Reskilling and redeploying he workorce should be a key ocus o oil and gas companies as
well as governmens in oil and gas producing counries. There are synergies o be ound in swiching rom oil
and gas o oshore wind, carbon capure and sorage (CCS) and hydrogen, or example, which could reduce he
impac o abrup changes on he workorce while oering a compeve edge in cerain elds. One example
in Norway would be people swiching rom working on oil and gas exploraon o conribung o he Norhern
Lighs projec – he world’s rs open-source ranspor and sorage inrasrucure o deliver carbon sorage as
a service. Equinor, Shell and Toal Energies are equal join venure parners in Norhern Lighs33 All three partners
have conribued people, experience and nancial suppor.

4.3. Healh
The World Healh Organizaon34 esmaes ha, beween 2030 and 2050, climae change will cause approx-
imaely 250 000 addional deahs globally per year. The addional coss are rarely accouned or in energy
modelling. Wih air polluon being arguably he mos recognised danger o healh rom emissions oher han
GHG emissions, he pursui o clean air is already mounng worldwide. This is exemplied by China’s Acon
Plan or Winning he Blue-Sky War and eors o cap coal use, and India’s Naonal Clean Air Programme
wih emission conrol sandards on coal power plans. These iniaves, and ohers such as reducing aring,
addressing elecriciy supply, elecriciy cos, and equipmen cos, provide signican co-benes in reducing
emissions and air polluon. A jus ransion akes a wider perspecve on hese and premaure deahs due
o healh issues, looking or example a he cos o ashma o he healh sysem, and comparing he cos o
reamen over a person’s lieme wih he cos o aking measures o reduce eiher he incidence or eecs
o ashma. Such measures could win on cos, wihou even considering he healh benes or people and he
co-bene o reducing emissions. The key is o nd business models o und hese ypes o changes wihou
passing signican coss on o he consumer.

Oherwise, i will once again be he disadvanaged people who pay disproporonally he cos, wheher healh
or nancial35, 36 

4.4. Mobiliy
People in all income level neighbourhoods should be able o bene rom cleaner air, including rom he benes
o increasing he number o zero-emission vehicles such as elecric vehicles (EVs). To address his, governmens,
organisaons providing ulies, and nance insues are seeking o suppor he unding o EVs and charging
inrasrucure access or all. There will o course sll be a range o EV adopon raes, boh locally and inerna-
onally. Thesewill be impaced by disposable income37, governmen policies and he level o grid inrasrucure
developmen. Iwill be noneheless imporan o suppor equiable access or echnologies such as EVs, which
have a signican impac on he energy ransion and he healh and wellbeing o people in indusrial and
densely populaed areas. For example, he adopon o EVs can be comparable o ha omobile phones:mobile
phones inially requiredhigh capial andoperang coss, and heir usewas limiedgeographically. This has changed
and is largely due o advances in echnology, mass producon and mass adopon. We expec advances in EV
echnologies, and he inrasrucure supporng heir use, o lower coss and make EVs more aordable.

33 hps://norhernlighsccs.com/news/norhern-lighs-launches-company-dedicaed-o-co2-ranspor-and-sorage/
34 hps://www.who.in/healh-opics/climae-change#ab=ab_1 World Healh Organizaon
35 hps://www.worldbank.org/en/opic/climaechange/brie/3-hings-you-need-o-know-abou-climae-nance
36 Climate Change hps://www.who.in/healh-opics/climae-change#ab=ab_1 World Healh Organizaon
37 hps://www.noemamag.com/he-human-cos-o-moving-away-rom-ossil-uels
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4.5. Adapaon and resilience
Migaon alone will no sop he impac o global warming on people and sociees. Adapaon and resilience
mus be buil ino sysems and inrasrucures o moderae harm rom he orecased increasingly severe cli-
mae eecs. The cos o naural disasers keeps rising worldwide. I is, hus, no only abou ne zero; i is abou
climae resilience as well. Climae resilience is also a jus and equiable ransion issue. The average CO2 emis-
sions per person in Sub-Saharan Arica are approximaely equivalen o 1/20th o such emissions in Norh Amer-
ica; ye, developing counries38 and poorer communies are mos vulnerable o he climae crisis. The greaes
challenges hey ace are developing and nancing inrasrucure, and building capacies o absorb he impac39 

Since he ambious goals o he Paris Agreemen are unlikely o be me and since he Ne Zero by 2050 scenario
seems very ambious, iwould be realisc o sugges ha he adapaon and reinorcemen o crical inrasruc-
ure or he orecased increasing impac o climae change is an imporan issue. O course, invesng in he
reinorcemen o inrasrucure has also many oher benes or people and sociees40, and should conribue
o lower emissions in such cases as, or example, invesng in more mass ransi, burying power lines o reduce
power ailures, or reinorcing inrasrucure and making imore resilien agains he impacs o severe sorms.

5. Key Messages and Recommendaons

Key Messages
1 Today, he word relies heavily on ossil uels. Fossil energy sources now provide more han 84% o global

primary energy consumpon (PEC), wih oil and naural gas being he larges providers as hey accoun or
more han 57%. The use o crude oil and naural gas has been increasing worldwide, especially in less
developed counries, and will likely connue doing so in he near- o medium-erm uure, which is he
horizon o his repor. The oulook or he long-erm uure (i.e., he uure beyond 2040 or so) is less
cerain and may involve a decline in he use o ossil uels or energy producon.

2 Cumulave invesmens in he oil and gas indusry amoun o rillions o dollars, and acilies have lie
spans o decades. This makes i economically and operaonally challenging o aec major changes a a
rapid pace and on a global scale 

3 The increasing use of fossil fuels is responsible for the main share of growing global greenhouse gas (GHG)
emissions. There is rising polical, social and nancial pressure on all companies, including peroleum compa-
nies, o parcipae in he ransion needed o achieve he ambious goal o ne-zero GHG emissions by 2050.

4 Mehane aring and ugive mehane emissions conribue signicanly o greenhouse gas emissions rom
peroleum producon, ranspor, and rening/processing. Mehane concenraons in he amosphere, in
par relaed o he oil and gas indusry, are rising as, and mehane is a much more poen GHG han CO2 

5 Energy ransion and decarbonisaonwill remain dominan issues hroughou heworld, driven by energy
and climae policies, environmenal and economic concerns, changes in public percepons, and he
atudes o invesors. Signican change is however unlikely o occur wihou any changes o global
demand paerns, regulaons in major consuming counries and he availabiliy o cos-eecve and
susainable alernaves o oil and gas.

6 The oil and gas indusry will need o adap o demand or low greenhouse gas producon and producs. In
he long erm, oal demand or oil and naural gas may be lower han i is a presen. Two inerrelaed
peroleum subindusries are expeced o emerge: one ocused on specialy and low-carbon energy
producs, and he oher on non-energy producs. The wo subindusries may process less oil and gas in
oal bu poenally reach higher economic value, and hey would mee susainabiliy expecaons. The
number o people employed by such wo uure subindusries may decline over me, bu wih job skills
increasing 

38 hps://dochub.com/goddy-igwe/pqb0g5YRqy9dN5DRJ2nx67/world-bank-repor-1988-pd?d=5zDPHxidBLUCcWgZR7TH
39 hps://www..com/conen/6ee697a5-e5c-473c-9b0c-9b68dd200288?accessToken=zwAAAYH_ZFFdkc9u5pel_lxHPNObDJo3SACiA.MEUCIQComTyeeWhVacNJyzCqszs

eSpVGTiSQBDzLSCWXcp-xCQIgO9-x41sU9U-sTBT72LIdV-2ji35Ms4sUhvrKe4vBiA&shareype=gi?oken=3cd02569-d1cb-4039-8374-50774e67160
40 The Human Cos oMoving Away rom Fossil Fuels. hps://www.noemamag.com/he-human-cos-o-moving-away-rom-ossil-uels
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Recommendaons

5.1. Srong emphasis on reducing mehane aring and ugive mehane emissions in all
phases o oil and gas producon, ranspor, and rening / processing
The mos pressing, and perhaps he mos achievable and mos cos-eecve acon or oil and gas producing
counries and companies, is o ocus on reducing mehane emissions. Technologies o abae mehane are
available and many are already cos eecve. The IEA esmaes ha 45% o emissions can be abaed a no
cos under 2021 gas prices. A reducon o 60% or more by 2030 should also be possible i he proper measures
are enacted 

5.2. Exploring addional seps o lower CO2 emissions
Although most CO2 emissions rom oil and gas resul rom heir consumpon, which is ouside he scope o our
repor, we recommend exploring addional seps o lower CO2 emissions, rom he exploraon and producon
secors hrough he reducon o aring, he implemenaon o eciency improvemen, and new echnologies.
We also recommend exploring he increased elecricaon o he oil and gas indusry. Elecricaon may play
a growing par as a subsue or he direc heang and cooling o process sreams. We recommend ha
operaors o oil and gas acilies consider swiching o elecric opons where easible and where hey are
likely o have a posive impac on lowering GHG emissions.

5.3. Greaer emphasis on using and improving Lie Cycle Assessmen (LCA) models
LCA models can help deermine wheher acons aken o reduce GHG emissions are eecve and susainable.
Aribuonal LCA models have been used by regulaors, bu hey do no capure all he rebound eecs,
unknowns, unceraines, or uninended consequences. Consequenal LCA models are hen increasingly
used o ry o add some o hese indirec and ollow-up eecs bu heir long-erm predicon accuracy and
compleeness remain o be proven. We recommend ha governmens and oher sakeholders promoe and
use LCA and relaed models o avoid prevalen ‘greenwashing’ and markeng claims ha have been shown o
have no impac, or occasionally negave impacs, and ha hey balance socieal needs.

5.4. Connued evaluaon and developmen o he poenal o CCUS opporunies or oil and
gas operaons
Carbon Capure, Ulisaon and Sorage (CCUS) echnologies are already receiving much aenon o reduce
he impacs o global climae change. They could play an imporan role in osetng GHG emissions resulng
rom oil and gas indusry operaons. Alhough recen invesmens and echnical progress are encouraging, he
planned projecs, even i successul, would all well shor o delivering he 1.7 billion onnes o CO2 capture
capaciy ha should be deployed by 2030 according o he Ne Zero by 2050 scenario. Many quesons remain
o be answered, including he poenal scale o deploymen, eciency and cos o CCUS projecs, and he
sabiliy and ulmae ae o capured CO2, wheher in sorage or inended o be convered o oher producs.

5.5. Increased invesmens in R&D and raining
I is necessary o connuously suppor R&D o address he scale-up and long-erm operabiliy issues o
promising echnologies. Fosering R&D and raining, wih susainable operaons as ulmae goals, is in he
ineres o boh he peroleum indusry and sociey. Shared unding beween indusry and governmens is
hereore jused. Such unding should ‘de-risk’, as i were, he inroducon o new echnologies, accelerae
heir wide adopon, and, very imporanly, prepare people or he new economy characerised by ne-zero
carbon emissions 
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Lis o abbreviaons and acronyms
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CCS Carbon Capture and Storage

CCUS Carbon Capure Ulisaon and Sorage
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CO2 Carbon Dioxide

CORSIA Carbon Osetng and Reducon Scheme or Inernaonal Aviaon

DMS Dynamic Marix Conrol

EMS Energy Managemen Sysems

ETS Emissions Trading Sysem

EU European Union

EV Elecric Vehicle

GDP Gross Domesc Produc

GHG Greenhouse Gas

HFC Hydrouorocarbon

IAM Inegraed AssessmenModel
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IEA Inernaonal Energy Agency

ILUC Induced Land Use Change

IOGP Inernaonal Associaon o Oil and Gas Producers

IPIECA Inernaonal Peroleum Indusry Environmenal Conservaon Associaon

LCA Lie Cycle Assessmen

LDAR Leak Deecon And Repair

LED Ligh Emitng Diode

LNG Liquied Naural Gas

LUC Land Use Change

MRV Monioring, Reporng and Vericaon

NG Naural Gas

NGO Non-Governmenal Organisaon

NZE Ne-Zero Emissions

OGCI Oil & Gas Climae Iniave

PEC Primary Energy Consumpon

R&D Research and Developmen

SDG Susainable Developmen Goal

SLCA Socieal LCA

STEPS Stated Policies Scenario
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Execuve Summary

The chemical secor comprises housands o complex value chains. Mos o hem sar wih he producon
o one or more o seven primary chemicals: ehylene, propylene, benzene, oluene and xylenes – known as
high-value chemicals (HVC) – and ammonia and mehanol. These seven primary chemicals are he building
blocks o he chemical indusry. Wha makes hese producs special is ha he ossil hydrocarbons producon
consumes (oil, gas and coal) are mainly employed as eedsock. They provide he carbon and hydrogen needed
o build hese primary chemicals. For his reason, he chemical indusry has he highes energy inensiy o any
indusrial secor in erms o ossil hydrocarbon consumpon. Is CO2 emission inensiy is however much lower
since he majoriy o he hydrocarbons consumed are no burned bu raher incorporaed ino he primary
chemicals produced 

The chemical secor is responsible or 15% o he oal greenhouse gas (GHG) emissions (8.4 G CO2) of the
indusrial secor. Wih 5%, ammonia is he larges conribuor o all he chemicals. The secor is very capial-
inensive, as i involves subsanal long-erm physical asses and inrasrucures, and is presen in all geographical
regions o he world, wih parcularly srong developmens in he las 20 years in Asia, mainly China. Chemical
producon has been growing wih increasing worldwide gross domesc produc (GDP) over he las 20 years.
For some producs, such as plascs, he growh rae o producon is indeed higher han GDP growh. Over he
nex 20 o 30 years, economic and populaon growh will connue o push demand.

The presen chaper ocuses on he analysis o GHG emissions or he producon o he our highes-onnage
producs (ehylene, propylene, ammonia and mehanol). These our primary chemicals have been chosen or
he very large producon volumes hey involve and heir resulngmajor impac on he overall decarbonisaon
eor. The scope o his chaper has been mosly limied o he manuacuring processes o hese chemicals,
recognising ha addional emissions are associaed wih he use o producs derived rom such primary chemicals
once hey reach he marke. Changes in end-produc uses dicaed by regulaon or produc alernaves will
also impac producon volumes or hese primary chemicals over me.

As an indusry ha is paricularly complex, inegraed, inensive in capial and skills and provides many
long-erm asses, he chemical secor aces enormous challenges in he ransion o ne zero carbon. No only
are he changes o implemen echnically imporan bu heywill have proound economic and social consequences
as well. There is no single or simple soluon available oday o decarbonise he chemical indusry, ye here
are neverheless imporan seps ha can immediaely guide he indusry owards is decarbonisaon goals.
Such steps include the following:

• eedsock eciency: increasing ehane use in seam crackers or ehylene producon, or example, or
replacing coal by naural gas in mehanol producon;

• reusing producs (mainly plascs) and recycling wase;

• carbon capure, ulisaon and sorage (CCUS): capuring exhaus gases, applicable in many processes;

• elecricaon o process heang (using low-carbon elecriciy);

• low-carbon hydrogen (or example green hydrogen or blue hydrogen wih CCUS): applicable o several
processes, including ammonia synhesis.
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1. Inroducon

The chemical indusry ransorms naural resources (ossil hydrocarbons, naural producs and minerals) ino
maerials ha oher indusries and nal consumers use. The indusry consiss o numerous value chains ha
produce housands o producs (more han 70 000), covering a large number o indusrial secors. Mos chem-
ical producs are used in he manuacure o consumer goods and indusrial iems, and as inpus o agricul-
ure and consrucon. Alhoughmore han 90% omanuacured goods are dependen on he chemical indusry,
only a small number are markeed direcly o nal consumers. Sociey’s dependence on chemicals is clear rom
he growh in heir demand, which ollows GDP growh, and cerain chemicals, such as plascs, grow a higher
raes han many oher bulk maerials, including seel and cemen1 

The chemical industry is the largest consumer of fossil hydrocarbons of all industrial sectors but ranks only
third in terms of direct CO2 emissions, behind cemen and seel. This dierence sems rom he ac ha
roughly half of the fossil hydrocarbons consumed in the chemical industry are used as feedstock (carbon and
hydrogen sources) and not as fuel Such feedstock contains the basic hydrocarbon groups of a limited number
o primary chemicals, reerred o as perochemicals, rom which mos oher chemical producs are derived.
These primary chemicals are ligh olens (ehylene, propylene) and aromacs (benzene, oluene and xylenes,
known as BTX), joinly reerred o as high-value chemicals (HVC), along wih ammonia and mehanol. They are
indeed mainly derived rom peroleum producs, such as ehane and naphha, or naural gas, alhough coal is
sll used o a limied exen o produce ammonia and mehanol.

As indicaed above, he consumpon o ossil hydrocarbons in he chemical process indusries (or HVC as
well as or ammonia and mehanol) serves wo quie dieren purposes. Firs, ossil hydrocarbons may be em-
ployed as raw-maerial eedsock o build he primary chemicals. In his regard, heremay be CO2 emissions relat-
ed o he poor selecviy or he undesired producon o secondary by-producs resulng rom he chemical
reacons hemselves. In he case o ehylene producon romehane in a seamcracker, or example, mehane is
oen produced in subsanal quanes as a by-produc ha is burned in he process, hereby generang CO2 
The producon o ammonia rom naural gas is anoher example, since he mehane in he naural gas used o
generate the hydrogen for ammonia synthesis produces not only hydrogen but also CO2 

The second purpose o ossil hydrocarbons is heir direc use as uel or process heang. In ha case, he CO2

generaed is relaed o he power consumed by he process, regardless o he naure, selecviy or by-producs
o he chemical reacons involved.

The perochemical indusry, he branch o he chemical indusry employing ossil hydrocarbons as a maerial
eedsock, accouns or 90% o he demand or ossil hydrocarbons in he chemical indusry as a whole. The
perochemical indusry represens, however, only wo hirds o he energy consumpon o he chemical sec-
or, since a subsanal poron o he ossil hydrocarbons is no used or combuson bu raher remains em-
bedded in the chemical products produced 

Improving eedsock ransormaon eciency (including he selecviy o chemical reacons) and opmising
energy consumpon (and energy eciency) are hereore he key elemens o ocus on in order o ake acon
to decarbonise the chemical industry 

The major challenge acing operaors in he perochemical indusry specically is o reduce CO2 and other GHG
emissions in he producon o primary chemicals. The producon o primary chemicals consues more han
60% o he oal ossil-hydrocarbon eedsock demand in he indusry and he producon processes or primary
chemicals, due o heir large hea and power requiremens, emi subsanal amouns o CO2 

The prioriy ocus or decarbonisaon is o improve eedsock eciency and replace ossil-uel energy o he
larges exen possible, in addion o increasing he reuse o maerials and he recycling o wase. These are
the key issues addressed in this chapter 

1 IEA: The uure o perochemicals, owards more susainable plascs and erlizers (2018). hps://www.iea.org/repors/he-uure-o-perochemicals
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2. Curren siuaon

Demand or chemical producs is based on demand or a large variey o manuacured goods ha require
chemicals or heir producon. Demand or primary chemicals, which is a good indicaor o he overall demand
in he chemical secor, has srongly increased in recen years and is expeced o connue doing so over he nex
two to three decades 

Demand or high-value chemicals (HVC), he key building blocks o plascs, is being propelled by an increase
in demand or plascs in secors such as packaging, consrucon and auomobiles. Demand grew a an annual
rae o 3.5% over he period rom 2000 o 20202, and growh is expeced o connue a a similar rae rom 2020
o 2030, pushed by consumpon in developing counries. In many developing counries, he annual consumpon
o plasics is as low as 4 kg per capia annually, bu growh raes in hose counries are high. In developed
counries, plascs consumpon ranges rom 55 o 80 kg per capia, alhough in some maure economies
consumpon has sabilised a around 60 kg per capia. Thereore, increased demand over he nex 20 o
30 years will be driven no only by economic bu also by populaon growh.

Oil is he main eedsock or HVC producon, wheher i akes place in reneries (as do 40% o propylene and
80% o BTX globally)3 or hrough he cracking o peroleum producs, as ehane and naphha, in seam cracking
plans. The producon o HVC and oher perochemicals accouns or as much as 14% o global demand or oil
producs and amouns o a subsanal proporon o demand or naural gas4 

Ammonia is anoher primary chemical, mainly used in he producon o nirogenous erlisers, o which urea
and ammonium nirae are he mos imporan. The producon o ammonia requires hydrogen, which can be
obained rom ossil hydrocarbons or generaed by elecrolysis o waer using low-carbon elecriciy. Alhough
he hydrogen required or mos ammonia producon oday is generaed by he reorming o naural gas,
producon unis based on low-carbon hydrogen are being developed in some counries. Demand or ammonia
has been sable over he las ew years, a a level o abou 180 million onnes per year, as a resul o increased
eciency in he use o erlisers in developed counries. Such demand is neverheless expeced o increase
evenly across he world in he coming years, a an annual rae o abou 2%.

Mehanol is also a primary chemical in he chemical indusry and i is experiencing one o he highes demand
growh raes. I is used in he producon o ormaldehyde, which is employed or he producon o special
plascs and coangs, and also as a liquid-uel componen eiher direcly as mehanol or indirecly aer being
convered o eher (e.g. Mehyl er-Buyl Eher (MTBE)). Mehanol demand grew a an average annual rae
o abou 7% over he period rom 2000 o 2020, and demand growh is expeced o connue doing so a he
same rae over he near erm: despie an expeced decrease in is use or gasoline blending. Moreover, i can
be used as an inermediae or olen producon, subsung or oil producs.

Compliance wih ne zero or oher GHG emission arges will expand he use o ammonia and mehanol as
energy carriers, since hey can be produced rom low-carbon energy sources, such as low-carbon hydrogen.
In parcular, he use o ammonia or he sorage o low-carbon hydrogen and as an energy carrier is likely o
signicanly increase or cerain applicaons, such as marine engines.

2 IEA: Chemicals racking repor, Nov. 2021. hps://www.iea.org/repors/chemicals
3 IEA: The uure o perochemicals, owards more susainable plascs and erlizers (2018). hps://www.iea.org/repors/he-uure-o-perochemicals
4 IEA: The uure o perochemicals, owards more susainable plascs and erlizers (2018). hps://www.iea.org/repors/he-uure-o-perochemicals
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3. Value chain

The chemical indusry value chain is composed o a series o chemical ransormaon seps ha are perormed
o deliver marke-valuable chemical producs. A chemical company operaes in one or several o hese chemical
ransormaon seps, which are perormed in order. A each sep in he value chain, he marke value o he
products is increased (Fig. 4.1.), and he energy involved in he previous seps is embedded in he producs
placed on the market 

Many players in he raw maerials and perochemical secors are inegraed chemical or oil and gas companies
ha operae inegraed projecs in order omaximise energy eciency, reduce coss and opmise he globalisaon
of the supply chains 

The irs sep in he value chain concerns he producion o basic primary chemicals rom raw-maerial
eedsocks. The second sep o he value chain includes he ollowing elemens.

a Inermediaes: produced rom he primary chemicals, hey are o be employed as sarng maerials or
various indusries o manuacure a wide variey o commercial producs.

b Polymers: produced by the polymerisation of basic olefins and aromatics in large plants through
connuous or bach processes, polymers are principally used o make plasc goods and consue abou
80% o he chemical indusry’s producon oupu.

c Fine chemicals and speciales: ne chemicals are complex chemicals produced in smaller quanes han
hose o groups a) and b). They are produced inmulpurpose plans, and are sarngmaerials or speciales.

All o he chemicals in he chemical secor supply chain are used direcly or orm par o he nal producs
in many indusrial subsecors as key componens providing specic characeriscs. The indusrial subsecors
involved are very numerous and include hose lised in Fig. 4.1.

Fig. 4.1. The chemical indusry value chain [1]
Daa source or righ-hand par o diagram:

hps://iea.blob.core.windows.ne/asses/bee4e3a-8876-4566-98c-7a130c013805/The_Fuure_o_Perochemicals.pd
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4. Ehylene and propylene

4.1. Ehylene
Ehylene is he lighes olen and a key building block or polymers and oher chemical producs ha are essenal
or hemanuacuring indusry. Ehylene is he larges produced perochemical worldwide. Is producon grew
a an annual rae o 2.8% rom 2015 o 2020, wih 168 M produced in 2020, and producon is expeced o
grow at a similar rate from 2020 to 2030 

Ehylene can be produced rom a wide range o eedsocks5, wih ehane and liquied peroleum gas (LPG)
providing he highes yields. Propane as a eedsock can provide high yields o propylene. The wo eedsocks
(ehane and propane) have been dominang olen plan designs in he Unied Saes and he Middle Eas,
whereas naphha is he dominan eedsock in he European Union and Asia. Naphha as a eedsock is responsible
or approximaely 43% o global ehylene producon, ehane accouns or 35% o i, and oher eedsocks or
he remainder. In he seam-cracking process, oher ligh olens and aromacs (BTX) are simulaneously
produced wih ehylene, and are joinly known as HVC.

4.2. Seam cracking
Seam cracking ypically reers o producing HVC by breaking down sauraed hydrocarbons ino smaller olen
hydrocarbons. Technically, a gas separaon uni is employed o obain dieren ypes o hydrocarbons, such as
ehane, rom he naural gas producon process: hese hydrocarbons are hermally cracked, a up o 1000 °C,
in he presence o seam using pyrolysis urnaces. A his sage, wo chemical reacons occur: he splitng o
C-H bonds and splitng o C-C single bonds. The producs obained in his sep depend on he composion o
he eedsock, hydrocarbon-o-seam rao, and cracking emperaure. Aer reaching he cracking emperaure,
he ho gas mixure is quickly quenched in Transer Line Exchangers (TLE) o 550-650 °C. The TLEs are hen
cooled down o 300 °C o avoid any degradaon by secondary reacons and o generae high-pressure seam
or driving compressors, in parcular he raw-gas compressors required o raise he pressure o aciliae he
separaon o ehylene rom oher componens.

Ehane as a eedsock or seam crackers has he highes carbon yield or ehylene and he lowes process uel
by-produc yield. As a resul, he use o ehane as eedsock generaes he lowes rae o CO2 emissions Since
he selecon o eedsock plays a crucial role in reducing CO2 emissions or ehylene producon, i is o prime
imporance omaximise he use o ehane in ehylene producon so as o reduce process CO2 emissions Other
HVC perochemicals, however, need o be produced in dierenways, including hrough caalyc reorming or
caalyc cracking in reneries.

4.3. Propylene
The maximisaon o propylene producon by uid caalyc cracking (FCC) has become he ocus o mos
reneries because propylene is in high demand and here is a supply shorage rom modern seam crackers,
which now produce relavely less propylene. The exibiliy o FCC6 o adap o various reacon condions
makes i possible o close he gap beween supply and demand. The FCC process can be appropriaely modied
by he synergisc inegraon o he caalys, emperaure, reacon-residence me, producon o coke, and
hydrocarbon paral pressure. The main consrains or maximum propylene yield are limis in having a suiable
caalys, suiable reacor conguraon and opmum reacon condions.

5 Burdick, Donald L., Leer, W.L., Perochemicals in nonechnical language, 4h Ed., PennWell Corporaon, Tulsa Oklahoma.
www pennwellbooks com 2009045189. ISBN 978-1-59370-216-8

6 Akah, A., Al-Ghrami, M. Maximizing propylene producon via FCC echnology. Appl Perochem Res 5, 377–392 (2015). hps://doi.org/10.1007/s13203-015-0104-3 ;
hps://www.prnewswire.com/news-releases/2020-global-ehylene-marke-and-propylene-indusry-research-analysis-by-brc-301014325.hml; hps://www.mckinsey.
com/indusries/chemicals/our-insighs/perochemicals-2020-a-year-o-resilience-and-he-road-o-recovery; hps://www.hellenicshippingnews.com/pdh-expansion-u-
els-chinas-lpg-demand/
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Plants capable of producing both ethylene and propylene may be faced with higher demand for propylene 
In ha case, ‘on-purpose’ propylene producon may be employed: he plan operang condions are hen
adaped o single-produc producon raher han co-produc producon wih xed-rao yields. For such single-
produc producon, propane dehydrogenaon is employed, in which propane (along wih a small amoun o
hydrogen o conrol coking) is ed o a xed-bed or uidised-bed reacor a 500-700 °C wih a caalys o planum
acvaed alumina impregnaed wih 20% chromium. Despie he presence o hydrogen, some coke will
neverheless orm on he caalys, and he periodic regeneraon o he xed bed, or connuous regeneraon
o he uidised bed, is required. The ne resul in commercial plans is abou 85% yield or propylene7 

4.4. Opons or decarbonisaon
Demand or Ehylene / HVC has been srongly increasing in recen years and is expeced o connue doing so
in he uure. Even Ne Zero by 2050 Emissions Scenarios oresee regional capaciy expansion or crackers,
predominanly in Norh America, he Middle Eas and he Asia Pacic region. This conex highlighs he need
or rapid measures o reduce energy consumpon and he inensiy o CO2 emissions in he producon o
ehylene and propylene. Possible opons include he ollowing.

• Increase he yield o eedsock conversion o ehylene / HVC by improving he design o reacon coils
and oher process equipmen and / or maximising he use o ligh hydrocarbon eedsocks (ehane and
liquied peroleum gas (LPG)).

• Maximise he use o ehane or LPG in seam crackers and increase he producon o propylene and aromacs
in reneries.

• Replace ossil-uel heang wih low-carbon elecriciy o produce hea in seam-cracker urnaces.

• Produce specic HVCs wih eedsocks o similar srucure o improve produc yields, such as, or example,
propane dehydrogenaon o produce propylene.

• Apply carbon capture and storage (CCS) to the exhaust gases from pyrolysis furnaces to eliminate CO2

emissions when ethylene is being produced 

• Employ green hydrogen and capured CO2, raher han coal, or he producon o mehanol in he MTO
(Mehanol o Olens) processes commercially implemened in China, an approach capable o achieving
signican decarbonisaon.

7 Burdick, Donald L., Leer, W.L., Perochemicals in nonechnical language, 4h Ed., PennWell Corporaon, Tulsa Oklahoma. www pennwellbooks com
2009045189. ISBN 978-1-59370-216-8
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5. Ammonia

Ammonia producon accouns or abou 1.0% o global annual CO2 emissions, which is more han any oher
industrial chemical 

5.1. Manuacuring process and curren use
Ammonia is manufactured in all regions of the world8. Wih around 30% o he global producon, China is by
ar he larges ammoniamanuacurer. The Unied Saes, Europe, India, Russia and heMiddle Eas ollowwih
abou 8% each, and oher naons conribue in he lower single-digi percenage range. Apar rom abundan
globally-available nirogen, manuacuring ammonia requires hydrogen. I is heorecally necessary o supply
177 kg of H2 and 823 kg o N2 o produce 1 onne o ammonia. Naural gas is responsible or 70% o he energy
ha global ammonia producon requires. Indeed, naural gas is he major eedsock or hydrogen generaon,
ollowed by coal wih 26%, while oil and elecriciy accoun or he remaining 4%9. The producon o ammo-
nia thus generates CO2 emissions: of 1 6 tCO2/NH3 when naural gas is employed or hydrogen generaon,
3 0 tCO2/NH3 when uel oil is employed, and 3.8 CO2/NH3 when coal is. In Europe, he ammonia indusry
uses 50% o all indusrially produced hydrogen. More han 75% o he annual ammonia producon is used or
erlisers, eiher direcly or as a precursor or nirogenous erliser producs, while he remaining ammonia
is used as a rerigeran as well as or manuacuring explosives, exle bres, pharmaceucals and elecronic
materials 

Almos all ammonia is exclusively produced by he same roue, he Haber-Bosch process, in which hydrogen
reacs wih nirogen, aken rom air, a high emperaure and pressure, over an iron (Fe) or ruhenium (Ru)
caalys. Alhough he reacon beween nirogen and hydrogen in he Haber-Bosch process is an exohermic
one, he energy released by he reacon is largely insucien o cover energy requiremens. In erms o ne
overall energy balance, he process is energy-consuming: hydrogen producon is very energy inensive, and
o ha rs energy requiremen mus be added he energy required or nirogen separaon, process heang
and process compression. Indeed, he overall energy balance o he process is such ha abou 60% o he oal
energy requiremen relaes o hydrogen producon10 

5.2. Use and projecon or uure use
For cerain regions such as Europe, a sligh decrease in nirogen-based erliser applicaon is orecas or 2030;
however, his is compensaed by prediced annual growh in oher regions o he world, hereby resulng in
overall single-digi percenage growh worldwide.

Ammonia is in isel oxic o humans, and ammonia derivaves such as urea, ammonium nirae and ammonium
sulphae employed as nirogenous erlisers can pose healh risks and hreaen ecosysems. Alhough ammonia
is no a greenhouse gas per se, soil baceria can conver nirogenous compounds in he soil o nirous oxide, a
poen greenhouse gas, and nirogen compounds (in parcular, niraes) conribue o waer europhicaon.
Nirogen xaon rom he global use o nirogenous erlisers is already equivalen o naural nirogen xaon
by soil baceria. However, an increase in nirogen eciency in agriculure, hrough beer arming pracces,
has he poenal o reduce nirogenous erliser use by 10% o 20% wih respec o curren pracce. Sll, he
global quanes o ammonia produced will remain very high or he oreseeable uure.

In addion o is role in agriculure, ammonia has he poenal o being an aracve energy (hydrogen) sorage
medium, due o he exisng worldwide ranspor nework or liquid ammonia. As a low-carbon uel, ammonia
could parally or oally replace a number o convenonal uels. There is hus a signican advanage o using
ammonia in erms o ranspor cos compared o liquid hydrogen, and he economics do improve i ammonia
is used as a direct fuel 

8 Global ammonia producon by counry 2020 | Sasa Global ammonia producon by counry 2020 | Sasa
9 hps://cen.acs.org/environmen/green-chemisry/Indusrial-ammonia-producon-emis-CO2/97/i24
10 Ammonia Uses and Benes | Chemical Saey Facs
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These poenal advanages may jusy he conversion rom he direc use o low-carbon hydrogen o green
ammonia. In he ideal case, he combuson process o ammonia should generae only nirogen and waer11,
bu in pracce he combuson gases oen conain variable quanes o nirogen oxides and unburn ammonia.
Considerable developmen eor is hereore currenly being deployed o use ammonia in inernal combuson
engines (ICE)12, or example or marine engines. Two marine engine manuacurers are currenly rerotng
diesel engines o burn ammonia. Indeed, green ammonia holds he poenal or a 95% GHG reducon in marime
ranspor, depending on he ull developmen o direc combuson engines.

The energy densiy o liquid ammonia is 15.6 MJ/l (4.3 kWh/l), which is 70% more han liquid hydrogen and
abou 40% o oday’s carbon-based liquid uels. The energy densiy o ammonia is also abou 10 mes higher
han ha o baery sorage, which makes i a good candidae or energy sorage and use in solid oxide uel
cells (SOFCs). For use as sorage gas or low-carbon energy, ammonia would bes be produced close o he
energy producon sies and in smaller insallaons han hose available oday, provided similar manuacuring
eciency is aainable in smaller insallaons.

5.3. Reducing carbon greenhouse emissions
There are wo main approaches o reducing GHG emissions caused by ammonia producon and use. One is
improving is manuacuring process; he oher, improving eciency in he use o ammonia in agriculure.

Regarding he manuacuring process, he main ocus or GHG reducon is on using low-carbon hydrogen
(See chaper “To set the scene, annex 2”). A modern, opmised and highly ecienmehane-ed Haber-Bosch
process emits about 2 tCO2/NH3. Swiching he hydrogen producon mehod rommehane o elecrolysis o
water reduces CO2 emissions by abou 75%, bu he manuacuring process compees wih many oher uses
or low-carbon hydrogen.

Anoher approach involves downscaling and improving he caalyc Haber-Bosch reacon, which would allow
smaller plans closer o low-carbon energy sources o be consruced, wih ammonia being employed as a
sorage uel. Such echnology is currenly being esed a a Technology Readiness Level (TRL) o 4. The Haber-Bosch
synhesis (HBS) uses high pressure and high emperaure combined wih a specic caalys. Over he las
cenury, he process has been connuously opmised, progressively halving heminimum energy requiremen
per onne. Mos o his progress was achieved prior o 1990 and urher improvemens have been limied since
hen. However, approaches or smaller insallaons are being developed13 

The second imporan pah o reducing he GHG ooprin is o improve nirogen-use eciency in agriculure,
which would have he addional bene o reducing soil and waer polluon. In Europe, nirogen upake in
plans improved rom 50% o 59% during he period rom 1990 o 2004. The curren goal is o increase nirogen-
use eciency globally hrough beer arming pracces. In digial and precision arming, he individual eld is
moniored and erlised according o crop needs.

11 Ammonia: zero-carbon erliser, uel and energy sore Issued: February 2020 DES5711, ISBN: 978-1-78252-448-9 © The Royal Sociey
12 Shigeru Murali: Developmen o Technologies o ulize Green Ammonia in Energy Marke; SIP Energy Carriers Cabine, Governmen o Japan (2018);

Giddey e al, Ammonia as a Renewable Energy Transporaon Media, ACS Susainable Chemisry & Engineering, 09/27/201721;
hps://www.ammoniaenergy.org/arcles/round-rip-eciency-o-ammonia-as-a-renewable-energy-ransporaon-media/

13 hps://www.sciencedirec.com/science/arcle/pii/S0360319921012660; hps://onlinelibrary.wiley.com/doi/ull/10.1002/aesr.202000043
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6. Mehanol

Mehanol is widely used in he chemical indusry or producing oher chemicals such as ormaldehyde, plascs
and acec acid. Globally, approximaely 110 M o mehanol are produced annually, almos exclusively rom
ossil uels (35% grey mehanol rom naural gas and 65% brown mehanol rom coal). In 2019, only 0.2% o
mehanol was green mehanol produced rom low-carbon sources. The curren lie-cycle emissions omehanol
are esmaed o be abou 0.3 G o CO2 per year, and accoun or 10% o all he emissions o he chemical
sector16. Over he pas decade, he producon o mehanol has nearly doubled, largely propelled by growh
in China, which in 2015 accouned or over hal o global producon14. According o curren rends, he global
producon omehanol could reach 550 M per year by 205015 

The larges increase in demand or mehanol is or he Mehanol o Olens (MTO) process, in which mehanol
can be convered ino olens, such as ehylene and propylene. The olensmay hen be used omake polyolens,
which are used o produce various plasc maerials. To successully apply he MTO process, acidic zeolie
caalyss are required16. MTO producon is esmaed o increase by 7% annually17 

6.1. Reducing carbon greenhouse emissions
Green mehanol, which is called e-mehanol i i is produced using low-carbon elecriciy, is obained via he
gasicaon o biomass or municipal solid wase. The producon o such bio-mehanol or o e-mehanol
decreases he carbon ooprin and harmul emissions (SOx, NOx, parculae maer) in comparison o he
producon o grey or more imporanly brown mehanol. While he processes on which mehanol producon
are based are relavely maure, here is only a handul o commercial bio-mehanol plans. The average energy
eciency o hese plans ranges beween 53% and 62%18 

7. Fuure scenarios

The chemical process indusries (CPI) ake raw maerials rom he peroleum indusry and minerals exracon,
as well as naural producs, o produce chemicals and maerials used in oher indusries, hrough a web o uni
processes. Waer is anoher inpu, as well as he provision o process media and cooling.

Much o he inpu is incorporaed ino producs, and, wihou renery producs, many chemicals would require
carbon inputs from biomass or CO2 captured from the atmosphere 

The indusry employs 15 million people. Indirec and induced impacs included, i suppors 120 million people
and 7% o global GDP. Annual capial spending is USD 210 billion. The cenre o graviy o he global indusry
is in Asia. Given is size and he incorporaon o chemicals ino producs rom virually all indusrial secors,
challenges or susainabiliy in he chemical process indusries are numerous and wide-ranging19 

7.1. Exrinsic acors and challenges
The indusry has been growing over he las wo cenuries o mee a wide range o needs alongside economic
and demographic developmen, and CPI producon is expeced o connue increasing. I is in he conex
o his connued growh in demand ha he ransion o ne zero emissions will require aser and more
dramac changes over he nex hiry years.

Among he challenges o address, changes are o be expeced in he upsream availabiliy o rawmaerials and
energy due, or example, o ransormaons in he ossil-uel indusry or in susainably-produced vegeable
oils. Moreover, he indusry will ace changes in downsream demand: recycling will play a prominen role and
some uses may be resriced because o unavoidable impacs or losses ino he environmen.

Ineracons wihin he global economy and compeon or resources, such as land, are oo complex o un-

14 hps://www.mehanol.org/wp-conen/uploads/2016/07/IHS-ChemicalBullen-Issue3-Alvarado-Jun16.pd
15 hps://www.irena.org/-/media/Files/IRENA/Agency/Publicaon/2021/Jan/IRENA_Innovaon_Renewable_Mehanol_2021.pd
16 hp://www.cchem.berkeley.edu/molsim/eaching/all2009/mo/background.hml
17 hps://www.mehanol.org/wp-conen/uploads/2016/07/IHS-ChemicalBullen-Issue3-Alvarado-Jun16.pd
18 hps://www.irena.org/-/media/Files/IRENA/Agency/Publicaon/2021/Jan/IRENA_Innovaon_Renewable_Mehanol_2021.pd
19 The Global Chemical Indusry: Caalyzing Growh and Addressing Our World’s Susainabiliy Challenges, Oxord Economics, 2019; Planeary merics or he absolue

environmenal susainabiliy assessmen o chemicals, Tulus e al, Green Chemisry, Vol 23, Number 24, Dec 2021, 9707-10172; The ne-zero ransion:
Wha i would cos, wha i could bring, McKinsey & Co, Jan 2022
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ravel wihou global sysems models – aking ino accoun he socio-demographic, echnological, environmenal
and economic factors How costs along the chemicals supply chains will interact with other factors cannot be
discussed wihou such models. Conversely, scenario analyses may ideny poenally viable pahways and
branching points 

7.2. Increased process energy requiremens or elecricaon and CCUS
As indicaed in he previous secons, he primary pahs o subsanally reducing GHG emissions and overall
carbon footprint in the chemicals sector will call upon two fundamental mechanisms:

a elecricaon, boh as a subsue or process heang in he producon o ehylene and propylene and o
produce low-carbon hydrogen by elecrolysis or ammonia and oher chemical building blocks such as
methanol;

b carbon capure, ulisaon and sorage (CCUS), allowing producon acilies unable o conver o elecri-
caon o avoid CO2 emissions from outlet process streams (including those related to the use of fossil
carbon or heang).

In eiher cases, elecricaon or CCUS, he oal energy requiremen per uni o chemicals producon will
increase in comparison o curren pracce, and such increasing energy requiremen will be mulplied by he
increasing demand semming rom economic and demographic developmen.

I is hereore imperave ha he uure energy requiremens o he indusry (even or hydrogen producon
and CCUS) be sased wih energy sourcing hrough nuclear power or renewables. Thereore, he curren
employmen o coal and naural gas as energy sources in many areas o he world consues a major challenge.

Among ohers, one possible avenue may be explored in his connecon: he poenal o bio-sourcing as a
supply or a poron o he process energy required or he CPI (in addion o he bio-sourcing o eedsocks).

7.3. Bio-sourcing he process energy or he CPI: perspecves and limis
Ehanol produced rom various bio-based sources has recenly gained considerable aenon owing o is
poenal o decrease CO2 net emissions while also reducing the global reliance on fossil fuels20 Global ethanol
producon increased rom 24 Moe in 2007 o 53 Moe in 2019, only o all o 48 Moe in 2020 due o he
Covid-19 pandemic21 

Wih a producon o 1 190 200 barrels daily, he Unied Saes o America is he larges biouel producer in
he world, wih a 45% share in 2018. Brazil ranks second wih a 2018 oupu o 693 200 barrels/day, or 27% o
global producon.While he vasmajoriy oUS ehanol is produced rom corn andmaize, sugar cane has been
used as he primary eedsock or ehanol producon in Brazil.

Oher signican producers o ehanol include he European Union, China, and Canada a 5%, 3%, and 2% o
oal worldwide producon, respecvely. Germany is Europe’s larges producer wih 75 800 barrels produced
per day, a 3% global marke share, in 2018, and is closely ollowed by Argenna wih 70 600 barrels per day and
China with 68 000 barrels per day22 

According o he IEA23, he global process energy consumpon or primary chemicals producon in 2020 is
esmaed a 9.3 EJ (exajoules), equivalen o 2584 TWh. Global bioenergy power generaon increased by 8%
in 2020 o reach a value o 718 TWh, bumos o such bioenergy power is already employed in oher energy-
inensive secors such as ranspor. Given his conex, as well as he magniude o he energy requiremens
involved, i appears unlikely ha global bio-ehanol producon would cover more han a small proporon, in
he order o a ew percen, o he required energy sourcing o he CPI in he nex 10 o 20 years. Bioenergy
needs o pass sringen Lie Cycle Assessmen (LCA) ess. The bes use o high grade land is or ood producon
and low grade land for woody biomass 

20 Tuan-Dung Hoang, Nhuan Nghiem(2021), Recen Developmens and Curren Saus o Commercial Producon o Fuel Ehanol, Fermenaon 2021, 7(4), 314
21 Global Ehanol Producon by Counry or Region. Available online: hps://adc.energy.gov/daa/10331/ (accessed on 10 02 2022) 
22 hps://www.nsenergybusiness.com/eaures/op-biouel-producon-counries/
23 Process energy or primary chemical producon in he Ne Zero Scenario, 2015-2030, IEA, Paris,

hps://www.iea.org/daa-and-sascs/chars/process-energy-or-primary-chemical-producon-in-he-ne-zero-scenario-2015-2030



165

CHAPTER 4. CHEMICAL INDUSTRY

7.4. Charng individual pahs
Chemicals are signicanly raded across he world. Such global rade accouns or 45% o all chemicals GDP. In
he absence o cusomised sysemsmodels a he counry and regional levels, andmore general global models, i is
mos dicul o know how each counry should navigae is pah beween reducing is environmenal ooprin
and improving he well-being o is cizens. Counries wih more resources, which may be urher ahead, need
o address heir own challenges and collaborae more widely, including wih echnology ranser beween
counries where he producon o new chemicals is required.

Moreover, some drivers o GHG emission reducon push agains each oher. Reducons in chemical indusry
green-house gas emissions in he EU, or example, have largely semmed rom eliminang nirous oxide leakage
rom such processes such as or example niric acid, adipic acid, ec. There are also emissions embedded in
inpus. For example, he producon o naural gas involves avoidable ugive mehane emissions in many
regions. Liquied naural gas (LNG), likewise, uses energy rom ossil uels in is liqueacon. Swiching omore
sustainable sources and reducing use will both be important 

Land and susainable biomass are limied resources, and increasingly precious ones. Alhough srucural
ineciencies and misplaced incenves will connue, here will be pressures o use land in a more eecve
manner. This will inerac wih he chemical indusry in mulple ways, or example o reduce ood wasage by
rerigeraon. I secure and aordable geological CO2 sorage is abundan, hen spare land is bes used o produce
woody biomass o creae negave emissions credis hrough bioenergy wih carbon capure and sorage (CCS).
I i is scarce, hen i will be bes used or liquid biouels and chemical eedsocks.

7.5. Technologies, asses and skills
The indusry has a large sock o sophiscaed and high-capial-cos asses. Many o hese are relavely new,
and buil o supply he expanding demand in rapidly developing economies. Reshaping his sock o asses
and growing i will be challenging and require all he skills o he curren workorce, suppored by appropriae
mechanisms rom governmens. The pace and cos o asse ormaon will be a consrain on progress, deer-
mining which echnologies are available or scale up in me.

I is hereore essenal o accelerae he developmen o he required emerging echnologies based on curren
knowledge and conceps: a large marke is waing or commercially-proven echnologies o be available or
he decarbonisaon o he indusry and deployed or large-scale use as soon as possible. To accelerae hese
developmens, i is necessary o reduce he risk involved in capial invesmen. In his goal, argeed subsidies will
have an imporan role o play in addion o oher incenve measures. Wihou proven commercial echnologies,
however, i will no be possible o commi he billions o dollars o privae capial ha should be rapidly
assigned o building he new acilies required o have major impac on GHG-emission reducon in he
orhcoming decades. All new echnologies will need rigorous LCA.

Alhough breakhrough innovaon will be welcome as well, mos o iwill be oo lae. Eciency is a emporary
measure o quickly reduce emissions; eciency in downsream asses reduces invesmen in upsream asses,
including energy supplies 

In addion o invesng resources ino a new se o producs ha involve more recycling and dieren inpus
and processes, he chemical indusry will be more broadly called upon o oer is skills and echnologies. I is
unlikely ha all ossil-hydrocarbon uses be replaced wih elecriciy; hereore, low-carbon hydrogen will be
required a scale. The global marine indusry sees ammonia as a poenally more usable uel han hydrogen.
Mehanol is likely o grow aser as a carrier or energy and carbon.

In many scenarios, he direc recapure o CO2 rom he amosphere a a scale o over 1 Ge per year will be
required by 2050. How much o his will be injeced ino long-erm and secure geological sorage sies is very
unclear. A large par may perhaps be convered o uels and chemical eedsock, preserving precious sorage
o only ose unavoidable emissions (and repair he damage caused by hisoric excess emissions). Given he
scale of CO2 recapure rom he air and o hydrogen producon, as he sarng poin or uels and eedsocks,
signican invesmens will be required, including in addional elecriciy generaon.
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8. Key Messages / Recommendaons

A large number o eecve and varied approaches may be envisioned o subsanally reduce he carbon
ooprin o he processes employed in he chemicals secor. The non-exhausve lis o key messages and
recommendaons below draws upon a realisc assessmen o he developmen o he chemicals secor over
he nex 10 o 20 years and ocuses on he mos promising opons based on available (or likely o be available)
echnology over he nex 20 years.

In addion o is producon processes, he chemical indusry, rom is raw maerials o is nal producs, has
many connecons wih he enre economy; whole-sysems Lie Cycle Analysis (LCA) is hus required o he
process o undersanding such a siuaon. The ecien use o energy and maerials a he sysems level is an
imporan consideraon, since he use o chemical producs may lead o he accumulaon o wase in he air
and ground waer, oceans, soil and living organisms wih a range o poenal negave eecs. While hese
wider issues are acknowledged and need o be addressed, he scope o he presen chaper was o arge he
more limited issues of energy use within the chemical process industries and CO2 emissions directly related to
he use o energy in he chemical producon processes hemselves.

Key messages

8.1. Major high-onnage chemical producon will no disappear in he nex 10 o 20 years
Global populaon growh and economic developmen will lead o increased demand or high-value chemicals
(ehylene, propylene, benzene, oluene and xylenes), as well as ammonia andmehanol. As a resul, i is imperave
o reduce he emission o greenhouse gases in he indusrial producon o hese producs by deermined
acon in he ransormaon o he chemical process indusries (CPI).

8.2. The decarbonisaon o he chemical process indusries (CPI) can begin immediaely
hrough proper deploymen o currenly available echnologies and improved eedsock
eciency
I is no necessary o wai or new developmens, and i is urgen o deploy immediaely hose echnological
approaches ha are he mos promising and readily available. Such approaches include he reuse, reducon
and recycling o carbon-basedmaerials (plascs in parcular), reducon in nirogenous erlisers, elecricaon
o process heang, low-carbon hydrogen producon and improvemen in eedsock eciency.

8.3. Carbon capure, ulisaon and sorage will be required
Since i will no be possible o compleely ransorm all processes and producon sies in he nex 10 o 20
years, he use o carbon capure, ulisaon and sorage echnology (CCUS) or exhaus gases rom producon
processes will be required or he chemical process indusries o aain he greenhouse gas emission arges.

Recommendaons

8.4. Accelerae he reuse, reducon and recycling o carbon-based maerials
(in parcular plascs)
The replacemen o single-use plasc maerials, in parcular or packaging, can be an eecve mechanism o
limi he producon volumes o plascs, such as polyehylene and polypropylene, and hereby reduce he
greenhouse gas emissions associaed wih heir producon. Wase recycling may oer he opporuniy o
reincorporae already produced maerials ino new producs, hereby reducing he oal energy use (and
associaed greenhouse gas emissions) required or producon.

8.5. Reduce he use o nirogenous erlisers hrough improved agriculural pracces
The producon o ammonia, among all o he major high-onnage chemicals examined in he presen repor,
is he process ha has he highes specic energy requiremen. As a resul, and wihou any changes o he
ammonia process isel, a signican conribuon o reducing greenhouse gas emission may be achieved
hrough a drop in he volumes o nirogenous erlisers required in agriculural producon.
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8.6. Elecricaon o process heang wih low-carbon elecriciy
The producon o he high-onnage chemicals examined in he presen repor is parcularly energy inensive.
Replacing he coal and naural gas currenly required or process heang, in parcular in seam cracking, by
low-carbon (or nuclear) elecriciy is hereore an indispensable ransion sep ha can be implemened wih
exisng available echnology.

8.7. Large-scale developmen o low-carbon hydrogen producon
(in parcular or ammonia synhesis)
To reduce he carbon ooprin resulng rom he manuacure o ammonia, i is o umos imporance o
ransion rom he curren hydrogen producon processes o low-carbon hydrogen producon approaches.
Twoopons are possible: (1) hydrogenproducedby heelecrolysis owaer (wih low-carbonor nuclear elecriciy);
or (2) hydrogen produced by he reorming o naural gas (as i is pracced oday) buwih carbon capure and
storage (CCS) of the CO2 emied during he ransormaon.

8.8. Increase he use o ehane or ehylene producon and replace coal wih naural gas
or mehanol producon
Replacing naphha and oher heavy peroleum racons wih ehane in he seam-cracking process o produce
ehylene generaes higher seleciviy or ehylene and hereby consiues a major sep in he necessary
increase in eciency o ehylene producon worldwide. The ransion rom coal o naural gas or he producon
o mehanol also consues an imporan advance. Alhough such improvemens in eedsock eciency will
no oally eliminae greenhouse gas emissions rom he producon o ehylene andmehanol, hey will clearly
and rapidly conribue o heir signican reducon in he shor o medium erm.
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Lis o abbreviaons and acronyms

BTX Benzene, Toluene and Xylenes

CCS Carbon Capture and Storage

CCUS Carbon Capure, Ulisaon and Sorage

CPI Chemical Process Industries

FCC Fluid Caalyc Cracking

GDP Gross Domesc Produc

GHG Greenhouse Gas

HBS Haber-Bosch Synhesis

HVC High Value Chemicals

ICE Inernal Combuson Engine

IEA he Inernaonal Energy Agency

LNG Liquied Naural Gas

LPG Liquied Peroleum Gas

MTBE Mehyl er-Buyl Eher

MTO Mehanol o Olens

SOFC Solid Oxide Fuel Cell

TLE Transer Line Exchanger

TRL Technology Readiness Level
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Execuve Summary

The scope o his chaper is cemen producon. I analyses he curren siuaon o he cemen indusry and
he progress in low carbon cemen producon echnologies. I also pus orward policy recommendaons and
echnical pahs o achieve urher low-carbon developmens in his indusry in he uure.

I rs provides an ouline o he global cemen producon, marke siuaon, and carbon emission levels,
and invesgaes he relaonships beween cemen producon, GDP and he share o carbon emissions in
various counries. In 2020, 4.3 billion onnes o cemen were produced globally and he cemen indusry
alone accouned or abou 7% o global carbon emissions, e.g., around 2.5 billion onnes CO2. In he uure,
cemen demand is expeced o grow urher as demand rom developing counries expands in areas such as
inrasrucure consrucon and real esae, which shows he imporance o reduce cemen indusry emissions

The cemen indusry is a ypical resource-based, energy-inensive, and emission-based indusry: he usual
maerials and chemical reacons o obain cemen are producing hemselves CO2 The main fuel type is fossil
energy, which accouns or more han 90% o he oal consumpon, and he res is biomass and wase.

Cement producers are increasingly applying currently feasible methods to reduce carbon emissions These
include low-emperaure wase hea power generaon echnology and he adopon o alernave rawmaerials
as well as – o some exen – uel echnologies ha are sll in he demonsraon sage, such as calcium carbide
slag, oil shale, biomass, green hydrogen, and wase. These iniaves will oser he developmen o cemen
wih a low-carbon ooprin and a low-carbon developmen pah in conjuncon wih he progress in carbon
capure ulisaon and sorage (CCUS) echnologies which will cerainly be required o reach he emissions
reducon objecves

In addion o connuously developing and promong he applicaon o low-carbon producon echnologies,
many counries and regions are implemening eecive incenive policies and regulaions, encouraging
and guiding he developmen and applicaon o low-carbon echnologies, carbon marke mechanisms, and
environmenal proecon.

Finally, combining all he inpus o his sudy, a pahway o achieving a carbon-neural cemen indusry can
be projeced assuming ha sable and holisc public policies are implemened. These mus promoe and
incenvise research and developmen in low carbon echnologies, emphasise he imporance o CCUS or he
cemen indusry, and aciliae he inegraon wih oher indusries, such as seel or hermal power genera-
on. Enhancing he developmen o a low-carbon cemen indusry, depends o a large exen on inernaonal
corporaon in research and applicaon o low-carbon echnologies. Such cooperaon should accelerae he
complee reormulaon o cemen indusry sandards. Meanwhile, research ino low-carbon echnologies or
boh upsream and downsream cemen producon processes is needed.
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1. Inroducon

Cemen is an imporan building maerial in he developmen o a naonal economy. How o reduce carbon
emissions rom cemen producon, and ye ensure such producon connues o sasy demand, is he bigges
challenge for the cement industry 

Based on he curren siuaon and challenges o he global cemen indusry, his chaper looks ino he
means o reducing is carbon emissions andmakes policy recommendaons hamay evenually open carbon
reducon pahways and provide a reerence or is susainable developmen.

This chaper ocuses on he reducon o CO2 emission in cement manufacturing (as indicated Fig. 5.1.), as
this process produces most of the industry’s CO2 emissions. Neiher quarrying nor he producon o concree
shall be discussed 

Fig. 5.1. The research scope of this report is cement manufacturing

From 1994 o 2012, global cemen producon grew a a srong rae as demand rom indusries expanded, in
parcular or he global indusrialisaon process and in inrasrucure consrucon. Global cemen producon
has been around 4 billion tonnes since 2013 (4 3 billion tons in 2020) as shown in Fig. 5.2 

The global cemen marke size was valued a USD 326.81 billion in 2021. This marke is projeced o grow
rom USD 340.61 billion in 2022 o USD 481.73 billion by 2029, exhibing a “Compound Annual Growh Rae
(CAGR)” o 8.1%.

Fig. 5.2. Global cemen producon and producon growh rae1

1 U.S. Geological Survey ,Cemen Sascs and Inormaon (hps://www.usgs.gov/ceners/naonal-minerals-inormaon-cener/cemen-sascs-and-inormaon)
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The hree secors o he world economywih he highes carbon emissions are coal-based power generaon, he
indusrial secor and ransporaon, as shown in Fig. 5.3., wih he indusrial secor accounng or abou 23%
o he oal carbon emissions. The cemen indusry alone accouns or abou 7% o global carbon emis-
sions, i.e. around 2.54 billion onnes CO2 in 20202 

Fig. 5.3. Global energy-relaed CO2 emissions by sector3

Demand or cemen is relaed o economic developmen (owhich GDP is one indicaor), xed asse invesmen,
housings invesmen, populaon, ec. Fig. 5.4. shows cemen producon has a posive linear relaonship wih
GDP and populaon growh. According o he rends, such amounwill remain high in he near uure. I is hus
essenal o decarbonise he cemen indusry.

Fig. 5.4. Principal characeriscs o he global cemen indusry4, 5, 6

As counries are a dieren sages o economic developmen, here is a wide gap in he demand or cemen.
For developing counries such as China, India and Arica, economic and social developmen is in a rapid growh
rend, demand or cemen is sll high andwill keep growing in he uure in order o keep pacewih he increasing
urbanisaon and mee he demand or inrasrucure, as shown in Fig. 5.5. and Fig. 5.6. 

2 (2021),Cemen racking repor (hps://www.iea.org/repors/cemen)
3 IEA(2021),Global energy-relaed CO2 emissions by sector

le: hps://www.iea.org/daa-and-sascs/chars/global-energy-relaed-co2-emissions-by-secor, License: CC BY 4.0
right: hps://www.iea.org/repors/indusry, License: CC BY 4.0

4 World Bank, Global populaon
5 U.S. Geological Survey, Cemen Sascs and Inormaon (hps://www.usgs.gov/ceners/naonal-minerals-inormaon-cener/cemen-sascs-and-inormaon)
6 Inernaonal Moneary Fund,Global GDP
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Fig. 5.5. Principal characeriscs o he cemen indusry in China7, 8

Fig. 5.6. Principal characeriscs o he cemen indusry in India9, 10

For developed counries wih a high level o economic developmen, such as Europe and he Unied Saes o
America, demand or cemen is growing more slowly as shown in Fig. 5.7. and Fig. 5.8. 

7 Naonal Bureau o Sascs o China, China populaon
8 U.S. Geological Survey, Cemen Sascs and Inormaon (hps://www.usgs.gov/ceners/naonal-minerals-inormaon-cener/cemen-sascs-and-inormaon)
9 Indian Bureau o Sascs,GDP & populaon sascs
10 U.S. Geological Survey, Cemen Sascs and Inormaon (hps://www.usgs.gov/ceners/naonal-minerals-inormaon-cener/cemen-sascs-and-inormaon)
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Fig. 5.7. Principal characeriscs o he cemen indusry in Unied Saes11, 12

Fig. 5.8. Principal characeriscs o he cemen indusry in Germany13, 14

Wood, seel and cemen are he 3 major consrucon maerials. Demands or hese building maerials vary
grealy rom counry o counry due o dieren levels o economic developmen and resource endowmen.

I would be oo complicaed o ake such consideraons ino accoun in his chaper on cemen. Moreover,
he issue o subsung cemen by wood or seel is beyond he scope o his repor and has hus no been
discussed 

11 U.S. Bureau o Economic Analysis, GDP & populaon sascs
12 U.S. Geological Survey, Cemen Sascs and Inormaon (hps://www.usgs.gov/ceners/naonal-minerals-inormaon-cener/cemen-sascs-and-inormaon)
13 Eurosa,GDP & populaon sascs
14 U.S. Geological Survey, Cemen Sascs and Inormaon (hps://www.usgs.gov/ceners/naonal-minerals-inormaon-cener/cemen-sascs-and-inormaon)
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2. Curren siuaon

The cement industry is one of the largest CO2 emitng indusrial secors in heworld. Bearing inmind ha cemen is
hemoswidely usedmaerial or housing andmodern inrasrucure, dieren cemenmanuacuring process
opons need o be considered o make cemen producon more susainable. Wih 50% o CO2 emissions from
cemen producon being purely process relaed, he indusry is no only a source o combuson-relaed CO2

emissions, bu also he larges source o process-relaed CO2 emissions in any industrial sector The process
in queson is he calcinaon process, which conribues abou 50% o CO2 emissions, while he combuson
o solid uels conribues abou 40%. The remaining CO2 (abou 10%) is emied during he ranspor o raw
maerial and some oher producon processes ha consume elecric power15 

2.1. The cemenmanuacuring process in brie

2.1.1. Exploiaon o raw maerials
• Quarry: drilling and blasng echniques are used or he exploiaon o limesone, marl and clay. Oher

maerials conaining he required raos o calcium, silicon, aluminium and iron oxides are also exploied.

• Crushing: he maerial rom he quarry is hen crushed using dieren ypes omechanical crushers, rom
he size o 120 cm o 1.2-8 cm. Maerial drying and pre-homogenisaon processes can also be used or
ecien crushing.

• Transpor: he raw maerial is hen ranspored o he plan using conveyors, rail wagons, rucks or oher
specic means o ransporaon.

2.1.2. Mixing o raw maerials and clinkerizaon
• Mixing: crushed limesone and clay are pre-homogenised by subracon and backlling in long layered

piles, hus prepared or he grinding and drying process.

• Raw mill: he raw maerials are ground and dried in a vercal or ball mill.

• Bag ler: hese ler elemens made o exle maerials remove maerial parcles rom he urnace
exhaust gases 

• Heat exchanger: the cyclone heat exchanger allows raw materials to be preheated before entering the
furnace 

• Roary kiln: he roary kiln is designed in such a manner ha he energy o uel combuson is delivered o
he raw maerial as ecienly as possible. In he roary kiln preheaer zone, he raw maerial is rapidly
heaed o a emperaure o approximaely 1 000 °C, during which he limesone urns ino quicklime. The
hermal decomposion o limesone ino quicklime, known as he calcinaon process, occurs inside he
precalciner. In a roary kiln, emperaures reach up o 2 000 °C, producing cemen clinker.

• Cooler: he molen cemen clinker is hen cooled as quickly as possible in a clinker cooler.

2.1.3. Grinding and disribuon
• Clinker silo: the clinker is stored and ground in the factory or transported to other users 

• Cemenmill: he nal grinding o he cemen clinker is done wih approximaely 5% o naural or arcial
gypsum. Oher cemen admixures may be added along wih such oher maerials as slag, y ash, or
pozzolana.

• Logiscs: he packed cemen is hen ranspored by suiable means.

The producon process is shown in Fig. 5.1. 

15 Mikulčić, H, Vujanović, M, Duić, N. 2013. Reducing he CO2 emissions in Croaan cemen indusry. Appl. Energy 101, 41-48. doi: 10.1016/j.apenergy.2012.02.083
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Fig. 5.9. Cement manufacturing process16

Mulsage cyclone preheang sysems wih several sages have been developed o enhance hea exchange
beween he raw maerial and he ue gases. In oher words, he raw maerial is heaed by moving couner o
he ow o he ho ue gases coming rom he roary kiln, and repeaedly so unl he raw maerial has gone
through all the cyclones 

Once preheaed, he raw maerial (mainly limesone) eners he cemen calciner – a combuson uni preceding
he roary kiln. Here he limesone undergoes he calcinaon process. This process is a srongly endohermic
reacon requiring large amouns o energy inpu.

Clinker burning is he highes energy demanding process in cemen producon, and i occurs aer he calcinaon
process where a emperaure o 1 450 ˚C ensures clinker ormaon. The cemen calciner and roary kiln are
he wo combuson unis where he endohermic calcinaon reacon and combuson o dieren solid uels
occur. As hese hermochemical reacons are he main sources o CO2 emissions rom cemen producon,
special care needs o be aken in order o opmise he work load o hese unis. Following he clinkering
process in he roary kiln, he cemen clinker is rapidly cooled down o 100-200 ˚C. This is done rapidly so as o
preven undesirable chemical reacons. Blending he clinker wih dieren addives ollows he clinker cooling
process. A ha poin, he composion o he nal produc – cemen – is obained. Thereaer, he cemen is
milled, sored in he cemen silo, and disribued o consumers17 

As he cemen indusry is an energy-inensive one, oal energy use (hermal and elecric) accouns or ap-
proximaely 50–60% o he oal producon coss. Thermal energy accouns or abou 20–25% o he cemen
producon cos. The ypical elecric energy consumpon o a modern cemen plan is abou 110–120 kWh
per onne o cemen. The main hermal energy is used during he combuson / burning process, while mos
electrical energy is used for cement grinding as illustrated in Fig. 5.10. 

16 IEA – Technology Roadmap Low-Carbon Transion in he Cemen Indusry, Page 12:
hps://iea.blob.core.windows.ne/asses/cbaa3da1-d61-4c2a-8719-3153859b54/TechnologyRoadmapLowCarbonTransioninheCemenIndusry.pd

17 Mikulčić, e al., 2016
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Fig. 5.10. Cemenmanuacuring process energy ows18. CCC RighsLink License N° 5471390938086
hps://www.sciencedirec.com/science/arcle/pii/S1364032111000207

2.2. Worldwide producon
Table 5.1. provides a lis o he major cemen producers in he world or 2012 and 2020. I shows ha by ar
mos o he cemen producon is locaed in developing counries, especially in Asia.

18 Madlool, N. a., Saidur, R., Hossain, M.S., Rahim, N. A. 2011. A crical review on energy use and savings in he cemen indusries.
Renew. Susain. Energy Rev. 15, 2042–2060. doi: 10.1016/j.rser.2011.01.005
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Counry

2012 2020

Producon
(M)

Share in he world
producon

Producon
(M)

Share in he world
producon

China 2 150 58.1% 2 200 51.1%

India 250 6.7% 340 7.9%

Unied Saes 74 2.0% 90 2.0%

Brazil 70 1.9% 57 1.3%

Iran 65 1.8% 60 1.4%

Vienam 65 1.8% 96 2.2%

Turkey 60 1.6% 66 1.5%

Russian Federaon 60 1.6% 56 1.3%

Japan 52 1.4% 53 1.2%

Souh Korea 49 1.3% 50 1.1%

Egyp 44 1.2% 50 1.1%

Saudi Arabia 43 1.2% No Available -

Mexico 36 1.0% 56 1.3%

Germany 34 0.9% No Available -

Thailand 33 0.9% No Available -

Pakistan 32 0.9% No Available -

Italy 32 0.9% No Available -

Indonesia 31 0.8% 73 1.7%

Spain 20 0.5% No Available -

Nigeria 2819 0.76% 58 920 1.37%

Other (rounded) 472 12.8% No Available -

World total (rounded) 3 700 - 4 300 -

Table 5.1. Global cemen producon21

The imporance o cemen producon in hese developing economies can also be observed when comparing
the annual CO2 emissions resulng rom cemen producon in indusrialised counries wih ha in developing
counries. In he EU, he cemen indusry conribues o abou 4.1% o oal CO2 emissions22. Whereas in China,
he larges cemen producing counry and larges emier o GHG emissions in he world, 15% o oal CO2

emissions are relaed o cemen producon23 

19 Cemen Producon in Nigeria,Mmemek-Abasi Em, Amosphere,2021.9
20 Cemen Producon in Nigeria,Mmemek-Abasi Em, Amosphere,2021.9
21 Sasa, 2021. hps://www.sasa.com/sascs/267364/world-cemen-producon-by-counry/

or Major counries in worldwide cemen producon rom 2010 o 2020
22 Pardo N, Moya JA, Mercier A. 2011. Prospecve on he energy eciency and CO2 emissions in he EU cemen indusry.

Energy. 36, 3244-3254. doi: 10.1016/j.energy.2011.03.016
23 Chen, W., Hong, J., Xu, C., 2014. Polluans generaed by cemen producon in China, heir impacs, and he poenal or environmenal improvemen.

J. Clean. Prod. 103, 61–69. doi:10.1016/j.jclepro.2014.04.048
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2.3. Energy consumpon o he cemen indusry

2.3.1. Energy source in he cemen indusry
As already stated and shown in Fig. 5.11., he energy consumpon o cemen producon mainly comes rom
ossil uels, such as coal. Major indusrialised counries are aking carbon-conaining indusrial wase and
zero- carbon biomass, ec. as alernave uels or cemen producon.

Fig. 5.11. Fuel mix in the cement industry24

The mix rao o ossil uels o alernave uels in cemen producon varies in dieren counries, inuenced
by heir respecve resource endowmens and policies, as shown in Fig. 5.12.. France, he Unied Kingdom,
Ialy and oher European counries, as well as Canada and he Unied Saes o America, sared using parally
alernave uel echnology in cemen producon earlier. In hose counries, uel pre-reamen echnology and
alernave uel echnology are widely promoed and applied; heir alernave uel mix rao is hereore high-
er. In China, India, he Middle Eas, Arica and oher developing counries and regions, he developmen
and applicaon o alernave uel echnology is no as advanced; hus, ossil uels sll dominae here. In recen
years, wih he popularisaon and applicaon o alernave uel echnology, he mix rao o alernave uel
has gradually been increasing 

Fig. 5.12. Regional hermal energy mix rao in he cemen indusry25

24 Source o daa: IEA(2018),Technology Roadmap-Low Carbon Transion in he Cemen Indusry, Page 29, CC BY 4.0
hps://www.iea.org/repors/echnology-roadmap-low-carbon-ransion-in-he-cemen-indusry

25 Source o daa: Thermal specic energy consumpon per onne o clinker in seleced counries and regions, 2018 – Chars – Daa & Sascs - IEA, CC BY 4.0
hps://www.iea.org/daa-and-sascs/chars/hermal-specic-energy-consumpon-per-onne-o-clinker-in-seleced-counries-and-regions-2018
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2.3.2. Energy ransion rend in dieren counries
The major cemen-producing counries are acvely implemenng clean energy policies and carbon-reducon
echnologies. As i is being developed, clean energy, such as wind, solar and nuclear power, can be used as a
source or elecriciy o reduce indirec emissions. Hydrogen energy can be used as an alernave uel o replace
ossil uels in he cemen calcinaon process, hus heorecally reducing carbon emissions by abou 30%.
Concenraed solar energy is also an objec o research or cemen calcinaon. The energy ransion sraegies
o dieren counries are shown in Table 5.2 

Counry / Region Energy improvemen sraegies

Unied Saes o America
The USA replace coal by gas in power generaon, deploy and increase he proporon o oshore
wind and solar power generaon; sar hydrogen energy research projecs such as elecrolyc waer
o hydrogen equipmen, biological hydrogen research, and elecrochemical hydrogen producon.

France
France plans o resar nuclear power consrucon and promoes hydrogen energy echnology
research and developmen and indusrial applicaons.

Germany
Germany passed legislaon o close nuclear power plans, conrms he prioriy developmen
of green hydrogen 

China
China is improving he clean and ecien use o coal; vigorously plans o build a low-carbon sysem
using wind and solar energy; each province successively proposed o develop is hydrogen energy
industry 

India
While India plans o increase clean energy wih enhanced nuclear power capaciy, i is rigorously
pursuing solar and wind energy aiming a 50% energy requiremen rom renewable energy (RE)
in about a decade 

Table 5.2. Energy ransion sraegies o dieren counries

2.4. CO2 Emission in he cemen producon

2.4.1. CO2 emission inensiy o he cemen producon
As already saed, in he cemen producon process, nearly 90% o CO2 emied resuls rom wo hermochemical
processes. Taking China’s cemen indusry as an example, Table 5.3 displays energy consumpon, emission
intensity and CO2 emission at each of these steps

Item
Uni

consumpon
Emission
acor

Emission o CO2 Percenage
Percenage

Noe

Fuel consumpon per uni
of cement

69 kg/onne

coal equivalen

~2.66 kg/kg

coal equivalen
183.5 kg/onne ~32.9% direct emission

Elecriciy consumpon
per unit of cement

97~120 kWh/onne ~0.8kg/kWh 77.6 ~96kg/onne 13.8%~16% indirect emission

Limesone consumpon
per unit of cement

754~840 kg limesone/
tonne

~0.44 kg/kg limesone 301.6~336 kg/onne 53.6%~55% process emission

Toal emission 562.7~615.5 kgCO2/on cemen

Table 5.3. CO2 emission rom cemen producon in China26

26 Preliminary sudy on he ulisaon o hydrogen energy in cemen clinker burning, Wanglan,2021 Inernaonal Forum on Carbon Emission Reducon in he Building
Maerials Indusry
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2.4.2. CO2 emission inensiy o clinker or dieren counries
The global carbon emission inensiy o cemen clinker ranges beween 815 and 880 kg/onne cemen clinker.
CO2 emission inensiy varies noably among dieren counries, mainly because o dierences in access o and
use o carbon emission reducon echnology. For example, India has a relavely high proporon o alernave
raw maerial usage and a low proporon o cemen clinker, so ha CO2 emission intensity is rather low The
increase o carbon emission inensiy in Egyp is due o a uel swich rom naural gas o coal, resulng rom
increasing coss and he removal o governmen uel subsidies. The general rend however, wih he global
promoon and applicaon o energy-saving and emission reducon echnologies, is an annual decline in CO2

emission intensity 

Fig. 5.13. CO2 emission inensiy o clinker or dieren counries27, Daa source: GCCA, Gross CO2 emissions–Weighed average excluding CO2 rom on-
sie power generaon –Grey clinker. hps://gccassociaon.org/susainabiliy-innovaon/gnr-gcca-in-numbers/ Reproduced with Permission

27 Daa source: GCCA GNR Daa base, Gross CO2 emissions–Weighed average excluding CO2 rom on-sie power generaon–Grey clinker.
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3. Technologies or decarbonisaon

Various echnologies include digial soluons o suppor auomaon. In he cemen indusry, process conrol,
reducons in uel consumpon, producon increases and produc qualiy improvemens are carried ou.

3.1. Energy eciency improvemens
The energy eciency o cemen can progress hrough echnological upgrades and improvemens hroughou
he whole cemen producon process, as shown in Fig. 5.14. 

Fig. 5.14. Overview o energy eciency measures or he cemen indusry28 
Unis: 3.4 GJ/ or 0.94 MWh/. CCC RighsLink License N° 5471391509900

hps://www.sciencedirec.com/science/arcle/abs/pii/S1364032112005977

• The progressive replacemen o he we process wih he dry mehod was he rs sep aken o achieve
energy eciency and his has been gradually implemened globally. The energy specically used in he
producon o clinker has been hus been reduced rom 5.29 GJ/ o 3.40 GJ/.

• The measures o make energy savings and reduce GHG emissions in he dry process are shown in
Fig. 5.15.. These mainly include: advanced raw meal grinding, separae raw maerial grinding, wase
hea recovery sysem (WHRS), ec.

Fig. 5.15. Energy saving & GHG emission reducon measures on dry process29

Taiheiyo Engineering Corporaon, Japan. Reproduced wih Permission

28 N.A. Madlool, R. Saidur, N.A. Rahim, M. Kamalisarvesani, An overview o energy savings measures or cemen indusries, Renewable and Susainable Energy Reviews, 2013,
19:18-29.sciencedirec.com

29 hp://gec.jp/jcm/projecs/p_archive/13s_mgl_02/
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• A ypical breakdown o elecrical energy consumpon a a cemen plan is shown in Fig. 5.16. Grinding of
maerial is generally an inecien process. Grinding aids, which are organic compounds, may be added o
he mill during cemen grinding. Their main purpose is o reduce he energy required o grind he clinker
ino a given ineness.30 They can increase producion by 5 o 15% bu need o be coninuously
evaluaed or cos eeciveness. Unorunaely, heir cos has been rising more rapidly han he cos o
energy in recen years; he economic balance has hus o be re-evaluaed. The bene o aids on cemen
owabiliy has o be considered, along wih he added scope or reducon o cemen clinker conenwih
some modern addives. Accurae process measuremens are also key o energy saving opporunies.

• In addion, some producs (usually reerred o as perormance enhancers) provide posive eecs on
cemen hydraon, improving srengh developmen.

Fig. 5.16. Breakdown o elecrical energy consumpon a a ypical cemen plan31 Reproduced with Permission

In he ollowing lis, dieren orms owase hea recovery and usage are described in addion o oher eciency
enhancements:

• Dry kilns wih mulsage pre-heaers and pre-calcinaon make use o he wase hea rom he kiln and
clinker cooler o prehea and pre-process he kiln eed. The cyclone hea exchanger allows raw maerials
o be preheaed beore hey ener he urnace and increases he energy eciency o he urnace, so much
so ha he maerial is already 20-40% calcined when enering he urnace.

• The bag ler (whose ler elemens are made o abric) removes maerial parcles rom he urnace
exhaus gases. The exhaus gases omulple kilns are used o dry he rawmaerial, hus increasing energy
eciency.

• Process conrol and opmisaon in clinker making: high eciency moors and drives, as well as high-
eciency classiers / separaors, will improve he operaon process and save energy. Amospheric air is
used o cool he clinker and hen used in he roary kiln as combuson air ensuring he high eciency o
the heat produced 

30 hp://cadd.mapei.com/wp-conen/uploads/2016/03/2010-09-Mapei_Paper_ICR_Sep-2010.pd
31 The Cemen Plan Environmenal Handbook (2nd Edion), Inernaonal Cemen Review, Tradeship Publicaons Ld (UK)

hps://www.cemne.com/Arcles/sory/156121/bes-energy-consumpon.hml
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• Ecien ranspor sysems (dry process): Mechanical conveyors use less power han pneumac sysems.
Furher opmisaon o he overall ranspor sysem in general can be obained using AI and machine lear-
ning as well as hrough modernisaon o he ee.

• Raw meal blending (homogenising) may reduce hea requiremens by 2.11 MJ/onne clinker and power
requiremens by 0.73 kWh/onne raw maerials, while producon could increase by 5%.

• Wase Hea Recovery (WHR) can also be used or elecriciy generaon. Such power plans can be insalled
alongside cement plants They use the heat that is generated through the rotary kiln Preheater (PH) and
Air Quenching Cooler (AQC) o exhaus ho gases or power generaon, hus reducing he consumpon o
fossil fuels Waste heat sources in cement plant are shown in Fig. 5.17. 

Fig. 5.17. Waste heat sources in cement plant

WHR has grea poenal o generae abou 20 o 30% o plan power requiremens (by reducing purchased /
capve power needs). The elecriciy generaed in he cemen plan would hus no be sucien o mee is
elecriciy requiremens I is one o he cheapes sources or elecric power generaon, given he negligible
input costs 

The mos commonly used wase hea recovery mehods are preheang combuson air, seam generaon
(Fig. 5.18.) and waer heang, and load preheang.

Fig. 5.18.Wase hea opporunies in cemenmanuacuring processes32

Redko, A., O. Redko, and R. DiPippo. Low-Temperaure Energy Sysems wih Applicaons o Renewable Energy, Chaper 9: Indusrial Wase Hea
Resources; Academic Press: Cambridge, MA, USA (2020): 329-362. CCC RighsLink License N° 5471960500631

hps://www.sciencedirec.com/science/arcle/pii/B9780128162491000091

32 Abdul Haseeb, Wase Hea Recovery Sysem In Cemen Indusry, Healh Saey & Environmen, Summer-2015 GSESIT-FEST Hamdard Universiy, slide 6
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Some plans in India have insalled WHR and generaed 400 MW o WHR-based power, hus saving around
2.2 M o coal.

Fig. 5.19.Wase hea availabiliy in PH exhaus33

Fig. 5.20. Raw-mill hea requiremens a dieren kiln capacies34

33 ICC E-Conerence on Cemen Indusry - 4th Cemenng India - 2021 hps://www.indianchamber.org/icc_evens/4h-cemenng-india-icc-e-conerence-or-he-cemen-indusry/
34 ICC E-Conerence on Cemen Indusry - 4th Cemenng India - 2021 hps://www.indianchamber.org/icc_evens/4h-cemenng-india-icc-e-conerence-or-he-cemen-indusry/
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HEAT REQUIREMENT FOR CEMENT ADDITIVES
Characeriscs o Cemen Addives (oher han Limesone)

S.No. Maerial % o addion in Cemen %moisure level Hea requiremen

1 Gypsum 3-5%

a Chemical 8-20
Me rom grinding
& clinker hea

b Salt Pan
c Mineral 3-10

2 Fly ash 15-35%

a Dry Fly Ash <2% No needed

b Wet Fly Ash 15-30%
Signican exra hea

required

3 Slag 35-65% <12%
Signican exra hea

required

Fig. 5.21. Hea requiremens or cemen addives35

Fig. 5.22.Wase hea power generaon capacies as a uncon o kiln capaciy 36

For he emperaure prole available in he WHR plan cemen indusry, cycle eciency or he Rankine cycle
is around 22%, whereas eciency or ORC and Kalina cycles are 35% and 60% respecvely.

However, experiences in he WHR process encouners barriers, such as he presence o dus, uninerruped
supply o ho gas, alse air ingress in he PH boiler operang in negave pressure and low nancial reurn.

Operaonal improvemens can be achieved by alering he operang procedures a an exisng plan, wih no
signican capial invesmen.

The use o energy monioring and process conrol sysems embracing digial echnology (AI, neural neworks)
wih Compuer-Inegraed Manuacuring (CIM) can play an imporan role in energy managemen and in
reducing energy use and increase he poenal or greaer clinker replacemen in he uure.

35 ICC E-Conerence on Cemen Indusry - 4th Cemenng India - 2021 hps://www.indianchamber.org/icc_evens/4h-cemenng-india-icc-e-conerence-or-he-cemen-indusry/
36 ICC E-Conerence on Cemen Indusry - 4th Cemenng India - 2021 hps://www.indianchamber.org/icc_evens/4h-cemenng-india-icc-e-conerence-or-he-cemen-indusry/



189

CHAPTER 5. THE CEMENT INDUSTRY

Examples o Circular Economy in he cemen indusry are: required gypsum may be generaed rom ue gas
desulphurisaon (FGD) in a Thermal Power Plan (TPP), he use o y ash rom hermal power plans or
high-volume y ash cemen, he use o seel granulaed slag rom iron-making, he reducon o he clinker
acor wih alernave raw maerials, and he increase o he Thermal Subsuon Rae (TSR) wih he use o
alernave uels, such as non-recyclable plasc wase. Such mehods help improve energy eciency and cos
savings. The curren average TSR in he Indian cemen indusry has risen o 4% rom less han 1% a couple o
years ago. The indusry is now working owards reaching a TSR o 25% by 2025 and 30% by 2030. Opmising
he perormance a he global level represens a poenal or improvemen up o 100M CO2e per year. Airow
and uel ype were ound o dominae he variaon o perormance.

Fig. 5.23. Cement industry and circular economy
Eric Thomson, Environmenally Sound Managemen o Plascs Wases hrough Cemen Kiln Co-processing Ulhas Parlikar Dy Head, Geocycle India ACC

Limied 2016-04-14. Reproduced wih Permission
hps://slideplayer.com/slide/14094617/

3.2. Alernave raw maerials
Subsung limesone wih alernave calcium conaining decarbonaed rawmaerials (e.g. blas urnace slag,
lignie ash, coal ash, concree crusher sand, aeraed concree meal, demolion wase, consrucon wase,
ceramic moulds, reracory bricks, road sweepings, ec.) is an aracve opon or reducing CO2 emissions,
wih he dual advanage o 1) linking he reducon o emissions o he degree o he prior decarbonaon o
raw maerials and 2) reducing he uel required or decarbonaon o he exen ha he maerial is already
decarbonaed. Below are indicaed alernave raw maerials.

• Seel slag: as he energy required or calcinaon is esmaed o be 1.9 GJ/ (0,53MWh/) clinker, subsung
10% o clinker wih seel slag will reduce energy consumpon by 0.19 GJ/ (53 kWh/) clinker. Replacing
10% o clinker by seel slag can reduce CO2 emissions by approximaely 11%.

• Calcareous oil shale: oil shale can replace up o 76% o raw maerials in clinker manuacuring, which is
sucien or calcinaon and nal burning in a roary kiln. This means ha oil shale can parally replace
uel, reducing CO2 emissions during clinker producon and energy consumpon can be reduced by around
0.7 GJ/ (190 kWh/) Porland cemen.

• Carbide slag: Calcium Carbide Residue (CCR), a by-produc o he hydrolysis o calcium carbide, is generaed
rom he indusrial producon o ehylene, polyvinyl chloride (PVC) and oher producs as a solid wase.
Based on alkaline-acivaed eecs, carbide slag is also mixed wih ly ash, granulaed blas urnace
slag or oher poenially acive maerials o produce binder. The slag mainly consiss o Ca(OH)2 The
environmenal issues wih carbide slag are ha i he carbide slag is sacked on he spo, i may pollue
waer resources near he sacking eld, which is a concern, and he drying o carbide slag generaes
dus, which pollues he amosphere.
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• Along wih he phasing ou o coal, Supplemenary Cemenous Maerials (SCMs) such as y ash, burn
rice husk, and Ground Blas Furnace Slag (GBFS) will decrease in supply.

• Hydraulic cemens have higher early-age srengh, while pozzolana connues o gain srengh or longer
periods, as i provides higher long-erm concree srengh. Boh have been proven in consrucon applicaons.

Type o
SCMs Source Availabiliy Grindabiliy Commens

Hydraulic
SCMs

GBFS
By-produc

of steel
producon

Available in indusrialised
counries, bu as iron and
seel producon grows more
ecien, availabiliy o GBFS
will diminish 

High, varies beween
120-200% o clinker

Can be subsued up o 100% (70% is
common) 

Pozzolan-
ic SCMs

Fly ash

By-produc
of coal

combuson
for power

Around 900 million /yr
available, bu only abou a
third of this is of high enough
qualiy or use in cemen and
concrete 

Low o moderae,

30% clinker

As coal is expeced o diminish, y ash is
no a long-erm soluon. However, i will
ake some me, and he developing world
will be able to reduce this waste stream for
decades to come 

Calcined
clays

Naurally
occurring
worldwide

Widely available, somemes
even sockpiled as wase rom
ceramics manufacturing

Easy, <30% clinker
Previously, colour conrol was an issue,
bu his has been resolved wih he devel-
opmen o new echnology rom FLSmidh.

Naural
pozzolans

Naurally
occurring
worldwide

Availabiliy & applicabiliy
varies

Varies, 30% -100%
clinker

Can be very abrasive and may require ner
parcle size

Limesone
Naurally
occurring
worldwide

Widely available Low, 30% o clinker

Is use as a ller is regulaed in varying
amouns rom 5 o 35% and has proven
eecve in greaer quanes wih proper
grinding 

Table 5.4. Common ypes o Supplemenary Cemenous Maerials (SCMs)

Fig. 5.24. Cemen producon wih subsanally lower CO2 emissions37. Skocek, J., Zajac, M. & Ben Haha, M. Carbon Capure and Ulizaon
by mineralizaon o cemen pases derived rom recycled concree. Sci Rep 10, 5614 (2020). Open Access.

hps://www.naure.com/arcles/s41598-020-62503-z

37 The green colour highlighs improvemens o he process compared o he curren siuaon shown in blue. The gray colour highlighs he radional supplemenary
cemenous maerials inpu wih uncerain uure availabiliy (naure.com/arcles/s41598-020-62503-z)
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• Limesone Calcined Clay Cemen (LC-3): LC3, a new ype o cemen echnology wih ner pore srucure
and high chloride binding capaciy developed in Swizerland, is based on a blend o limesone and calcined
clay It can reduce CO2 emissions by up o 40% and is durable agains corrosion, sulphae aacks and oher
deerioraon mechanisms, making i suiable in aggressive condions.

Fig. 5.25. CO2 emission comparison - CEM 1 and LC338

LC3 – Limesone Calcined Clay Cemen. Reproduced wih Permission
hps://lc3.ch/why-lc3/

Iwill be economical o produce LC3 amos locaonswhen and / or where good qualiy y ash is easily available.
CO2 emissions rom LC3 producon are expeced o be 30% lower han OPC (Ordinary Porland Cemen) and
11% lower han PPC (Porland-Pozzolana Cemen). Energy consumpon in is producon is also lower han
OPC and PPC 

Calcined clay is abundanly available and allows or subsuon raes up o 50%. Abou 40 cemen companies
in 25 countries are now considering it 

3.3. Alernave uels: wase, biomass, green hydrogen and ohers
Alernave uels include he ollowing (see Fig. 5.26. below)

• Municipal Solid Wase (MSW), Solid Recovered Fuel (SRF) / Reuse Derived Fuel (RDF), used res & mixed
plasc wase. One o he mos avourable MSW managemen sraegies is hermal reamen or energy
recovery o obain cleaner low-carbon energy. Among many wase-o-uel sraegies, SRF as subsuon
o ossil uels is considered advanageous or he cemen indusry. Higher ossil uel prices are orcing
cemen plans o consider he use o SRF or clinker produconwih a signican reducon in GHG emissions.

• Sewage sludge. This is an organic residue wih appreciable quanes o silica and sand, generaed by
municipalies ollowing he secondary and erary reamens o wasewaer sreams. I can be used in
cemen producon by blending is incineraed ash wih Porland cemen or by generang co-combuson
before adding it to Portland cement 

Boh above processes could be implemened o replace Porland cemen and would allow or some energy
recovery. Energy produced during sewage sludge incineraon srongly depends on he waer conen o sludge
and on urnace perormance, alhough is caloric value is close o ha o ossil uel.

38 lc3.ch/why-lc3
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Fig. 5.26. Fuels in the cement industry39

Source: Alernave uels mixure in cemen indusry kilns employing Parcle Swarm Opmizaon algorihm, Ricardo C. Carpio, Francisco de Sousa
Júnior, Leandro dos Sanos Coelho, Rogério José da Silva, Journal o he Brazilian Sociey oMechanical Sciences and Engineering.

Permission or reproducon graned by copyrigh owner ScienceOpen, CC BY-NC 4.0

Tes resuls have shown ha SRF / RDF has no adverse eec upon he emissions and inernaonally complied
wih Kyoo Proocol measures and can be used as an Alernav Fuel (AF).

Superior blends o Food Residue Biouels (FRB) wih paper residues improve clinker producon and emissions.
Drying Food Residue Biouels o less han 15% moisure provides a sable, non-hazardous subsuon in
cemen kilns decreases he carbon emission level o clinker.

Plasc wase is considered as one o hemos readily available poenal candidaes as alernave uel in he ce-
men indusry, as i is producedworldwide and has a high caloric value o 29 o 40MJ/kg (8,1 o 11,1MWh/kg).
Plasc wase is available as municipal wase as well as indusrial wase. The only concern in using i is he chlo-
rine conen which is mainly ound in PVC.

AF has a CO2 reducon poenal o 12%. The mos eecve way o achieve a low CO2 emission factor will be to
use alernave uels wih a rao value below 25–26%.

Currenly available common alernaves o coal / pecoke, oil, or gas include wase, chlorinaed hydrocarbons,
solvens, plasc, used res, sewage sludge, ec. (Fig. 5.26.) 

39 hps://www.scielo.br/j/jbsmse/a/y5KzJMgcDv8xvWZ9zxrbvqr/?lang=en#



193

CHAPTER 5. THE CEMENT INDUSTRY

Fig. 5.27. Usage o alernave uel40

Zieri, W., Ismail, I. (2019). Alernave Fuels romWase Producs in Cemen Indusry. In: Marnez, L., Kharissova, O., Kharisov, B. (eds)
Handbook o Ecomaerials. Springer, Cham. CCC RighsLink License N° 5483150750696

• Biomass

Biomass is one o he mos exensively used alernave maerials in he cemen indusry because o is
diversiy and volume. The major resricons o he use o biomass in cemenmanuacuring are linked o eco-
nomic acors, he necessiy o pre-reamen sages, and he local availabiliy o he resources or he ranspor
coss, which are less resricve han echnical limiaons. Alhough replacemen raos o approximaely 20%
are recommended o mainain a sable combuson process and he qualiy o he clinker, higher values have
been used wih very sasacory resuls. This could be a cos saving way o reduce he use o ossil uel and a
friendly method of waste management 

• Mea and Bone Meal (MBM)

Aer he use oMBM was banned in 1994 by he European Union, boh as cale eed and landlling, ineres
has been growing in using MBM as uel in he cemen indusry. Nowadays in France abou 45% o he annual
producon o MBM is burn in cemen plans. The eeding raes o MBM in cemen kilns vary rom counry
o counry. MBM has a heang value o 14.5 MJ/kg (4.0 MWh/kg) which is almos hal ha o coal. Anoher
disadvanage o using MBM as uel in he cemen indusry is moisure conen, which is abou 70%. Hence,
pre-reamen is required o reduce i, increasing he processing cos.

• Used oils

Wase oil is hazardous wase originang rom auomove, railway, marine, arm and indusrial sources. In he
European Union, approximaely 1 million onnes o wase oil is used by cemen kilns as alernave uel. Solven
and spen oil rom dieren indusries generally have high caloric value and hose can be used in cemen
kilns as alernave uel wih minimal processing cos. The range o caloric value o solvens and spen oil is
beween 29 o 36 MJ/kg (8,1 o 10 MWh/kg), a variaon ha is due o heir dieren chemical composions.

Alhough used oils have high caloric value and minimal processing coss, heir use should be avoided. They
are sources o dieren polluans and emissions, compared o he use o coal in roary kilns.

• Low - carbon hydrogen (only emitng waer when burned):

Low-carbon hydrogen (see annex hydrogen a he chaper “o se he scene”) may be used o generae meh-
ane, which can hen be used wihin he cemenmaking process o re he burners and o suppor decarboni-
saon. The gure below is showing he case o green hydrogen (produced by renewable sources).

40 hps://doi.org/10.1007/978-3-319-68255-6_142
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Fig. 5.28. The use of electrofuels
ETP Bioenergy -European Technology and Innovaon Plaorm, Copyrigh ETIP-B

Overview on Elecrouels (epbioenergy.eu). Reproduced wih Permission
hps://www.epbioenergy.eu/overview-on-elecrouels?highligh=WyJlbGVjdHJvZnVlbHMiLCInZWxlY3Ryb2Z1ZWxzJyJd

Elecrolysis uses waer o produce pure hydrogen and oxygen gases. Pure oxygen can be added when burning
ossil uels or more ecien combuson, which would also eliminae he generaon o nirogen oxide
by-producs (greenhouse gases). Alernavely, he hydrogen and oxygen could replace ossil uels enrely.
However, every MJ o hydrogen produced by elecrolysis requires 30% more energy inpu han i can deliver
hrough nal hermal oupu.

Moreover, as per he laes research, hydrogen has a limied use in producing cemen. While i can subsue
some o he ossil uels used in he secor, i canno be used as an ingredien or reacan in convenonal
cemen producon. Oher drawbacks also resric is usage, as hydrogen:

• is highly ammable – more so han regular uel – and harder o conain;

• is currenly more expensive o produce han hydrogen rom naural gas

• is dicul o sore and ranspor;

• needs new inrasrucure, while replacing he exisng one is no easy.

By replacing some o he coal or naural gas used, employing low-carbon hydrogen as a uel could reduce some
o he emissions rom he cemen indusry. However, he properes o he ame generaed by he combuson
o hydrogen, such as hea dispersion, are dieren rom he hea resulng rom he convenonal uels being
used. As a resul, hydrogen migh no be adequae o hea he cemen kiln or suiable or he burner used in
clinker producon. To address hese limiaons, researchers are currenly ocusing on combining hydrogen
wih oher low-carbon uels such as biomass.

Furhermore, cemen-making echnologies can be combined wih carbon capure and sorage. Applying
echnologies ha separae he process gases rom he combuson gases (i.e. he LEILAC projec) would enable
low-cos carbon capure or sorage. A he same me, iwould aciliae he use o an alernave uel such as
hydrogen. Such a combinaon o decarbonisaon echnologies, once easible, would ackle all emissions rom
cemen producon and achieve deep reducons in he secor.

• Solar energy

Lich e al., (2012) developed a mehod or cemen producon called Solar Thermal Elecrochemical Producon
o cemen, or STEP cemen. This mehod releases zero CO2 emissions, using solar hermal energy insead o
the fossil fuel as a heat source 

Solar hea is used o mel he limesone and also provides hea or he elecrolysis o he limesone. During he
elecrolysis, depending on he emperaure o he reacon, curren applied o he limesone (CaCO3) changes
he chemical reacon o limesone decomposion.

When separaed, he carbon and oxygen aoms no longer pose any hrea o he environmen.
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Fig. 5.29. The STEP cemen process41

Solar hermal process produces cemen wih no carbon dioxide emissions . Adaped by Lisa Zyga, Phys.org
hps://phys.org/news/2012-04-solar-hermal-cemen-carbon-dioxide.hml

rom Sar Lich, The Royal Sociey o Chemisry’s journal ChemCommun 2012, 48, 6019-6021. Reproduced wih Permission.

The major cemen producer CEMEX has begun work wih he solar uel sar-up Synhelion o demonsrae he
world’s rs zero-emission cemen producon process wih high emperaure (up o 1 500 °C) solar hea.

• Synhec hydrocarbon uels

In cemen producon processes, he use o synhec hydrocarbon uels is also a possible soluon or reducing
uel consumpon and CO2 emissions. The basis or producing synhec hydrocarbon uels is synhec gas, or
syngas, a gas mixure ha conains varying amouns o CO and H2 The CO in syngas could be produced from
he sequesered CO2 emied during cemen producon, and he H2 rom excess o low-carbon elecriciy
provided or example by wind and solar power. From he syngas, hydrocarbon uels could be produced ha
allow he recycling o he sequesered original carbon in he cemen producon process once again. However,
his ype o cemenmanuacuring is sll under research (Mikulčić e al., 2013c).

Ye, sll recenly, coal has been remaining an imporan uel in some counries, such as China and India.

3.4. Low carbon cemen
A variey o lower-carbon approaches are being pursued, wih some already in pracce, or example reducing he
clinker acor. Drying Food Residue Biouels (FRBs) o less han 15% moisure provides a sable, non-
hazardous subsuon in cemen kilns and decreases he clinker leve as menoned previously.

Fig. 5.30. Advanages o LC3 Technology42 Reproduced with Permission

41 phys.org/news/2012-04-solar-hermal-cemen-carbon-dioxide.hml
42 lc3rcindia.com/srenghs
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Mos producers are already using Porland Limesone Cemens (PLCs) and Supplemenary Cemeniious
Maerials (SCMs) in heir cemen o reduce emissions. Clay conaining kaolinie can also be calcined o produce
an eecve SCM.

• Fly-ash-based geopolymers

This is a pozzolanic maerial wih high alumina and silica conen ha provides a cemenous propery in he
presence o waer. Using i provides an opon o reduce he consumpon o ordinary Porland cemen (OPC),
eliminae he disposal o y ash in landlls, and decrease CO2 emissions Geopolymers (inorganic polymers)
appear o be excellen low emperaure binders; hey are environmenally more accepable han cemen
wase orms as he sarng maerials only need o be heaed o abou 700 °C insead o clinkering a 1 400–
1 500 °C. Geopolymers have demonsraed excellen re resisance and a smaller carbon dioxide ooprin han
ha o radional Porland cemen. Fly ash, boom ash and rice husk ash have been used as raw maerial or
he producon o geopolymers (chemical composions such as silicon oxide (SiO2), aluminium oxide (Al₂O₃),
calcium oxide (CaO), sodium oxide (Na₂O), ec.). Geopolymers have signican eec on compressive srengh.

For example, he Low-Carbon Technology Roadmap (LCTR) projecons in he Indian cemen indusry shows a
reducon o direc CO2 emissions intensity to 0 35 tonnes of CO2 per onne o cemen in 2050, abou 45% lower
han 2010 levels, hus saving beween 212 and 367 million onnes o CO2 (MCO2) by 2050 and aaining he
Perorm Achieve Trade (PAT) cycle arges. Oher acors associaed wih y ash should be aken ino accoun:

• signican exposure o y ash is a risk o human healh and environmen;

• large use o y ash in making geopolymers can reduce CO2 emissions and provide cos-benes;

• NaOH, KOH, and Na2SiO3 are he mos used acvaors in y-ash-based geopolymer cemen;

• he durabiliy o y-ash-based geopolymers is mainly aeced by he neness o he y ash parcles;

• he long-erm durabiliy properes o y-ash-based geopolymers provide hem wih grea resisance o
aggressive environmens.

3.5. Carbon capure, ulisaon and sorage (CCUS)
Emissions in he cemen indusry are dicul o abae because hey are produced rom he calcinaon o lime-
sone. The hree radional levers (uel eciency, alernae uels and clinker subsuon) will no mee he
individual arges, even using new clinker o lower he need or hea in hermal reacons.

The presen prognosis is hawih he convenonal levers employed or, he arge (as in IEA-WBCSD-CSI) canno
be achieved wihou adopng Carbon Capure and Sorage (CCS). The nancial implicaons o adopng CCS
are so adverse or he cemen indusry ha i may urn ou no o be viable. Under such circumsances, he
economic feasibility of the carbon capture process is underpinned not by the price of CO2 but by the sale of
value-added producs ha could be and would be developed wih sequesered CO2. This sraegy hus juses
ocusing on Carbon Capure and Use (CCU), insead o Carbon Capure and Sorage (CCS). There is ongoing
research on several echnologies or ulising he capured CO2 so as o boos he economic easibiliy o CCU.
Research has veered owards ecien carbon capure echnologies and recyclingmehods ha ransorm carbon
ino uels and chemicals. Producs such as mehanol, urea or polymers could ulise 0.3-0.6 GCO2 a year in
2050, cosng beween USD 80 and USD 300 per onne o CO2 

CO2 fuels combine hydrogen with CO2 o produce hydrocarbon uels, including mehanol, synhec uels and
gas Such CO2 uels could ulise 1 o 4.2 GCO2 a year in 2050, ye coss rise up o USD 670 per onne o CO2 

In concree building maerials, CO2 can be used to cure cement or to manufacture aggregates displacing
convenonal cemen in he long run. The ulisaon and sorage o 0.1 o 1.4 GCO2 in 2050 is esmaed o cos
beween USD 30 and USD 70 per onne o CO2 

Bioenergy with carbon capture and storage: the operator captures CO2 by growing rees, produces elecriciy
hrough bioenergy and sequesers he resulng emissions wih an esmaed cos beween USD 60 and USD
160 per tonne of CO2 
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Soil carbon sequesraon: Along wih he sorage o CO2 in soil, his enhances agriculural yield.

Carbon Capture and Storage (CCS) implies that:

• carbon from the ground should be returned to the ground;

• for process CO2 emissions, CCS echnology is probably he only opon omee he carbon neuraliy arge;

• enhanced Oil / Gas Recovery (EOR/EGR) does no coun as CCS.

Fig. 5.31. Cemenmaking in ull oxy-uel mode43

Mario Diarano, Jørn Bakken, Sudy o a ull scale oxy-uel cemen roary kiln, April 2019, Inernaonal Journal o Greenhouse Gas Conrol
83:166-175, DOI:10.1016/j.ijggc.2019.02.008 License CC BY (Creave Commons Aribuon 4.0 Inernaonal)

Regarding he ‘Capure’ componen o CCS, he hree basic modes are oxy-uel combuson, precombuson
and pos-combuson. Precombuson echnologies are no benecial or he cemen indusry as he major
poron o CO2 comes rom he processing o rawmaerials raher han rom burning uel; only pos-combuson
and indirec calcinaon are hus being considered.

Carbon Capure and Faciliang Technologies: pos-combuson echnologies may use a solven, such as
monoehanolamine (MEA) or amine scrubbing; or hey may involve he pos-combuson calcium looping cycle,
which has been developed by he researchers working on he EU-unded CLEANKER projec. Such echnology
aims to cut the CO2 emissions o cemen plans by 90%. Calcium looping is a regenerave process ha makes
use o he abiliy o calcium-based sorbens o capure CO2 a high emperaures. In his process, CO2 is captured
hrough he so-called carbonaon o calcium oxide (CaO) o orm calcium carbonae (CaCO3) 

Fig. 5.32. The oxy-uel combuson process

43 hps://www.researchgae.ne/gure/Cemen-making-plan-in-ull-oxy-uel-mode-showing-process-componens-gas-and-clinker_g1_332123548
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Fig. 5.33. Schemac ow shee o he indirec calcinaon process wih downsream opon
Arcle “Veering Towards Carbon Capure and Transormaon – An Emerging Technological Need or Carbon Dioxide Abaemen Sraegy” –

by Dr Anjan K Chaerjee, Conma Technologies Pv Ld, Kolkaa, India. Reproduced wih Permission. See also “Cemen Producon Technology, Princi-
ples and Pracce”, Anjan Kumar Chaerjee, CRC Press, Taylor and Francis Group, page 356, FIGURE 10.17:

hps://nasiri.iu.ac.ir/sies/nasiri.iu.ac.ir/les//les_course/cemen_producon_echnology_principles_and_pracce.pd

The oxygen-enriched combuson and he oxy-uel combuson are likely o be bes-suied or new cemen
plans hawould incorporae hese design eaures. There is also a echnological opon o indirec calcinaon,
which implies calcining he limesone or rawmeal wihou any direcmixing wih uel combuson gases. This will
also require specially designed processing equipmen as depiced above, alhough no separaon echnologies,
newmaerials or processes are involved.

The producs derived rom CCU would orm a subse o novel low-energy low-carbon cemens, which would
obviously be non-Porland in characer and manuacured hrough non-radional processes. In his conex,
he major and widely shared concern is wheher any o hese new carbonaed binding maerials are realisc
alernaves o Porland cemens. Monioring he availabiliy and global disribuon o he rawmaerial resources,
up-scaling o he manuacuring processes and exensive validaon needed o conrm heir ness-or-purpose
in he long run will solve his riddle. In he meanme, a new lever is hereore being examined globally o
capture and recycle CO2 (CCUS) as an indusrial chemical. Aggregae producon by he carbonaon o kiln dus
using Carbon 8 Technology and he carbonaon o recycled concree aggregaes using cemen ue gas, as in
he FasCarb projec is considered.

LaargeHolcim, as par o Ausria’s C2PAT iniave, which capures CO2 and processes iwih low-carbon-based
hydrogen o produce hydrocarbon such as plasc or kerosene (CCUS), is also being examined.

Furher carbon ulisaon echnologies and approaches have been proposed and ried, including:

• Carbon ulisaon hrough Algae culvaon. The producon o synhec uels is indeed regarded as an
imporan developmen in energy vecors or energy sores. The producon o biouels hrough CO2 smulaed
growh o algae culures has been he subjec omuch research. In he case o cemen producon, he kiln
exhaus gases are ulised o grow he algae in bio-reacors. A large number o cemen companies have
underaken pilo rials o bio-sequesraon o CO2 with algae 

• The elecrochemical reducon o CO2 o CO using meallic caalyss. The recen developmen o nano-sized
porous silver caalyss wih 92% selecviy is a direcon owards viable commercial success. The organic
xaon o carbon is anoher novel opporuniy or developmen, which also meris aenon.

• Other uses: CO2 can and will be used in other industrial procedures The use of CO2 in he recarbonaon
o concree and mineralisaon o aggregaes provides soluons or CO2 emissions Other uses of captured
CO2 conribue o reducing he consumpon o ossil uels.
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CCUS Scenarios
CCUS scenarios are based on he consideraons ha:

ො he economic easibiliy o CCUS is case dependen;

ො cement plants emit more CO2 han can be ulised;

ො he economic benes o using capured CO2 are limited 

Research / Breakhrough on CCUS or cemen indusry
CCU: 19 dieren research projecs relaed o CCS and CCU are being developed globally, including one
demonstration plant of about 0 5 million tonnes of CO2 capure in Tamil Nadu, India. According o he
Global CCS Insiue (GCCSI), here are currenly 19 large-scale projecs in operaion and 4 new projecs
under consrucon, wih a oal capaciy close o 40 million onnes o CO2 

Sebasán González and Flaman (2014) presened a hybrid cemen producon process ha combines Concen-
raed Solar Thermal (CST) echnology and he cemen producon process. Their sudy showed ha by using
CST or he calcinaon process in he cemen producon line, CO2 emissions can be reduced by 40% since no
fossil fuel would be used The technical and economic assessment showed that it is indeed economically feasible
o use concenraed solar hermal echnology in he producon process.

One o Japan’s leading cemenmanuacurers, Tokuyama Corporaon, is o iniae a 9-monh long demonsraon
test programme of CO2 capure echnology or a cemen plan. This is he rs me he echnology will be
integrated with a cement plant 

Undersanding he poenal eecs o hydrogen use on he cemen producon process and considering he
geographic and cos viabiliy o indusrial clusers, are necessary seps owards is widespread ulisaon
Cembureau, he European cemen associaon, has already sared a easibiliy sudy ino he eecs o using
hydrogen in a cement kiln 

Currenly Heidelberg cemen is also working wih researchers a Swansea Universiy o insall and operae wih
green hydrogen 

Researchers a he Marn Luher Universiy Halle-Wienberg (MLU) in Germany and he Brazilian Universiy
o Pará have developed a climae-riendly alernave o convenonal cemen, wihou compromising peror-
mance CO2 emissions can be reduced during producon by up o wo hirds when overburden rom bauxie
(Belterra clay) deposits is used as a raw material 
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All in all, no single echnology will solve he huge problem o achieving he arge o CO2 emission reducon
or he cemen indusry. A combinaon o appropriae echnologies will be essenal o make i nancially
viable and a concered approach as par o a mission will have o be adoped while recognising he need o
say carbon neural in he broader conex o susainabiliy and compeveness. Research sudies have been
conduced in various counries, as shown in Table 5.5.44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57 below 

Technologies

1
Reducon

of the clinker
factor

Alernave
fuel

Eciency
increase

Alernave
uel (20%):

petroleum coke
and coal o RDF,
sewage, sludge,

waste oil

Kiln hea
eciency

Elecriciy & hermal
eciency

Alernave uel
(biofuels)

2
Alernave

fuels
CCS

Raw material
alernave

Grinding
electrical
eciency

Alernave uels Energy eciency

3 Alernave uel
Low carbon

energy
Low clinker acor

New cemen
products

4
Low carbon

cement
Low carbon

cement
Carbon dioxide

uptake

5
Low clinker

factor
CCS/CCU

Table 5.5. A collecon o research projecs on poenal combinaons o echnologies or reducing he CO2 footprint
o cemenmanuacuring processes. Each column represens a combinaon o echnologies or one projec.

44 Accelerang o zero by 2040! – Archiecure 2030 (hps://archiecure2030.org/accelerang-o-zero-by-2040/)
45 Ernes Orlando, Lawrence Berkeley Naonal Laboraory China Energy Group, Energy Analysis Deparmen Lynn Price, Ali Hasanbeigi, Hongyou Lu
46 Bes ways o cu carbon emissions rom he cemen indusry explored – Imperial College London

(hps://www.imperial.ac.uk/news/221654/bes-ways-carbon-emissions-rom-cemen/)
47 Mara G. Plaza* , Sergio Marnez and Fernando Rubiera CO2 Capure, Use, and Sorage in he Cemen Indusry: Sae o he Ar and Expecaons MDPI
48 CEMBUREU Posion paper - Cembureau eedback o he European Commission’s Public Consulaon on Energy Eciency Direcve
49 Thomas Schuiz Driving susainable producviy FL Smidh
50 Emission Reducon Approaches or he Cemen Indusry- AEEE.in Inside he Cemen Indusry: Challenges and Soluons
51 Global Cemen Indusry’s GHG Emissions — Global Eciency Inelligence
52 How Renewable Energy Could Suppor he Cemen Indusry’s Energy Demand Kamlesh Jolapara
53 Thomas Czigler, Sebasan Reier, Parick Schulze, and Ken Somers Laying he oundaon or zero-carbon cemenMcKinsey & Company
54 Low-Carbon Transion in he Cemen Indusry Inernaonal Energy Agency
55 Use o Alernave Maerials in CemenManuacuring Cemen Equipmen.org
56 Hosam M. Saleh, Samir B. Eskander, Innovave cemen-based maerials or environmenal proecon and resoraon

sciencedirec.com/opics/engineering/blended-cemen
57 Zhi Cao, Eric Masane, Anupam Tiwari, Sahil Akolawala Climae works oundaon Indusrial Susainabiliy Analysis Lab - Deep decarbonisaon pahways or he cemen

and concree cycle in he Unied Saes, India, and China
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4. Decarbonisaon policy

In order o achieve he carbon neuraliy goal or he global cemen indusry, key sakeholders, including iner-
naonal and naonal indusry associaons and cemen producers hemselves, need o cooperae o develop
a general policy framework 

4.1. Exisng carbon reducon policies
Mehods o policy implemenaon usually vary according o economic environmens; he policies o major
cemen-producing counries are lised in Table 5.6 

Counry Developmen background and
curren siuaon

Major Carbon Reducon
Policies Highlighs

Germany

The cement industry in Germany started
in 1877, and many o is echnologies and
equipmen are a he oreron o he
world. These include he developmen
and applicaon o ue gas deniricaon
and alernave uels, as well as he kilns,
burners, and grinding equipmen in use.

The integrated cement capacity of
Germany is 32 million /yr, accounng or
abou 0.75% o global cemen producon.
Flue gas deniricaon and alernave
uel echnologies, as well as producon
equipmen, are a he oreron o he
world. This has a relavely long hisory
and had remarkable results in the appli-
caon o inerior uel oil, peroleum coke
and alernave uels. The uel subsuon
rae increased rom 4.1% in 1987 o 68.3%
in 2017. Curren alernave uel ypes
include RDF, SDF, and sub-coal58 

1 Solid Waste Framework
Direcve (Direcve 2008/98/EC)

2 Indusrial Polluan Emissions
Direcve (2010/75/EU)

3 Wase Shipmen Regulaon
(1013/2006/EC)

1 The Framework Direcve is EU’s basic legal rame-
work on wase disposal. The Direcve reecs he
concept of sustainable waste management and seeks
to implement fundamental principles of modern waste
managemen, such as sopping he generaon o
wase and aciliang he recycling and reuse o wase
and energy. I provides or he sae disposal o wase,
or disposal equipmen, and or clear guidelines or
he disposal o wase end-producs (EOW) and or he
manuacuring o producs which musmee environ-
mental standards for the waste and not be damaging
to human health 

2 The Direcve is he main ool or regulang pollu-
an emissions rom indusrial insallaons in he EU.
As i relaes o he environmenal impac omany
acvies, such acvies require prior review and (as
he case may be) specic condions may be imposed.

3 The regulaon implemens conrol measures or he
ranspor o wase wihin, o and rom he EU. I also
sets out procedures for the transport of waste accord-
ing o he desnaon o he goods, he ype o wase
and he reamen o wase aer shipmen.

Japan

Cemen producon in Japan peaked in
he 1990s a nearly 100 million /yr and
is now down o 50 million /yr. Japanese
cement plants played a great role in waste
disposal, resource recycling and circular
economy 

1 Carbon recycling and materials
industry growth strategy in
line wih carbon-neural Green
Growth Strategy for 2050

2 “Innovave Environmenal
Innovaon Sraegy”

1 Esablishes he large-scale recycling o carbon diox-
ide echnology in domesc cemen plans as a arge
or he uure developmen o he cemen indusry,
and promoes he developmen and demonsraon
applicaon o carbon dioxide curing echnology, using
various calcium sources, such as wase.

2 Proposes he developmen o a new echnology o
produce new types of cement from carbon dioxide
(carbon dioxide recycling in cemen producon), which
is currenly in he developmen sage.

Croaa

There are three cement producers in
Croaa. Annual producon is abou 3.9
million onnes o cemen wih an average
clinker factor of 0 77 The main fuels are
peroleum coke and coal, wih alernave
uels including RDF, sewage sludge and
wase oil. The ulisaon rae o alernave
uels is abou 20%.

1 Green Cercaes

2 Legislaon or handling
Consrucon wase maerial

3 EU Green Deal

4 EU Emissions Trading Sysem
(EU ETS)

1 Green Cercaes are ocially known as Renewable
Energy Cercaes (RECs).

2 Under Croaan and EU legislaon, consrucon
wase maerials are dened as special wase ha
needs o be handled according o a specic procedure,
which leads such waste to being reused in the road
consrucon indusry.

3 The European Green Deal is a se o policy iniaves
by he European Union. An impac-assessed plan will
also be presened o increase he EU’s GHG emission
reducons arge or 2030, o a leas 50% and aiming
a 55% compared wih 1990 levels.

4 EU ETS is he core principle o he “Carbon Trading
Mechanism” under he Kyoo Proocol.

58 A look a he hisory o German cemen indusry o explore he progress o alernave uel echnology in cemen kilns, Jiang Xuchang, China cemen,2020.12
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China

China ranks rs in he world inannual
cemen producon. The energy source is
mainly coal. The equipmen and echno-
logical developmen o he cemen indus-
ry is relavely advanced, and China leads
he world in wase hea power generaon
echnology. The curren clinker coecien
is about 0 66 

1 Capaciy resricon policies.

2 Accelerang he developmen
of mandatory standards for the
cement industry

3 CO2 assessment

4 Organising o build “six-zero”
model factories in the building
materials industry

1 Includes he eliminaon o oudaed producon
capaciy, capaciy reducon and replacemen, limied
peak producon and sric conrol o new producon
capacity 

2 Specic policies and sandards include: Uni
consumpon quoas or cemen producs, limis on
energy consumpon in cemen producon, guidelines
or comprehensive solid wase recycling, and increased
monioring and use o hazardous wase managemen
programmes 

3 A presen, only he power indusry in China has
ully enered he carbon marke, while all oher
indusrial secors have no. The cemen indusry’s
carbon accounng work is o prepare or enering
he carbon marke and promong carbon emission
reducon in producon enerprises.

4 The “six-zero” demonsraon plan reers o zero
purchased elecriciy plan, zero ossil energy plan,
zero primary resource plan, zero carbon emission
plan, zero wase plan and zero employee plan.
This aims o push he indusry o achieve green,
low-carbon, sae and high-qualiy developmen.

Argenna

Argenna produces abou 11.08 million
tonnes of cement per year with a clinker
acor o abou 0.7. Energy sources are
mainly natural gas and petroleum coke 
Alernave uels include solid wase and
biomass fuels 

1 Carbon tax on fossil fuels

2 Indicaor requiremens or
alernave uels, raw maerials,
and waste recycling

1 The CO2 ax on uels is abou USD 5 per onne o
coke 

2 The hazardous wase generaed is abou 0.06 kg/ 
cemen; he recovered rae is 69.3%; he non-hazard-
ous wase generaed is abou 0.49 kg/ cemen; he
recovered rae is 50.4%.

Swizerland

Swizerland produces abou 3 million
onnes cemen per year. Energy sources
are mainly ossil-based. Swizerland is rich
in cement raw materials (limestone and
marl), bu he mining o raw maerials is
resriced or some producers, due o land
use, opposion o expanded mining, ec

1 The Swiss Energy Sraegy
2050

2 Long-erm climae sraegy o
2050

3 Carbon tax

1 The Swiss Energy Sraegy 2050 aims o improve
energy eciency, reduce energy consumpon,
encourage renewable energy use, ec. For he building
secor, measures o improve he buildings’ energy
eciency are included (e.g. subsidies or he cos o
energy-ecien building reros, ax incenves or
building reros, and suppor or he insulaon and
replacemen o heang sysems).

2 The long-erm climae sraegy shows i can reduce
GHG emissions by 2050 by around 90% o he 1990
level. The remaining emissions mus be balanced wih
NETs (negave emissions echnologies). I ormulaes
ten basic strategic principles and proposes emission
pahways or he buildings, indusry, ranspor, ec.

3 Since 2008 Swizerland has a CO2 levy which has
been increasing rom CHF 12 /onne in 2008 o nearly
CHF 100 now 
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India

India ranks second in the world in cement
producon. Abou 294 million onnes
o cemen will be produced in scal
year 2021 Fuel primarily comes from
fossil energy The cement demand mix
is 65%-70% or real esae, 20%-23% or
inrasrucure, and 10% or he remaining
commercial and industrial buildings 

1 Naonal Acon Plan or
Climae Change (NAPCC)

2 Coprocessing o hazardous
waste

3 The Bureau o Energy Ecien-
cy (BEE)

4 CII Energy benchmarking
manual

5 BEE & UNIDO

6 Clean Developmen
Mechanism (CDM)

7 Mission Innovaon (MI)

1 The Naonal Acon Plan on Climae Change
(NAPCC) aims o sop he accelerang warming o
India by focusing on renewable energy The 9th mission
o he NAPCC aims a reducing he large amoun o
CO2 emissions rom coal-red power plans.

2 The coprocessing o hazardous wase in he cemen
indusries has been encouraged, wih appropriae,
environmenally-sae mehods.

3 The Bureau o Energy Eciency (BEE) included 478
unis rom eigh energy-inensive secors, including
cemen. The minimum annual energy consumpon o
each DC (Designated Consumers) was 30 000 tonnes of
oil equivalen (oe).

4 CII (Conederaon o Indian Indusry) has published
an energy benchmarking manual that has been rec-
ognised as a useul ool or perormance assessmen,
energy eciency improvemen and arge-setng
across he indusry o help cemen plans achieve he
saus o ecien role model unis.

5 BEE and he Unied Naons Indusrial Developmen
Organizaon (UNIDO) launched a ve-year programme
ha aims o promoe innovave low-carbon echnologies
among the industry and other sectors of the Indian
economy 

6 The Clean DevelopmenMechanism (CDM) is a ex-
ible compliance mechanism inroduced in he Kyoo
Proocol a he hird Conerence o he Pares (COP3)
o he UN Framework Convenon on Climae Change
(UNFCCC). As par o he projec, saving ossil uel rom
Wase Hea Recovery Sysem (WHRS) was included in
he CDM o he UNFCCC.

7 The Accelerang CCUS Technology (ACT) iniave
under he Mission o Innovaon (MI) aims o aciliae
echnology exchange wihin he indusry and opmise
he allocaon o R&D unds. I also seeks o bring
India’s ocus back o CCS/CCUS.

Unied
States of
America

The US cemen producon ranks among
he op ve in he world. 89 million onnes
of cement were produced in 2020 The
developmen o he cemen indusry
has been constrained in recent years by
enerprise closures, producon shudowns,
overcapaciy, plan upgrades, low-priced
impored cemen and he COVID-19
pandemic 

1 Carbon tax credits

2 Dedicated funding for carbon
removal echnology developmen

3 Industrial Sector
Decarbonisaon Programme

1 Carbon ax credis serve as an incenve or using
decarbonisaon echnology, such as CCUS.

2 The rs unding, in he amoun o USD 60 million,
was provided by House and Senae appropriaors.

3 Includes: USD 10 billion invesmen o accelerae
clean hydrogen developmen; launch o he “Buy
Clean” procuremen o promoe he use o building
materials with lower hidden emissions and pollutants;
use o rade policies o incenvise clean manuacur-
ing; release o he Council on Environmenal Qualiy
CCUS guidelines; and an inerdisciplinary indusrial
decarbonisaon research iniave.

South
Africa

The annual cemen producon in Souh
Africa is about 22 million tonnes The
source o energy is mainly coal. Elecriciy is
principally rom coal-red power generaon.
Alernave uels mosly include wase res
and y ash rom coal-red power genera-
on. Fly ash producon is abou 30 million
/yr. The clinker subsuon rae or Souh
Arica approximaes 41% and will connue
to increase in the future 

1 Carbon tax

2 Souh Arica Naonal
Accrediaon Sysem (SANAS):
Accrediaon programme (ISO
14065)

3 Souh Arica Naonal Treasury
(SANT)

1 Carbon axes have been implemened. However, he
cemenmarke in Souh Arica sll needsmore regulaons
or air compeon o be achieved.

2 According o he requiremens o ISO 14065, SANAS
has indicaed how o validae GHG emissions and
se a corresponding vericaon organisaon. These
requiremens will be complied wih in he wring o
mandaory GHG repors and he evaluaon o he
implicaons o he carbon ax.

3 Souh Arica Naonal Treasury (SANT) promoes he
use of locally produced clinker and sourced secondary
materials It also encourages the local cement industry
to consider modifying plants to reduce GHG emissions 

Table 5.6. Exisng carbon reducon policies in major cemen producing counries
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4.2. Policy recommendaons
Inernaonal research insuons, including he Global Cemen and Concree Associaon (GCCA), he Inerna-
onal Energy Agency (IEA), he Cemen Susainabiliy Iniave (CSI), naonal indusry associaons, and major
cemen producers have recenly published echnical roadmaps or low-carbon developmen in he cemen
indusry. As counries have dieren energy and resource endowmens, he curren siuaons and problems
cemen producers ace are dieren, and he policy orienaons or carbon emission reducon also dier.
Policy recommendaons or he developmen o he cemen indusry are presened here, considering he
developmen o exisng low-carbon emission reducon echnologies and innovave low-carbon echnologies,
wih a view o providing sronger policy suppor or he implemenaon o hese producon echnologies in
he cemen indusry. Some recomendaons are going ar beyond he cemen secor.

4.2.1. Supporve policies or carbon reducon echnologies
• Accelerae he adopon and applicaon o echnologies or he improvemen o energy eciency. Firs,

governmens should make sure ha cemen indusry associaons se and implemen energy eciency
requiremens and CO2 emission sandards or he cemen indusry. Governmens and relevan auhories
should hen seenergy eciency improvemen arges and ormulae corresponding aconplans according
o he arges, such as reducing elecriciy consumpon per uni produc o he grinding sysem. This can
be achieved by pushing or he insallaon o such sysems as high-eciency grinding and vercal coal
mills, and encouraging cemen producers o use energy-ecienmoors o improve producon eciency.
In addion, scal incenves ha reward clean energy invesmens should be implemened. Increasing he
use and producon o low-carbon energy and recovering wase hea can be rewarded; on he oher hand,
plans wih inecien capaciy can be penalised by reducons in subsidies.

• Encourage he increased use o alernave raw maerial / uel / energy

Firs o all, governmens can work wih indusry auhories o promoe policies and regulaons ha prohibi
or severely resric landlls, as well as he use o dedicaed incineraon unis or wase reamen, and allow
wase collecon and he reamen o alernave uel59 

Moreover, regulaons or hemanagemen owase recyclingmanagemen can be developed and srenghened.
These may include he separae collecon and reamen o indusrial, domesc and hazardous wase, and
esablishmen o corresponding recycling and reamen acilies and markes (Indusrial and hazardous wase,
including, or example, seel slag, slag, y ash, and calcium carbide slag). For example, he EU governmens
have esablished a comprehensive sorng and recycling sysem o enable cemen producers o handle RDF
according o is dieren properes60. However, wih he uure implemenaon o carbon reduconmeasures
in many indusrial secors, he amoun o wase colleced will gradually decrease, hus aecing uure
alernaive applicaions in he cemen indusry. Governmens can implemen echnical speciicaions or
cemen kiln co-disposal and develop indusrial wase managemen. Furhermore biomass uel is also being
used as an alernave uel by some producers. In he uure, a more level playing eld could be provided or
he use o biomass wase, in erms o reducing carbon emissions and relaed carbon-pricing mechanisms, by
eliminang subsidies argeng only specic indusries61 

In addion, governmen and cemen indusry auhories should develop and srenghen guidelines or he use
o alernave rawmaerials and uel including concenraed solar power or clinker producon and ensure ha
producers ollow proper procedures based on hose guidelines. Moreover, he developmen o scal incenves
or he use o alernave uels or power generaon and axaon, and he relaed regulaory ramework, mus
be completed 

59 IEA(2018),Technology Roadmap-Low Carbon Transion in he Cemen Indusry,
(hps://www.iea.org/repors/echnology-roadmap-low-carbon-ransion-in-he-cemen-indusry)

60 Cemenng he European Green Deal, he European Cemen Associaon
61 Cembureau’s Building carbon neuraliy in Europe, he European Cemen Associaon
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Finally, governmens and cemen indusry auhories should develop and promoe he bes inernaonal
guidelines or alernave uel use. The relevan auhories mus also hen ensure ha producers provide
adequae qualiy conrol proocols in erms o alernave maerial availabiliy and impacmonioring. Assisance
in processing alernave uel use permis mus also be available.

• Clinker subsuon

Governmens and cemen indusry auhories can improve he availabiliy o replacemen clinker hrough he
developmen o recycling policies and provide R&D unding or he developmen o processing echnologies
and perormance ess or clinker replacemen. The regional availabiliy o clinker subsiuion is largely
inluenced by local environmenal policies and laws. For example, he availabiliy prole o y ash is limied by
uure carbon reducons in he power secor; coal-red power generaon uses deniricaon echnology o
reduce nirogen oxide emissions, bu he resulng higher ammonia concenraons in y ash is no suiable as
clinker replacement 

To increase he use o low clinker cemen in public procuremen policies, he prerequisies or use are echnical
easibiliy, availabiliy o clinker subsues, and carbon ooprin analysis using a lie-cycle approach62 

Governmens can develop appropriae public procuremen policies ha reduce he preerence or high clinker
conen cemens. They can also work ogeher wih indusry associaons o develop new naonal produc
sandards and specicaons, or revise exisng ones, o allow more blended cemens o be more widely used.
For example, sandards can be developed based on cemen properes raher han composion. I mus hen
be ensured that local agencies recognise such standards 

Finally, measures can be aken o smulae he long-disance ranspor o blended maerials such as y ash
and granulated blast furnace slag 

• New low-carbon cemen

New low-carbon cemens include he use o alkaline exciers o excie indusrial slags so as o prepare new gel
maerials, limesone calcined clay cemens (LC3), and he replacemen o cemen clinker wih supplemenary
cemenous maerials (SCM).

Governmens can make sure ha cemen indusry associaions develop public procuremen policies or
he promoion o new low-carbon cemens. New cemen sandards, or revisions o exising ones, can ake
ino consideraion he use o new low-carbon cemens. These sandards should no only speciy chemical
composion bu also include indicaors such as perormance requiremens.

In erms o capial, nancial insuons can provide suppor owards research and developmen o new
low-carbon cemen echnologies. Finally, inernaonal raining acvies by indusry associaons and research
insuons can encourage naonal sandardisaon and cercaon associaons o iniae exchange o
experiences in new cemen R&D echnologies.

• Innovave low-carbon echnologies

Innovave low-carbon echnologies mainly reer o carbon capure, ulisaon and sorage (CCUS), and oher
low-carbon echnologies ha provide echnical suppor or he implemenaon and applicaon o CCUS, such
as oxygen-rich or oxyuel combuson.

Governmens and cemen indusry auhories should work ogeher wih oher indusry associaons o develop
policies and legislaon relaed o carbon capure or ulisaon.

As par o broader climae change sraegies, governmens can provide nancial suppor or R&D and pilo
projecs on carbon capure and ulisaon echnologies. Appropriae policies which incenvise he developmen
o hese low-carbon echnologies mus also be available.

Collaboraon beween he cemen indusry and oher energy-inensive indusries, such as he seel indusry,
should also be encouraged. Boh, or example, can bene rom converng capured CO2 into fuel and other
applicaons using synhec echnologies rom he chemical indusry.

62 Cembureau’s Building carbon neuraliy in Europe, he European Cemen Associaon
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New marke mechanisms can be creaed o replace he previous Clean DevelopmenMechanism (CDM). This
will in urn provide nancial suppor or carbon capure and use projecs, as well as aciliae loans or carbon
capure projecs and he creaon o emission rading schemes, such as he EU ETS.

Naonal governmens can coordinae he regulaory ramework or CCS/CCU inernaonally, suppor he
coordinaon and demonsraon o CO2 ranspor neworks a regional, naonal, and inernaonal levels, and
opmise he developmen o inrasrucure.

Governmens and indusry auhories should promoe inernaonal cooperaon o develop an inernaonally
harmonised regulaory ramework, such as hrough he Unied Naons Framework Convenon on Climae
Change (UNFCCC) o harmonise approaches o he sae sing, operaon,mainenance,monioring, and vericaon
of CO2 permanent storage63. Finally, auhories can work wih he indusry o educae and raise awareness o
hese low-carbon echnologies, which will increase social accepance.

4.2.2. Carbon markemechanisms
• The Cement industry within the carbon market

A he Inernaonal level, i is recommended o esablish a unied and appropriae global carbon pricing sys-
em in order o creae a level playing eld in erms o carbon coss, avoid carbon leakage and ensure a man-
aged ransion o a ne-zero economy64 

Cooperaon beween he cemen indusry and he nancial secor mus be srenghened. To his end, he
sandard sysem and inormaon disclosure mechanism, which suppors green nance, should be improved.
A cooperave change policy or low-carbon developmen in he cemen indusry mus also ake place.

• Cement industries without access to the carbon market

For he cemen indusries ha have no enered he carbon marke, i is recommended o prepare in erms o
the following aspects:

ො he governmen and relevan deparmens mus develop and improve he legal sysem o carbon rading
and urher promoe he consrucon o he carbon marke;

ො research insuons should uniy carbon emission and carbon rading daa rom he naonal level and
clariy he naonal rules or he allocaon o emission righs;

ො relevan deparmens need o develop accounng sandards and mehods or he carbon emissions o
industry enterprises;

ො nancial insuons mus esablish a carbon emission nancing marke and enrich nancing ools.

ො Governmens are responsible or deermining carbon pricing mechanisms, including emission rading
systems and carbon taxes 

4.2.3. Environmenal Proecon Policies
• Emission sandards

Cemen indusry auhories need o work ogeher wih environmenal proecon deparmens o develop
or revise original polluan emission sandards, and push cemen producers o adop producon echnologies
wih low environmenal impac.

• Emission regulaon

Environmenal proecion deparmens can propose rules or monioring daa ideniicaion or cemen
producers and esablish a sysem o rules or deermining daa validiy.

Governmens and indusry auhories should propose echnical specicaons or polluon conrol as a resul
o cemen producon, and speciy polluan conrol and monioring requiremens. Governmens can also
propose corresponding comprehensive air polluon conrol programmes according o local air environmen
and implemen producon resricons, producon suspensions and remediaon mehods as necessary65 

63 Cembureau’s Building carbon neuraliy in Europe, he European Cemen Associaon
64 PCA(2021), Roadmap o carbon neuraliy
65 e.g. or decarbonizing concree
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5. Pahway o ne-zero CO2 emission

This h secon proposes a carbon neural pahway o he uure developmen o he cemen indusry, based
on low-carbon echnologies ha can be adoped by he indusry and carbon reducon policies ha have
been proposed on he curren developmen saus o he global cemen indusry.

5.1. Carbon reducon poenal o decarbonisaon echnologies

5.1.1. Energy eciency improvemen
Improving energy eciency has been widely considered or decarbonisaon. As he adapaon o energy saving
echnologies is dieren or each counry, poenals or energy eciency improvemens vary. For China, i is
considered as 6-10 kg CO2/onne clinker. According o he scenario analysis conduced by China Naonal Building
Maerial (CNBM), he baseline scenario is 0.8695 onne CO2/onne clinker or a cemen clinker emission inensiy
wihou any echnical emission reducon acor; he emission reducon scenario is 0.8432 onnes CO2/onne
clinker by 2060 or a cemen clinker emission inensiy wih echnical condions improving energy eciency.

5.1.2. Alernave raw maerial
The poenal o alernave raw maerials is 4-7 kg CO2/onne clinker. According o he CNBM scenario analysis,
the cement clinker emission intensity in the baseline scenario is 0 8695 tonne CO2/ clinker or China. The
abaemen scenario involves using alernave raw maerial echnologies, and resuls in a cemen clinker
emission intensity of 0 8369 tonne CO2/ clinker by 2060. For CEMBUREAU, he use o decarbonaed raw
maerial is expeced o resul in a 3.5% reducon o process CO2 by 2030 and up o 8% by 205066  

5.1.3. Alernave uel
The increasing use o alernave uel, combined wih he use o elecrical heang and hydrogen is expeced o
resul in near-zero CO2 emissions rom uel. For China, he emission reducon poenal o alernave uels is
140-285 kg CO2/ clinker. For CEMBUREAU, hundreds o kilograms o CO2 are planned to decrease through fuel
subsuon66. And or he Porland Cemen Associaon (PCA), he alernave uels could make up o 50% o
he indusry’s uel mix, wih no more han 10% coal and pecock use by 205067 

5.1.4. Low carbon cemen
The emission reducon poenal or low carbon cemen developmen is 40-70 kg CO2/onne clinker. Low carbon
cemen echnologies include wo caegories: new clinker sysems and clinker acor reducon. New clinker
sysem cemen includes high berylie cemen, sulphur (iron) aluminae cemen, high berylie sulphoaluminae
cemen, calcium carbonae silicae cemen, ec. Compared wih ordinary silicae cemen, he carbon emission
intensity per unit of cement clinker is much lower 

5.1.5. CCUS
CCUS has an emission reducon poenal o 200-400 kg CO2/onne clinker, and i migh be he only echnical
pahway o achieving near-zero emissions in he cemen indusry. In view o he decisive role o CCUS echnol-
ogy in a carbon neural cemen indusry, CCUS echnology will have o be promoed on a large scale.

66 5C Carbon Neural Roadmap o Cembureau, European Cemen Associaon
67 PCA(2021), Roadmap o Carbon Neuraliy
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5.2. Pahway o ne-zero CO2 emission
The pahway o ne-zero CO2 emission for the cement industry is shown in Table 5.7 

Table 5.7. Preliminary echnology developmen pahway

6. Case sudies

Many producon companies have been carrying ou research and indusrial demonsraons o low carbon
echnologies or he cemen indusry. Some ypical cases used or analysis and evaluaon are shown in Table 5.8.

Countries Argenna Canada China Croaa India South Africa Sweden

Case Studies

1 Reducon
of CO2 intensity
in the fuel mix

2 Low clinker
factor

3 Calcined
clays is used
as arcial
pozzolana

1 LaFargeHolcim:
CCS (Svane
Pressure Swing
Absorpon)

2 LaFarge:
alernave uel

1 CONCH:
CCUS (dry ice)

2 CCUS (oil
displacement
or landlling

1 NEXE:
alernave
uel (100%,
petroleum coke
and coal o RDF,
sewage, wase
oil)

1 Dalmia: CCUS
(CDRMax)

2 ACC:
Coprocessing of
plasc wase

3 JK Lakshmi:
Waste heat
recovery

1 Concrete:
reduce the
cement content
and use water
reducing

1 Cementa: CCS

2 Cementa
& Vaenall
(CemZero):
elecricaon/
biomass/CCS

Table 5.8. Typical case studies in some countries

6.1. Dalmia cemen o India
Indian indusries are leading some o he larges projecs exploring he role o CCUS, which is being recognised
by he indusries, bu more sakeholders are needed or such a ransion, in order o promoe he adopon
o CCS/CCUS echnology in India.

Dalmia Cemen, wih he aim o dropping is emission level o 30 kg CO2/onne by 2040, has announced he
insallaon o a large-scale CCUS aciliy wih 0.5 M CO2 capaciy per annum a one o is plans in Tamil Nadu,
India. For he implemenaon o his aciliy, Dalmia Cemen and Carbon Clean Soluons, UK, have parnered
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o adop Carbon Clean Soluons’ paened echnology, CDRMax (Global CCS Insue 2019). This echnology
is far from becoming mainstream 

Fig. 5.34. Diagrammac skech o Dalmia cemen
CAP: CO2 Capture unit Comparison of Technologies for CO2 Capure rom Cemen Producon—Par 2: Cos Analysis, Energies & MDPI, February 2019,

Open access Creave Common CC BY license hps://core.ac.uk/download/pd/195747385.pd

6.2. Brevik carbon capure and sorage projec
The Norwegian governmen had shorlised Brevik or an indusrial-scale CO2 capture trial at the beginning
o 2018. In Sepember 2019, a memorandum o undersanding on he capure and sorage o CO2 was signed
beween Heidelberg Cemen and he sae-owned Norwegian energy Group Equinor.

Heidelberg Cemen has commied isel o reducing is specic ne CO2 emissions per onne o cemenous
maerial rom 750 kg in 1990 o 525 kg in 2025, i.e. by more han 30%.

The Brevik carbon capure and sorage (CCS) projec will enable he capure o 400 000 onnes o CO2 per year
and ransporaon or permanen sorage, making i he rs indusrial-scale CCS projec a a cemen producon
plant in the world Fig. 5.35. is a brie inroducon o he process. Work on he new aciliy in Brevik is expeced
o begin immediaely, wih he goal o sarng CO2 separaon rom he cemen producon process by 2024.
The end resul will be a 50% cu o emissions rom he cemen produced a he plan.

Heidelberg Cement focuses on three technologies for CO2 capture:

• pos-combuson capure

• oxyfuel

• direc separaon.

Fig. 5.35. Diagrammac skech o CO2 capture
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Fig. 5.36. Diagrammac skech o CCS in Heidelberg Cemen
The Brevik CCS projec. Boh gure 5.35 and 5.36 rom Heidelberg Maerials. Reproduced wih Permission.

hps://www.heidelbergmaerials.com/en/carbon-capure-and-sorage-ccs

6.3. Low Emissions Inensiy Lime And Cemen (LEILAC) projecs
The Low Emissions Inensiy Lime And Cemen (LEILAC) projecs will seek o prove a new ype o carbon capure
echnology called Direc Separaon. Such echnology provides a common plaorm or CCUS in boh he
cemen and lime indusries, and seeks o ghen emissions sandards or CO2 emission reducons and CO2

capture 

The LEILAC1 projec has developed, buil and now operaes a pilo plan a he Heidelberg Cemen plan in
Lixhe, Belgium o demonsrae he uniqueness o such echnology as i aims o enable he capure o CO2

emissions rom he cemen and lime indusries wihou signican energy or capial penaly oher han
compressing the CO2 

Fig. 5.37. Diagrammac skech o LEILAC
PowerPoin Presenaon: Leilac 2 – Scaling Up Low-Carbon Soluons Ocober 2021, Slide 4. Reproduced wih Permission

hps://ac-anica.eu/wp-conen/uploads/2021/10/Thomsen-Calix.pd

The LEILAC pilo is designed o run up o 240 /day hroughpu, carry ou undamenal research on he process
demands and perormance, and demonsrae ha such echnology works robusly o begin scale-up planning.

The LEILAC2 projec aims o scale-up he Direc Separaon echnology developed and esed in LEILAC1 and
o build a demonsraon plan ha will separae 20% o he process emissions o a regular cemen plan, i.e.
around 100 000 tonnes of CO2 per year 
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6.4. LaargeHolcim cemen plan
The LaargeHolcim cemen plan in Vancouver, Canada, has demonsraed he use o pressure-swing absorpon
(PSA) technology to capture CO2 at pilot scale The company has called this plant the ‘CO2MENT’ demonsraon
projec. In order o urher reduce emissions, i also plans o use lower carbon uels, raher han ossil uel o
power he plan. This demonsraon projec has now accumulaed more han 1 000 hours o operaon while
achieving an 85% recovery o oal CO2 emissions. The recovered CO2 has a puriy o 95% and experimens are
underway o injec he capured CO2 ino he concree mix when i is poured. This hen becomes he ‘Ulisaon’
elemen o Carbon Capure Ulisaon and Sorage (CCUS). This recovery and ulisaon o CO2 is not likely to
be praccal or mos building consrucon sies, however, as mos concree is usually ranspored by ruck o
he building sie. I would be dicul o ranspor large quanes o CO2 o building sies or injecon ino he
concree mix. Injecon o CO2 into fresh concrete would be much easier during the manufacturing process for
producs like concree building blocks, however, which ake place in a conrolled environmen. This could hen
resul in a signican quany o he CO2 produced during the cement manufacturing process being permanently
captured rather than released into the atmosphere 

In summary, here are imporan and consrucive pahways available now o aciliae he capure and
permanent storage of CO2 generaed during hemanuacuring o cemen. These are being esed now by several
inernaonal cemen manuacuring companies, and could resul in a signican reducon in he release o
CO2 into the atmosphere This could also ensure that the use of concrete as an important building component
would be susained wihou unduly conribung o he release o large quanes o greenhouse gases.

6.5. Huaxin’s cemen kiln domesc wase cooperave disposal echnology
Huaxin Cemen is one o he inial cemen enerprises in China. Wih a clinker capaciy o 71.42 million onnes
per year, i is he ourh-larges cemen producer in China. Huaxin Cemen is responding o he naonal call
or green and susainable developmen sraegy, especially in he research on cemen kiln domesc wase
cooperave disposal echnology68 

Huaxin Cemen cooperave disposal echnology is locaed in Wuhan. As he larges domesc wase pre-reamen
and disposal projec in China, i has a oal domesc wase reamen capaciy o 4 000 onnes/day, accounng
or hal o daily domesc wase in Wuhan. This migh solve he problem o garbage reamen in he mero-
politan area of Wuhan 

Fig. 5.38 Domesc wase disposal ow char o cemen kiln69

Source: Huaxin Cemen: being a green indusrial upgrade [J]. Environmenal Economy Magazine Press, 2013(10): 40-43. Reproduced wih Permission.
hp://qikan.cqvip.com/Qikan/Arcle/Deail?id=47530967&rom=Qikan_Search_Index

68 Whie Paper on low-carbon Developmen o Huaxin Cemen Co., LTD
69 Huaxin Cemen: being a green indusrial upgrade [J]. Environmenal Economy,2013(10):40-43
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Huaxin’s cemen kiln domesc wase cooperave disposal echnology has wo pars: he ecological pre-reamen
o domesc wase and he cooperave pos-reamen o he cemen kiln producon. From garbage o he
cemen kiln, i enails he ollowing seps: recepon, drying, sorng, deodorisaon, leachae reamen and
calcinaon. The core concep o his echnology is o biochemically, physically and mechanically rea domesc
wase, which has a moisure conen o 60% and a caloric value o 700 kcal. In doing so, secondary derived
uels and raw maerials suiable or cemen producon can be exraced. In his process, he sewage is reaed
in he acilies aached o he ecological reamen plan, and malodorous gas is reaed by he deodorisaon
sysem. Meanwhile, he carbon emission o he plan is as low as 593 kg CO2/onne cemen, hus providing a
valuable conribuon o he CO2 emission reducon.

In conclusion, he cemen kiln domesc wase cooperave disposal echnology can help o solve problems
o wased gas, waer, residues and dioxins resulng rom he process o domesc garbage reamen. I can
urhermore provide raw maerials and uel or cemen plans. According o an esmae, 60% o he annual
domesc wase o China can be disposed o wih only 25% o he oal producon capaciy o he cemen in-
dustry 

7. Key messages and recommendaons

Key messages
1 The cemen indusry is one o he larges CO2 emitng indusrial secors in he world, accounng or

abou 7% o global carbon emissions. Being versale and durable maerials, concree and cemen play a
prominen role in he consrucon indusry and will connue doing so. Furhermore, hey will be imporan
in he developmen o low-carbon energy as hey will be used or he oundaons o wind urbines,
hydro-elecric dams and many oher inrasrucure projecs. The decarbonisaon o he cemen indusry
is thus crucial 

2 The global carbon emission inensiy o cemen clinker is 815~880 kg/ cemen clinker 
In he cemen producon process, nearly 90% o CO2 is emied rom wo hermochemical processes. One
is he use o raw maerials such as limesone in he cemen calcinaon process, which accouns or abou
50% o CO2 emissions. The oher is burning uels, which roughly accouns or anoher 40%. 10% o he
remaining CO2 is emied rom he ranspor o raw maerials and oher processes ha consume elecriciy.
CO2 emission inensiy varies noably among dieren counries, mainly because o dierences in access
o and use o carbon emission reducon echnology.

3 Energy eciency improvemen measures and low-carbon emission echnologies are more and more
used in he cemen producon process. These include low-emperaure wase hea power generaon
echnology and he adopon o alernave raw maerials and uel echnologies ha are sll in he
demonsraon sage, such as calcium carbide slag, oil shale, biomass, green hydrogen, and wase. These
measures will oser he developmen o cemen wih a low carbon ooprin, and will promoe a
low-carbon developmen pah in conjuncon wih he progress o CCUS echnology.

4 Producers have been carrying ou research and indusrial demonsraons o low-carbon echnologies
or he cemen indusry. In Argenna, Canada, China, Croaa, India, Souh Arica, Sweden andmany oher
counries, cases are sudied in various ways on he pahway o CO2 reducon, especially in he innovave
echnologies o alernave uel, low-carbon cemen and CCUS.
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Recommendaons
The ollowing poins summarise our main recommendaons or he cemen indusry owards achieving is
carbon neutral target 

7.1. Clear, sable and holisc public policies and incenve regulaons o encourage carbon
emission reducon o he cemen indusry
Many echnologies or carbon reducon in he cemen indusry are already maure and available. However,
hey sll require incenvising regulaons in order o be deployed on a large scale. Holisc policies will be needed
o encourage public and privae sakeholders o ac owards achieving he arge.

7.2. Deploying low-carbon available echnology and improving research and developmen
Themajor emission reducon echnologies include improving energy eciency, using alernave rawmaerial,
using alernave uel, developing cemen wih a lower carbon ooprin, and CCUS. I is imporan ha, as soon
as possible, he bes low-carbon echnologies wih high mauriy be deployed. Research and developmen on
new ypes o echnology, new processes and new cemen / concree composions are also imporan as hey
oer new possibilies or he cemen indusry o ackle climae change.

7.3. The CCUS will cerainly be required o reach he low-carbon objecves
For he cemen indusry, carbon emissions do no only resul rom he source o energy being used and how
ha energy is obained. The producon process isel, or example he decomposion o he major eedsock
(limesone), causes a large number o emissions. This canno be solved by he use o low-carbon elecriciy or
hydrogen. While low-carbon maerials are used as subsues o decrease he use o limesone, CCUS may be
more imporan or he cemen indusry. However, such echnology will no be massively deployed unl i is
economically feasible 

7.4. Developing and updang benchmarks and sandards
Benchmarks or producon processes will encourage cemen companies and indusrial players o ideny
perormance gaps and achieve emission reducion arges. Generally, sandards provide consisency or
producers, users and consumers. As new ypes o cemen, such as calcium aluminae cemen, Porland Limesone
Cemen, y ash cemen, and oher SCMs and admixures, are being developed, he developmen and updae
o cemen sandards will provide cemen users wih insrucon and exibiliy, and urher increase he marke
or currenly available high-perormance, lower carbon producs. This will grealy help he cemen indusry
reduce emissions 

7.5. Promong close cooperaon beween cemen and oher indusries and achieve overall
carbon emission reducon
Non-recycled plasc, paper, bers, and abrics are excellen lower-carbon subsues or coal. Granulaed slag
rom seel blas urnaces and y ash rom coal-red power plans can subsue or clinker. Using hese
maerials as uels and eedsocks, he cemen indusry can provide valuable environmenal and communiy
benes, diverng or recovering indusrial secondary maerials rom land disposal while reducing he emissions
inensiy o is producs. I can also oer a more ecien way o rea domesc wase han incineraon and
landlling. Lasly, nished concree and concree aggregaes could ac as carbon sinks over he useul lie and
end-o-lie phases o concree projecs. Cooperaon across secors should be osered in order o achieve he
overall carbon reducon arge.
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Lis o abbreviaons and acronyms

AFs Alernave Fuels

AQC Air Quenching Cooler

CAP CO2 Capture unit

CCR Calcium Carbide Residue

CCS Carbon Capture and Storage

CCUS Carbon Capure, Ulisaon and Sorage

CDM Clean DevelopmenMechanism

CEM1 A ype o porland cemen dened by he European cemen sandard EN 197-1-2011.
This cemen is made o 95%~100% cemen clinker wih 0~5% blended maerial.

Cembureau European cemen associaon

CSI Cemen Susainabiliy Iniave

CST Concentrated Solar Thermal

EE Energy Eciency

EU-ETS European Union Emissions Trading Sysem

GBFS Ground Blast Furnace Slag

GCCA Global Cemen and Concree Associaon

GHG Greenhouse Gas

GNR Getng he Numbers Righ

IEA Inernaonal Energy Agency, based in Paris

LC3 Limesone Calcined Clay Cemen

MBM Mea and Bone Meal

MSW Municipal Solid Wase

OPC Ordinary Portland Cement

PH Preheater

PLCs Porland Limesone Cemens

PVC Polyvinyl Chloride

PPC Porland-Pozzolana Cemen

RDF Reuse Derived Fuel

SCMs Supplemenary Cemenous Maerials

SRF Solid Recovered Fuel

tce ons o coal equivalen

TSR Thermal Subsuon Rae

WBCSD World Business Council or Susainable Developmen

WHR Wase Hea Recovery

WHRS Wase Hea Recovery Sysem
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Execuve Summary

This chaper analyses he iron and seel indusries and suggess avenues or he reducon o GHG emissions
over he nex 30 years.

Firs o all, he curren siuaon has been reviewed, in erms o worldwide producon volumes, demand and
marke rends, producon processes, energy use and CO2 emission saus. In 2021, he producon o crude
seel increased o around 1 950 million onnes, and demand or seel is expeced o ineviably increase as pop-
ulaons grow and naons around he world seek o improve heir sandards o living.

The producon o seel remains a CO2- and energy-inensive acviy. In 2019, o produce some 1 880 M seel,
he iron and seel secor accouned or around 10 000 TWh o global energy consumpon, which represened
20% o he indusrial energy use and 8% o he oal nal energy use. On average, every meric on o seel pro-
duced led to the total emission of 1 85 tons of CO2, including direc process emissions (1.4 CO2) and indirect
emissions such as associated with electricity from the grid; the direct emissions from the steel industry were
of the order of 2 6 GtCO2 , represenng beween 7 and 9% o global anhropogenic CO2 emissions 

Seelmakers use and consider various exisng and orhcoming soluons, such as making he maximum use
o scrap, bio-coke injecon, CCUS sraegies, he direc reducon o iron ore wih hydrogen, ec. in order o
nd pahways o decarbonisaon. Globally, he roue o decreasing emissions is likely o be a ransional one;
regional ineress, geographical and local condions, and echnological availabiliy being he liming acors
that impede the rate of progress 

The use of ferrous scrap is expected to gradually increase along with the growing emphasis on greenhouse gas
regulaons. Inegraed seel mills ypically use abou 15% o errous scrap on average ogeher wihmolen ho
metal Increasing the use of ferrous scrap can reduce the amount of greenhouse gas generated per tonne of
molen seel. In line wih he srenghening o environmenal regulaons, urher developmens are expeced
o be required in power-saving echnologies involving or example VOC conrol echnology, elecric urnace
heang echnology, and preheang mehods, along wih processing echnology o remove impuries rom
iron-based scrap.

The main challenges relaed o he decarbonisaon o he seel manuacuring processes have been reviewed.
These include: he scale and eciency o invesmen, availabiliy o low-carbon hydrogen and elecriciy, in-
vesmen needs, sranded asses and reurn o capial, approval rom auhories and polical decision makers,
skill shorage, ec.

Worldwide case sudies have also been inroduced in he repor. These include China Baowu’s hydrogen-based
sha urnace direc reducon echnology, and he hydrogen meallurgy demonsraon projec o he HBIS
group, which has an expeced annual oupu o 1.2 million onnes hydrogen seel and is o be he mos ad-
vanced hydrogen producon and reducon echnology in he world. In he Republic o Korea, POSCO plans
o build is Hydrogen Reducon (HyREX) pilo plan or low-carbon ironmaking based on uidised bed reduc-
on echnology by 2028, and Swedish SSAB, LKAB and Vaenall use he Hydrogen Breakhrough Ironmaking
Technology (HYBRIT) o eliminae he ormaon o CO2 by using low-carbon hydrogen as reducan and energy
source. In he case o HYBRIT, sponge iron is produced wih hydrogen gas as he reducan. Using his echnol-
ogy, SSAB has decided o phase ou all o is ve blas urnaces beore 2030 in Sweden and Finland. In addion,
signican advances are being made by world-leading seel makers in Japan, USA and Europe.
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1. Inroducon o he indusrial secor o iron and seel

The members o he Working Group come rom diverse backgrounds such as seelmaking, energy, maerial
sciences, meallurgy, chemisry, he engineering o seelmaking equipmen, caalysis, elecrochemisry, ec.
The Group has inerviewed expers on seel echnology, and in parcular hydrogen-based seelmaking rom
HYBRIT (Sweden), POSCO (Republic o Korea), and Norheasern Universiy, Shenyang (China).

The modern seel indusry has already a long radion, sarng in he 1850s when he Bessemer Converer
was invened by Sir Henry Bessemer. However, in China, under he Song Dynasy, a similar process was already
known abou eigh hundred years earlier, albei no on an indusrial scale. Iron was indeed known as a major
maerial since he Iron Age, which ollowed he Bronze Age rom abou 1200 BC.

Aer he Indusrial Revoluon, he BF-BOF process provided a versale and universal maerial essenal o our
civilisaon. However, he recen climae changes caused by he accumulaon o CO2, known as he Keeling
Curve since 1956, require an indusrial ransormaon or he decarbonisaon o he largely carbon-based
steel industry 

This chaper inroduces curren process echnologies already resulng in lower greenhouse gas emissions han
previous ones, already exisng bu sll no widely deployed (alhough hey do lead o urher reducons in
Greenhouse Gas emissions), as well as radically new echnologies, deployed on he scale o pilo projecs, e.g.,
hydrogen-based melng and reducon processes. Case sudies illusrae hese revoluonary processes, which
do, however, depend on he availabiliy o ‘green’ hydrogen, produced via waer elecrolysis using low-carbon
elecriciy, which does no come or ree and is mosly available in an inermienmode.

Furhermore, he chaper analyses he recycling o seel (scrap), which raises is own issues as dieren seel
producs or dieren uses incorporae a variey o oher elemens, such as manganese, copper, nickel, ec.
o acquire he required characeriscs (srengh, elasciy, corrosion resisance, ducliy, ec.), which canno
be easily separaed rom scrap. I also compares he availabiliy o scrap in developing counries wih ha in
already developed and indusrialised counries, which can be a hurdle. Elecriciy also plays a major role in
recycling scrap, using elecric arc urnaces (EAF). Las bu no leas, i also ouches on socieal accepabiliy, in
parcular in relaon o Carbon Capure and Sorage (CCS).

The decarbonisaon o he mining o iron ore is also briey covered.

I should be menoned ha perormance improvemen o seel maerials may indirecly resul in urher re-
ducons in CO2 emissions 

The chaper does no cover he end-producs oher han a he end o heir liecycle (scrap).
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2. Curren siuaon

2.1. Curren producon volumes worldwide and in dieren regions
In 2021, he producon o crude seel increased o around 1 950 million onnes (M)1 Despite a sharp de-
crease in demand in 2020 due o he COVID-19 pandemic2, producon in China increased beween 2019 and
2020 by 5.2%, while producon in India and oher pars o Asia decreased. Seel producon in Europe (EU 28)
decreased by more han 12% and US producon decreased by as much as 17% in 2020 compared o 2019.

The map below shows he 20 larges seel producers in he world. In addion o China, India, he Unied Saes
o America, Russia, Japan and he Republic o Korea are he larges seel producing counries3 Seel producon
in he world is dominaed by China, wih almos 60% o world producon. The oher 40% o oal producon
are evenly disribued among oher regions.

Fig. 6.1. Top 20 seel-producing counries/regions 2021 (million ons)
hps://worldseel.org/wp-conen/uploads/World-Seel-in-Figures-2022-inographic.pd

Seel producon worldwide has been increasing connuously parcularly since he year 2000, as can be seen
in the graph below 

1 World Steel in Figures 2022 - worldsteel org
2 World crude seel producon reached 1,878 million onnes (M) or he year 2020, down by 0.9% compared o 2019, according o daa romWorld Seel Associaon (WSA).
3 World seel inormaon in gures and graphs – see: WST01-i-84 WSIF infographic 2022 (worldsteel org)
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Fig. 6.2. Evoluon o global seel producon since 1950
World Seel Associaon

hps://worldseel.org/wp-conen/uploads/World-Seel-in-Figures-2022.pd

2.1.1. Curren siuaon in Europe, he Unied Saes o America and Asia
In he year 2020, seel producon in Europe amouned o 139 million onnes (M). The op producers, which
produce more han 10 M/yr, are Germany, France, Ialy and Spain. According o he European Seel Associ-
aon - EUROFER, European crude seel producon or all qualies was around 152 million onnes or 2021,
while i had decreased over he las 10 years, including or he UK. During he pandemic year 2020, here was
anoher sharp decrease o jus over 10%.

In he Unied Saes, around 71 million meric onnes o seel were produced in 2020. Elecric arc urnace
producon exceeded 70% o oal seel producon. Producon exceeded 80 million onnes in 2018 and 2019,
beore he COVID-19 pandemic. Over he pas decade, he share o EAF producon has increased rom abou
60%4. There has been a gradual increase in EAF producon capaciy, and a decrease in ha o BOF.

China, India, and Japan are he major seel producers wih 1 064.8 million onnes, 100.4 and 83.2 million
onnes respecvely. China accouns or 56.7% o oal world producon and India and Japan or 5.3% and
4.4% respecvely. Producon in oher Asian counries amouns o 7.5%. Asian counries hus represen nearly
hree quarers (73.9%) o he world crude seel producon. In some counries, such as he Republic o Korea,
he producon o seel is expeced o decrease aer reaching a peak in he nex ew years. Neverheless, he
carbon neutrality issue remains important 

4 Sasa 2022
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2.2. Seel demand and markes
A view o he supply and nal demand considering he ype o producs o nished seel is shown in he ol-
lowing gure, in which he seel in nal producs is classied ino consumer goods, mechanical and elecrical
equipmen, vehicles, inrasrucure, and buildings.

Fig. 6.3. Global seel producon by produc and demand segmen in 2019
(For he denions o home scrap and promp scrap, see § 4.1)

Source: “Iron and Seel Technology Roadmap. Towards a more susainable seelmaking”. IEA (2020)5 Reproduced with Permission 

In erms o world rade, he ollowing able allows expors and impors o be seen by counry and region. I
shows ha exra-regional impors and expors represen a considerable rade volume, wih a level o nearly
400 M o expors / impors ha may be compared wih he previously menoned 1 877 M gure o oal
worldwide producon.

5 Iron and Seel Technology Roadmap: Towards more susainable seelmaking”. IEA (2020):
hps://iea.blob.core.windows.ne/asses/eb0c8ec1-3665-4959-97d0-187ceca189a8/Iron_and_Seel_Technology_Roadmap.pd
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Fig. 6.4. World trade in steel by area in 20206

To analyse the challenges or decarbonising seel producon, i may be ineresng to look at the
seel marke and he marke developmen of future demand for decarbonised steel material in
dieren marke secors. Wih he populaon growh and he developmen o emerging counries,
i is oreseen ha overall demand will sll increase even i i is decreasing in indusrialised counries.
Furhermore, he poenal decarbonisaon o iron and seel producon, allied o specic qualies,
could give special seels opporunies o develop markets 

6 hps://worldseel.org/wp-conen/uploads/World-Seel-in-Figures-2022.pd
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A breakdown o he dieren ypes o demand may be seen in he ollowing gure7:

Fig. 6.5. Where steel is used.

Seel is considered as a crical maerial or he inrasrucural ransion owards a low-carbon economy across
every single decarbonisaon echnology shown in he ollowing gure8 

7 hps://worldseel.org/seel-opics/seel-markes/ Reproduced with permission.
8 See next page
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Fig. 6.6. Crical maerial or he inrasrucural ransion owards a low carbon economy across decarbonisaon echnologies
Exhibi rom “The raw-maerials challenge: How he meals and mining secor will be a he core o enabling he energy ransion”, January 2022,

McKinsey & Company, www.mckinsey.com. Copyrigh (c) 2022 McKinsey & Company. All righs reserved. Reproduced wih permission.
hps://www.mckinsey.com/indusries/meals-and-mining/our-insighs/he-raw-maerials-challenge-how-he-meals-and-mining-secor-will-be-a-

he-core-o-enabling-he-energy-ransion?cid=oher-eml-al-mip-mck&hdpid=7236476e-7a1-41ea-848-6923bcde51b&hcky=11774778&hlkid=ac-
3790c29bd84c79837850b8edb72

Demand is, however, expeced omainly decrease in developed counries, bu i is prediced o swily increase
in developing counries where rapidly growing economies will more han compensae or his decrease. In ad-
dion, seel producs or energy susainabiliy and elecricaon will likely increase, which will have an impac
on produc divisions.

In he same repor, McKinsey also highlighs ha a range o eedback loops will drive changes o supply chains
alongside echnology shis and maerial subsuon. For seel, such loops could be he re-domiciling o local
seel manuacuring across areas o Europe and America o mee naonal demand, and he creaon o a range
o new seel grades o mee ever-demanding requiremens or elecricaon and hydrogen ranspor. This will
also aec consumpon behaviours and he echnologies used where manuacuring is driven by mining eco-
nomics – issuing less meallurgical coal exracon licenses will indeed drive manuacuring owards alernave
uel and energy sources / processing echnologies.
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2.3. Seel producon processes
The ollowing gure presens an ample visual represenaon o hese processes, rom rawmaerial producon
o seel making, including producon rom scrap9 

Fig. 6.7. Producon processes: rom raw maerial producon o seelmaking. Reproduced wih Permission

More han 80% o crude seel is produced via primary roues using mosly iron ore along wih some scrap. The
remainder is produced via recycled scrap10 

“The main BF-BOF and EAF (boh DRI-EAF and scrap- based EAF) roues combined accoun or 95% o global
seel producon. Three oher process unis are also in use oday bu see very limied peneraon.

Smelng reducon is an alernave class o processes or ironmaking ha aciliaes he use o iron ore nes
direcly (raher han agglomeraed pelles and siner) and avoids he use o a coke oven or coking coal. Several
designs are currenly commercially available or under developmen, bu he process is ye o see widespread
adopon wihin he indusry. The open-hearh urnace is an oudaed alernave o he BOF, and has largely
been phased ou given he inerior energy perormance”11 

The DRI-EAF roue is worhwhile menoning. Is main dierence wih he BF-BOF roue is he ype o iron ha
is ypically used (high-qualiy DRI pelles), he sae o he maerial when i is reduced (a solid sae in he DRI
urnace) and he main reducing agens (hydrogen and carbon monoxide in he DRI-EAF pahway).

In he secon dealing wih CO2 emissions, we shall reer o he hree roues o:

a) BF-BOF

b) EAF

c) DRI including EAF

9 Source: Iron and Seel Technology Roadmap - Towards more susainable seelmaking (windows.net), Page 27
10 Recycling will be addressed specically in a laer secon o his chaper.
11 IEA, 2020, Iron and Seel Technology Roadmap, Towards more susainable seelmaking

hps://iea.blob.core.windows.ne/asses/eb0c8ec1-3665-4959-97d0-187ceca189a8/Iron_and_Seel_Technology_Roadmap.pd
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The hree main producon roues are he Blas Furnace (BF)- Basic Oxygen Furnace (BOF), Elecric Arc Furnace
(EAF), and Open Hearh (OHF). The EAF accouns or 26.3% on a global basis while BOF accouns or 73.2 % and
OHF or 0.3 % (worldseel.org, 2021). The use o an EAF already requires approximaely 30 o 40 % less energy
compared o he BF/BOF primary roue12 

In erms o coss, a comparison beween dieren roues including he scrap-based EAF, ollowing IEA (2020),
is provided below.

Fig. 6.8. Simplied levelized cos o seel producon via major commercial roues
IEA, 2020, Iron and Seel Technology Roadmap, Towards more susainable seelmaking, Page 31. Reproduced wih Permission.
hps://iea.blob.core.windows.ne/asses/eb0c8ec1-3665-4959-97d0-187ceca189a8/Iron_and_Seel_Technology_Roadmap.pd

The cos o producing seel is highly sensive o raw maerial and energy coss, which ypically accoun or 60-
80% o he cos o producon.

Crude seel producon by process13 is depiced in he ollowing graph or dieren counries / regions. As
may be seen, here are very signican dierences in he use o BOF vs. EAF, China being a clear example o a
counry using in majoriy he BOF, while he Unied Saes mosly uses he EAF. These dierences are relevan
o he roues o decarbonisaon.

Fig. 6.9. Crude seel producon by process and counry, 2020 . Creave Commons Aribuon (CC BY) license
Somers, J., Technologies o decarbonise he EU seel indusry, EUR 30982 EN, Publicaons Oce o he European Union, Luxembourg, 2021, ISBN 978-

92-76-47147-9 (online), doi:10.2760/069150 (online), JRC127468, Page 11
hps://publicaons.jrc.ec.europa.eu/reposiory/handle/JRC127468

12 De Beer, E. Worrell and K. Blok, “Fuure Technologies or Energy-Ecien Iron and Seel Making,” Annual Review o Energy and he Environmen, Vol. 23, No. 1, 1998,
pp. 123-205. doi:10.1146/annurev.energy.23.1.12

13 Source: JRC Publicaons Reposiory - Technologies o decarbonise he EU seel indusry (europa.eu), page 11.
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Regarding he ype o producon, China is using oxygen in 90.8% o is processes and elecriciy in 9.2%. Such
raes are 44.5% / 55.5% In India, 74.6% / 25.4% in Japan and roughly 70% / 30% in he Republic o Korea. In he
case o China, oal producon has been increasing regularly during he las decade bu he shares o he BOF
and EAF have remained consan a abou 90% / 10%.

In he case o India, wih a producon o around 100 M (equivalen o abou one enh o China’s), producon
has also been increasing in he pas decade by around 50%. However, he proporons beween BOF and EAF
uses were 40% / 60% respecvely in 2011. BOF use increased in he decade up o 44% in 2020; he relave
shares o each nally reached 44,5% / 55,5% in he year 202014 

Europe, as has been said, has been experiencing connuous decline in producon, (excep in 2017, 2018 and
2014). Ye he BOF / EAF shares have been raher sable, on he level o 57% / 43%.

2.4. Seel and energy use
The producon o seel remains a CO2- and energy-inensive acviy. In 2019, he iron and seel secor accoun-
ed or around 10 000 TWh o global energy consumpon, which represened 20% o he indusrial energy use
and 8% o he oal nal energy use o produce some 1 880 M seel15 

Coking coal alone accouned or abou 16% (872 million onnes o coal equivalen – 7 099 TWh) o global coal
demand (5 530 Mce – 45 020 TWh) in 2019. “Elecriciy and naural gas accoun or mos o he remaining
energy demand in he iron and seel secor, in almos equal measure. The seel indusry accouned or 2.5% (90
billion cubic meers [bcm]) o global gas demand and 5.5% (1 230 erawa hours [TWh]) o global elecriciy
demand in 2019”16. On he oher hand, he o gases o he dieren processes conain energy (6GJ – 1.666
MWh per onne o crude seel produced) or use in oher processes.

The ollowing gure shows he evoluon o nal energy consumpon in he seel indusry.

Fig. 6.10. Final Energy consumpon in he seel indusry
IEA, 2020, Iron and Seel Technology Roadmap, Towards more susainable seelmaking, Page 36, Reproduced wih Permission.
hps://iea.blob.core.windows.ne/asses/eb0c8ec1-3665-4959-97d0-187ceca189a8/Iron_and_Seel_Technology_Roadmap.pd

The energy inensies o he main producon roues are he ollowing, according o he IEA and he World
Seel Associaon.

14 hps://worldseel.org/zh-hans/seel-by-opic/sascs/world-seel-in-gures/
15 iea org and worldsteel org
16 IEA (2020). Iron and Seel Technology Roadmap. Towards more susainable seelmaking
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Fig. 6.11. Energy inensies omain producon roues
IEA (2020) Iron and Seel Technology Roadmap, Towards more susainable seelmaking, Page 42. Reproduced wih Permission
hps://iea.blob.core.windows.ne/asses/eb0c8ec1-3665-4959-97d0-187ceca189a8/Iron_and_Seel_Technology_Roadmap.pd

2.5. CO2 emissions

2.5.1. Toal global emissions rom seel indusry
On average, every meric on o seel produced led o he oal emission o 1.85 ons o CO2, including direc
process emissions (1 4 tCO2) and indirect emissions such as associated with external electricity; the direct
emissions from the steel industry were of the order of 2 6 GtCO2, represenng beween 7 and 9% o global
anthropogenic CO2 emissions17 

The level o CO2 emissions has been increasing consisenly wih he previous growh in seel producon.
Indeed, in he decade 1990-2000, oal producon were a he level o 800 M, rising o 1 400 M in 2010 and
1 850 M in 2020. Growh raes have been variable, ye, since 2000, hey have been in he range o 2,5% o
6,2% or he ve-year periods18 

2.5.2. CO2 emissions rom dieren echnologies / processes and dieren sources
This secon is based on he comparisons drawn by he Join Research Cenre rom he European Commission
(2022)19. “While boh he primary and secondary seelmaking roues are very energy-inensive indusrial pro-
cesses, hey can have vasly dieren CO2 emission inensies. In he BF-BOF seelmaking roue, carbon is no
only an energy inpu bu also necessary o bind and remove oxygen rom iron ore, resulng in process CO2

emissions This processing step in the blast furnace is the most CO2-inensive, responsible or over 50% o he
total CO2 emissions o he nal produc. All oher processing seps in he inegraed seelmaking roue, rom
preparing he raw maerials in he coke and siner plans, o producing and rolling he seel producs emi
CO2 rom he combuson o ossil uels required o reach he high processing emperaures [his is shown in
Figure 6.12. below]. Aribung emissions o each specic process is no sraighorward, since wase gases
are recirculaed wihin he seel plan o various sub-processes, including inernal power plans, as well as o
exernal power plans. Furhermore, seel plans can buy inpu producs, such as pelles or coke, which lowers
the CO2 emissions occurring a he specic seelmaking sie. On average, he oal BF-BOF roue emis around
1 9 tCO2/ crude seel, however here is a wide variabiliy beween counries and plans depending on he e-
ciency o energy and maerials use”.

17 iea org and worldsteel org
18 PowerPoin Presenaon (worldseel.org)
19 Sommers, J. (2022). “Technologies o decarbonise he EU seel indusry”. Join Research Cenre.
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Fig. 6.12. Simplied ow diagram and CO2 emissions o he BF-BOF roue, no including he EAF
Somers, J., Technologies o decarbonise he EU seel indusry, EUR 30982 EN, Publicaons Oce o he European Union, Luxembourg, 2021,

ISBN 978-92-76-47147-9 (online), doi:10.2760/069150 (online), JRC127468, Page 16, CC BY License
hps://publicaons.jrc.ec.europa.eu/reposiory/handle/JRC127468

“The secondary seelmaking roue is largely elecried. Small amouns o naural gas and coal are used in he
elecric arc urnace o provide addional hea and or slag oaming, and an even smaller proporon o CO2

emissions are due o he consumpon o he graphie elecrodes in he EAF, which ogeher conribue some
0 06 to 0 1 tCO2/ seel o direc emissions (Echerho, 2021). [Figure 6.13. below illusraes he CO2 emissions
in the EAF process]. A ypical EAF consumes around 500 kWh o elecriciy per onne o seel. A he curren av-
erage CO2 inensiy o elecriciy in he EU, he oal (direc and indirec) emissions rom EAF seel melng are
around 0.2-0.3 CO2/ seel. The indirec emissions rom elecriciy consumpon, around 0.1-0.2 CO2/ seel,
would be avoided i he EAF used low-carbon elecriciy”.

Fig. 6.13. Simplied ow diagram and CO2 emissions o he EAF roue
Somers, J., Technologies o decarbonise he EU seel indusry, EUR 30982 EN, Publicaons Oce o he European Union, Luxembourg, 2021,

ISBN 978-92-76-47147-9 (online), doi:10.2760/069150 (online), JRC127468, Page 16, CC BY License
hps://publicaons.jrc.ec.europa.eu/reposiory/handle/JRC127468

“A number o dieren processes have emerged over he pas y years which achieve he direc reducon
o iron ore wihou he need or blas urnaces or coke (hus dispensing also wih he need or coke ovens),
reerred o as Direc Iron Reducon (DRI). In hese processes, iron ore is reduced o meallic iron in is solid
sae, below he melng emperaure o iron, by reducon gases composed o a mixure o CO and H2 The
direc-reduced iron is hen generally used as a eedsock or EAFs. The main ype o echnology ha has been
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commercialized is sha urnace-ype reacors, such as hose developed byMidrex and HYL/Energiron20 In both
cases, he sha urnace uses reormed naural gas o reduce iron ore pelles. This process (Fig. 6.14.) emits
beween 30% and 60% less CO2 han hrough he BF-BOF roue (Cavaliere, 2019; Sarkar e al., 2018). Due o he
need or abundan, cheap naural gas, mos sha urnace DRI plans are siuaed in naural gas-rich counries.
In 2019, global DRI producon was 108 M, compared o 1 281 M o pig iron”.

Fig. 6.14. Simplied ow diagram and CO2 emissions o he direc reducon roue, including EAF
Somers, J., Technologies o decarbonise he EU seel indusry, EUR 30982 EN, Publicaons Oce o he European Union, Luxembourg, 2021,

ISBN 978-92-76-47147-9 (online), doi:10.2760/069150 (online), JRC127468, Page 17, CC BY License
hps://publicaons.jrc.ec.europa.eu/reposiory/handle/JRC127468

“In India, he number one DRI producer worldwide, a large amoun o DRI plans are roary kilns ha use coal
insead o naural gas. This coal-based process is around hree mes as CO2-inensive as naural gas, making
coal-based DRI he mos CO2-inensive seelmaking roue (Carpener, 2012).

Sha urnace DRI processes use iron ore pelles as eedsock, which are ypically higher grade (higher iron con-
en, lower gangue levels) han blas urnace pelles. The supply o DRI grade pelles is limied (Midrex, 2018),
and oher echnologies ha can allow he use o lower-qualiy iron ore are also being considered by indusry.

Worh nong also are oher upcoming ironmaking echnologies, commercially available bu deployed a a
small scale, which can reduce direcly iron ore nes. These processes hereby do no need o agglomerae (by
pellezing or sinering) he iron ore. These echnologies include wo-sage smelng reducon processes (e.g.,
Finex), where he iron ore is pre-reduced in a uidized bed, hen charged wih coal ino a meler-gasier o
make homeal, or wo-sage uidized bed processes which reduce iron ore nes o DRI (e.g. Circored)”.

Anoher upcoming DRI process is he HYBRIT (Hydrogen Breakhrough Ironmaking Technology) iniave in
Sweden. The HYBRIT projec is se up o develop a low-carbon value chain or iron and seel producon using
low-carbon elecriciy and hydrogen. The echnology involves replacing he blas urnace process wih a direc
reducon process. The goal is o have a unique value chain, rommining o low-carbon seelmaking. Deails are
described in Secon 6., Case Sudies.

Oher cases include hose o he Baowu Seel Group in China and o POSCO in he Republic o Korea. They will
be described in Secon 6., Case Sudies.

An ineresng comparison o he hree main roues, besides oher alernaves, is shown in Table 6.1. As may
be seen, i dierenaes primary rom he secondary seel producon.

20 Midrex Technologies Inc. is an American company based in Norh Carolina and HYL Energiron is based in Ialy. Boh are world leaders in direc reducon echnologies (DRI).
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Table 6.1. Commercially available low CO2 emission producon processes
Source: Tokarova e al (2020)21. Open License
hps://www.mdpi.com/1996-1073/13/15/3840

Besides he roues already considered, Table 6.1. includes the top gas recycling blast furnace that relies on
removing he CO2 rom he op gas and reinjecng he remaining gas o he blas urnace, and biomass-derived
fuels as a means to reducing CO2 emissions. Biomass may replace ossil uels in sinering or pellesing, subs-
ung coke or pulverised coal injeced; he respecve subsuon raes o biomass or he above depend on
he considered applicaons. Also included is he deploymen o carbon capure echnology, considering he
inegraon o pos-combuson capure can reduce (capure) carbon dioxide emissions rom exisng plans
wihoumajor modicaons.

2.5.3. Conribuon o he seel indusry o ne-zero emissions
As is well known, he objecve o ne-zero emissions or 2050, or 2060 depending on he counries and regions
is a scenario several insuons are analysing. The IEA repor Ne Zero by 205022 raises an ineresng discus-
sion abou energy and emission rends in he Ne-Zero Emissions Scenario. In Fig. 6.15. below, he IEA indicaes
a dramac decline in CO2 emissions rom he emerging marke and developing economies, especially China. A
he same me, seel producon volumes would be relavely a up o 2050.

Fig. 6.15. Global CO2 emission reducon scenarios rom indusry by sub-secor in he NZE
IEA Ne Zero by 2050 A Roadmap or he Global Energy Secor (Figure 3.15, Page 122)

Ne Zero by 2050 - A Roadmap or he Global Energy Secor (windows.ne). Reproduced wih Permission.

21 Tokarova,A. Karlsson. I., Roozen, J. Goransson,L. Odenberger, M. and Johnsson (2020). “Pahways or low- carbon ransion o he seel Indusry.
A Swedish case” Energies 2020, 13,3840

22 Released May 2021 (Ne Zero by 2050 – Analysis - IEA)
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In he same repor, gures are provided or he projecon o CO2 emissions from the steel industry (and other
indusries): hese would drop, rom around 2 350 M in year 2020, o 1 800 M in year 2030, 850 M in year
2040 and 200 M in year 2050. This is equivalen o an annual decline o abou 2.7% beween 2020 and 2030
and as much as 7.6% beween 2020 and 2050.

Given he weigh o China in erms o seel producon and relaed CO2 emissions, he IEA has also analysed
he siuaon and rends o hem. Indeed, according o anoher recen repor by he IEA (An Energy Secor
Roadmap o Carbon Neuraliy in China, IEA, 202123), CO2 emissions from China’s iron and steel industry would
decline rom around 1.5 G in 2020 o 1.4G in 2030 and around 120 M by 2060 in he APS (Announced Pledges
Scenario) 

Maerial and energy eciency measures, largely associaed wih he increased use o scrap seel, accoun or
around 50% o he cumulave emission reducons o 2060. The increase in scrap use is driven in large par by
economic acors and would occur regardless o eors o cu emissions.

In he longer erm, as wih he oher heavy indusrial secors, he burden o reducing emissions alls o he de-
ploymen o innovave echnologies ha are no commercially available oday, primarily CCUS and elecrolyc
hydrogen, which ogeher accoun or around 15% o he cumulave emission reducons. They are associa-
ed wih wo main producon roues: hydrogen-based direc reduced iron (DRI), a relavely energy-ecien
process ha may in he uure be direcly winned wih low-cos, capve variable low-carbon sources-based
elecriciy producon; and he innovave smelng reducon process, which avoids he need or a coke oven
and some agglomeraon processes, hus producing a purer CO2 stream that is more amenable to capture 

Togeher, hese roues accoun or more han wo-hirds o primary seel producon by 2060, wih mos o he
remainder being supplied by convenonal blas urnaces nearing he end o heir lives. Scrap-based elecric arc
urnace producon accouns or more han hal o oal seel producon by 206024 

2.5.4. Mining
Tos, M. e al. (2018)25 esmae he global CO2 emissions o iron ore mining in 2016 o be 38.3 M and
11 9 kg CO2/ o iron ore. A similar resul is provided by Skarn Associaes, which esmaes a 34 M o
CO2e he emissions o he scope 1 and 2 o iron ore, excluding China, and calculaes 62 M o CO2 were emied
for freight and downstream (See Fig. 6.16.)

Fig. 6.16. CO2 Emissions by commodiy o rs saleable produc
Skarn Associaes, Carbon emission curves or iron ore, copper, meal coal and nickel. Reproduced wih Permission.

hps://www.mining.com/carbon-emission-curves-or-iron-ore-copper-me-coal-and-nickel/

23 An energy sector roadmap to carbon neutrality in China Title of the Report (windows net) (page 109)
24 Tokarova,A. Karlsson. I., Roozen, J. Goransson,L. Odenberger, M. and Johnsson (2020). “Pahways or low- carbon ransion o he seel Indusry. A Swedish case”

Energies 2020, 13,3840
25 Tos, M. Bayer, B. Hich, M. Luer, S. Moser, P. and Feiel. S. (2018) “Meal Mining`s environmenal Pressures, A Review and Updaed Esmaes on CO2 Emissions,

Waer Use, and Land Requiremens” Susainabiliy 2018,10, 2881
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“The mining indusry generaes beween 1.9 and 5.1 gigaonnes o CO2 equivalen (CO2e) of GHG annually The
majoriy o he emissions in he secor originae rom ugive coal-bed mehane ha is released during coal
mining (1.5 o 4.6 gigaonnes) mainly in underground operaons. Power consumpon in he mining indusry
contributes 0 4 gigatonnes of CO2e 

Furher down he value chain – wha could be considered Scope 3 emissions – he meal indusry conribues
roughly 4.2 gigaonnes, mainly hrough seel and aluminum producon”26 

Mos o he greenhouse gas emissions in mining are generaed in downsream indusries (scope 3) and during
coal mining (ugive mehane). According o McKinsey (2020), here are several opons o reduce on-sie
emissions rom mines, as illusraed in he gure below.

Fig. 6.17. Opons or reducing on-sie emissions rom mining operaons
Exhibi rom “Climae risk and decarbonizaon: Wha every mining CEO needs o know”, January 2020, McKinsey & Company,

www mckinsey com. Copyrigh (c) 2022 McKinsey & Company. All righs reserved. Reproduced wih permission.
Climate risk and decarbonizaon: Wha every mining CEO needs o know | McKinsey

As may be seen, he elecricaon o he operaons will be key: green power (low-carbon energy) will be sup-
plied by he grid or sel-generaed, and or he vehicles (dump rucks, haul rucks, ec.), diesel will be replaced
by low-carbon (or ne-zero) uel. In any case, improvemens in eciency should be a mus.

Currenly here are wo opons o power a mining complex. I he grid is available in he viciniy, he mine is
direcly conneced o he grid. In he absence o grid connecon (remoe locaon), on he oher hand, a local
heavy uel oil power plan is used o generae elecriciy. The cos o uel supply is a signican conribuor o
OPEX.

In he case o o-grid mines, he deploymen o a micro-grid would ypically be powered by solar radiaon or
wind. These are inermien sources ha will hereore require energy o be sored a large scale and over a
long period o me (e.g. in norhernmines). For his ype o sorage, one opon is o sore energy in a chemical
form This is where hydrogen or hydrogen compounds may play a role27 

Regarding he sorageoenergy, purehydrogenmaynobe hebes soluon (smallmolecule, saey regulaons,
ec.). Depending on local condions, rock cavern sorage may be a soluon and is under developmen (see or

26 “Climae risk and decarbonizaon: Wha every mining CEO needs o Know” (2020) McKinsey
27 Anoher opon may emerge in he orm omodular mini-nuclear power plans (SMRs). Long-erm sorage is hen less crical.
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example he HYBRIT projec, Secon 6.). In oher cases, imigh be beer o use a hydrogenaedmolecule such
as mehanol or DME, Dimehyl Eher, (which can be manuacured on sie wih hydrogen and capured CO2)
or ammonia (assuming a source o nirogen is available or obained by air separaon). The oher advanage
o hydrogen is ha i may be used or vehicles. Indeed, DME and ammonia are also uels ha may serve in
engines as replacements for diesel These technologies already exist The present challenges are therefore
relaed o coss and deploymen issues a he mining scale (parcularly he availabiliy o large equipmen).

In a mining complex, in general, he ollowing wo ypes o energy are relevan.

a) Elecriciy or operaons. The mos consuming operaons are relaed o comminuon (crushing,
grinding), he dewaering o he mine and subsurace venlaon or underground mining. Elecriciy
should be available 24/7.

b) Diesel fuel28 used in vehicles (haul rucks, excavaors, drills, loaders, dozers) and machinery, including
power genses and oher applicaons.

Kumar Kaa, A. e al. (2019)29 analyse he energy use and greenhouse emissions ooprins o several ypes o
mines in Canada. The siuaon or he iron ore mines is reeced in he gure below.

Fig. 6.18. Sankey diagram: Canada’s iron mining energy demand (le) and GHG emission (righ) in 2016.
Source: Anil Kumar Kaa, Maew Davis, Ami Kumar, Deparmen oMechanical Engineering Universiy o Albera: Developmen o disaggregaed en-
ergy use and greenhouse gas emission ooprins in Canada’s iron, gold, and poash mining secors, Page 10, in Resources, Conservaon and Recycling,

Volume 152, January 2020, CCC RighsLink License N° 5471400890674
hps://www.sciencedirec.com/science/arcle/abs/pii/S092134491930391X?via%3Dihub

In erms o energy, heavy uel oil (12.4 PJ, or 3.44 TWh) and elecriciy, (9.7 PJ, or 2.69 TWh) are he mos used
sources o energy, ollowed by diesel (5.4 PJ, or 1.5 TWh), while coke (1.5 PJ, or 0.42 TWh) has a minor use. The
auhors argue ha he rs sep in undersanding he poenal or decarbonisaon is o ideny how energy is
now being used, in wha orm, and wha he associaed GHG emissions are.

3. Exisng, orhcoming and possible breakhrough soluons

28 Furhermore, in iron ore mining, diesel consumpon dominaes in hemae processing, whereas i is roughly equivalen o elecriciy consumpon in magnee
processing, which requires more processing and concenraon due o is lower conen in iron oxide (Engeco 2021). Mining Energy Consumpon 2021.

29 Anil Kumar Kaa, Thesis, Assessmen o Greenhouse Gas Reducon Opons or he Iron, Gold, and Poash Mining Secors, 2019, Deparmen oMechanical Engineering
Universiy o Albera, Page 48
hps://era.library.ualbera.ca/iems/94a642-b70b-4b-a36-5be47b870288/view/d211268-7381-4120-a73-c33a6d8038a4/Kaa_Anil_K_201907_MSc.pd
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3.1. Inroducon o decarbonisaon echnologies
As menoned in Secon 2., here are a presen wo main manuacuring mehodologies or seelmaking.
These mehodologies use eiher he Inegraed Blas Furnace BF / BOF processing roue, which convers virgin
raw maerials ino liquid seel, or he elecric arc, which mels seel scrap alongside a range o oher errous
bearing materials 

The dominang par (around 85%) o CO2 emissions resul rom he use o coal or naural gas in he reducon
processes ha ake place in he blas urnaces. Measures and acons are connuously going on o reduce he
climate impacts of such exisng and running processes. Boh mehodologies have srenghs and weaknesses
buil ino he invesmen model or he manuacuring sie, wih invesmen cycles or new echnologies and
processes lasng hroughou he liespan o he sie, which can oen be measured in decades.

Secon 2. has reeced on some o he opmisaon mehodologies BF / BOF (Blas Furnace / Basic Oxygen
Furnace) seelmakers are using, innovave exisng BF / BOF processes and some poenal high-ineres uure
echnologies. Reducing or eliminang greenhouse gas-emitng uels, however, will be possible hrough new
technologies described as orhcoming and breakhrough soluons. Globally, he roue o decreasing emis-
sions is likely o be a ransional one, regional ineress, geographical and local condions, and echnological
availabiliy being he liming acors ha impede he rae o progress.

McKinsey has compared he poenal echnology pahways or exisng and orhcoming soluons, which are
presented in the following table30 

Sraegy Examples Curren Oulook

BF / BOF Eciency
Programmes

Make eciency improvemens
o opmise BF / BOF operaons

Increased Scrap in BOF, Scrap
Charging in BF, Fuel Changing in BF

Technology readily available,
oen exensive rerotng

Biomass Reducans
Use biomass as alernave

fuel source
Tecnored process

Available in localised regions
where biomass is available –
Souh America & Russia

Carbon Capure & Usage
Capture CO2 emissions

and create new products
Bioehanol producon rom CO2

emissions

Ye o be proven a indusrial
scale within steel industry 

Some examples within Cement 

Elecric Arc Maximise recycling via EAF EAF used o mel scrap Technology available a scale

DRI & Elecric Arc
manuacured by NG

Replace some scrap with DRI DRI plans already ulise NG Technology available a scale

DRI manuacured by
Hydrogen in EAF

Replace NG in DRI process
with Hydrogen

Midrex Process running on Hydrogen

HYBRIT process running on Hydrogen

High-cos echnology requiring signi-
ican invesmen in boh Hydrogen

generaon & DRI capaciy

Table 6.2. Poenal echnology pahways or exisng and orhcoming soluons

3.2. Exisng echnologies

3.2.1. Making he mos o recycled raw maerials: he example o scrap
Seelmaking based on he EAF (Elecric Arc Furnace) emis 50-75% less CO2emissions han radional BF / BOF
seelmaking, as described in Secon 2.. Maximising he use o secondary seel and he recycling o rawmaerial
appears to be an important way to decarbonise the steelmaking industry 

Secon 2. explains he use o BFs / BOFs accouns or around 2/3 and EAFs or 1/3 o global seelmaking. Ye,
here are large dierences rom region o region. China, or example, has almos 90% BOF seel, while he
Unied Saes o America has around 30%. In he EU, only abou 40% seel oday is made via he EAF and 60%
via he BF / BOF.

The Join Research Cenre o he EU Commission published in 2022 “Technologies o decarbonize he EU seel
indusry”. Below is one o is key conclusions concerning recycling and EAF.

“Seel is a highly circular maerial – some 85% o end-o-lie seel is recycled, emitng only a racon o he
CO2o new primary seel. Maximising he share o recycled seel is an imporan lever o reduce CO2 emissions 

30 Exhibi rom “Decarbonizaon challenge or seel”, June 2020, McKinsey & Company, www.mckinsey.com. Copyrigh (c) 2022 McKinsey & Company. All righs reserved.
Reprined by permission. - hps://www.mckinsey.com/indusries/meals-and-mining/our-insighs/decarbonizaon-challenge-or-seel
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However, due o limis in qualiy, old scrap is mosly downcycled o lower qualiy seel and signican demand
for primary steel will persist in the future31.” China, he rs seel producer in he world, has declared ha i
aims o “signicanly increase” mine iron ore producon and boos he ulisaon o seel scrap, as par o a
plan o develop a higher-qualiy and greener errous indusry.

The saemen, made by he Minisry o Indusry and Inormaon Technology (MIIT), was ha more han
80% o seel capaciy should complee ulra-low emissions reorm by 2025, and he carbon emissions o he
indusry should peak beore 2030. By 2025, China aims o be gahering over 300 million onnes o seel scrap
annually o supply is errous indusry. A governmen-backed consulancy esmaed seel scrap supplies sood
at around 260 million tonnes in 202032 

3.2.2. Improving he ecien collecon and sorng o scrap
Increasing he share o scrap inpu requires eors in increasing he qualiy o end-o-lie scrap, by improving
he dismanling and sorng o end-o-lie producs or designing producs wih end-o-lie dismanling and ma-
erial recuperaon in mind (Daehn e al., 2017).

In exernal decarbonizaon scenarios, e.g. using low-carbon elecriciy, where he poenal o increase scrap
qualiy is maximized and overall seel demand is reduced, he share o scrap seel inpus used in EU seelmak-
ing could increase rom he curren 50% o 60% (IEA, 2020) or even 70% in high recycling scenarios (Fleier e
al., 2019; Maerial Economics, 2019). An ineresng comparison o he EU is he case o he USA, where 70% o
seel is made in EAFs, including signican amouns o higher-qualiy a seel. Some o he acors explaining
how USA seel manuacurers can produce high-qualiy seel in EAF are he deploymen o modern mini-mills
in he USA wih beer EAF echnology, he use o high-qualiy prime seel scrap (over recycled shredded scrap)
and he addion o meallic raw maerials such as pig iron rom blas urnaces and direc-reduced iron o
‘sweeen’ he EAF inpu and dilue impuries (S&P Global Plas, 2019).

In Korea, or example, one key measure is he use o echnology o abae indirec CO2 emissions by reducing
elecric power consumpon hrough decreasing energy consumpon and / or operaon me. The subsuon
o injeced carbon (C), or carburising and slag orming, wih less carbon-inensive sources such as wase plas-
cs, wase res, biomass, ec. is under developmen

3.2.3. Opmising he whole ranspor sysem and mehods including he use o low-carbon or low
carbon uels or ranspor
Among he measures supporng energy eciency and he reducon o greenhouse gas emissions, inernal
ranspor appears o be a common and o some exen new rend. The driving orces have been a he same
me improving hework environmen, osering eciency, and parly reducing he carbon dioxide emissions o
he business. Companies have aken acon hrough elecriying and, o a greaer exen, swiching o biouels.
These emissions are small in relaon o hose o seel producon, bu i is neverheless worh highlighng such
measures, no leas as a sign ha companies are reviewing heir enre operaons and aking responsibiliy by
implemenng real changes. New echnologies or heavier vehicles and he possibiliy o as charging elecric
vehicles are crucial. Examples include: - he elecricaon o heavy rucks by elecric rolley lines33, and - he
auomaon and elecricaon o ranspor34 

3.2.4. Elecricaon o heang and hea-reamen processes
Elecricaon is a soluon o replace he use o ossil uels in heang and hea reamen. Such opporuniy is
greaes when hea processing akes place a emperaures below 1 000 °C. In recen years, boh heang and
heat treatment furnaces have been elecried a several seel companies and his work connues. Elecri-
caon has been accomplished hrough he conversion o exisng urnaces ha were previously powered by
propane (or oher ossil uels like naural gas or coke oven gas). The cos o he invesmen is esmaed o be
repaid wihin less han hree years (depending on elecriciy prices), hrough lower operang coss, reduced
mainenance, and ewer disrupons.

31 JRC Publicaons Reposiory - Technologies o decarbonise he EU seel indusry (europa.eu)
32 Reuers News 2022-02-07 UPDATE 1-China plans o increase iron ore oupu, boos use o seel scrap | Reuers
33 hps://www boliden com/sustainability/case-studies/climate-smart
34 hps://www lkab com/en/news-room/news/sjalvkorande-fordon-elekriering-och-auomaon-med-manniskan-i-centrum/

(Autonomous vehicles, elecricaon and auomaon with a focus on people (lkab com))
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3.2.5. Bio-based gas and low-carbon hydrogen as subsue or ossil uels in heang and hea-reamen
processes.
Bio-based gas or hydrogen can replace ossil uels in processes ha canno be elecried. This requires ade-
quae access o sable qualiy gas equivalen o naural gas and LPG. The coss o gas should also be compe-
ve as regards inernaonal energy coss.

Hydrogen produced rom elecrolysis hrough low-carbon elecriciy can be used in hea reamen processes
as a sep owards climae-neural seel manuacuring.

OVAKO Seel in Sweden provides an example o such use. Full-scale rials in a producon environmen showed
ha heang seel wih hydrogen does no aec qualiy. An elecrolyser o produce low-carbon hydrogen will
be insalled a Ovako’s sie in Hoors and is expeced o be compleed by he end o 202235 

3.3. Technologies in progress
This secon aims o describe decarbonisaon processes ha have reached he sage o pilo and demonsra-
on-scale and will be in commercial operaon in he coming years or are already in commercial operaon a
small scale 

3.3.1. Direc reducon o iron ore by hydrogen in sha urnace
The direc reducon o iron ore using naural gas or coal is already a well-esablished echnology, wih 111 mil-
lion onnes o DRI produced globally in 2019 (World Seel Associaon, 2019). DRI (sponge iron) is hen pro-
cessed o seel in an EAF. A presen, various ypes o DRI echnology are deployed. Using hydrogen or he
direc reducon o iron ore o iron (HDRI) compleely avoids employing ossil uels.

• Technology and processes sep by sep: iron ore pelles, direc reducon o sponge iron, elecric arc
melng, hydrogen elecrolyser

A simplied process diagram is presened in he echnical repor o he European Commission Join Research
Cenre “Technologies o Decarbonize he EU Seel Indusry36.”

Fig. 6.19. Simplied ow diagram o he hydrogen DRI process
Somers, J., Technologies o decarbonise he EU seel indusry, EUR 30982 EN, Publicaons Oce o he European Union, Luxembourg, 2021,

ISBN 978-92-76-47147-9 (online), doi:10.2760/069150 (online), JRC127468, Page 24. CC BY License

Depending on he source o he hydrogen used, his echnology oers poenal o produce ruly green seel.
Hydrogen-based DRI is hereore expeced o be a major decarbonisaon lever or seelmakers, parcularly in
Europe.

A deailed descripon o he process is presened by he World Seel Associaon in a Fac Shee.

• Poenal emission decrease and resuls

35 hps://www ovako com/en/newsevens/stories/rs-in-the-world-to-heat-steel-using-hydrogen/
36 hps://publicaons.jrc.ec.europa.eu/reposiory/handle/JRC127468
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CO2 emissions average around 1.85 onnes o carbon dioxide per onne o seel produced (World 2020, Seel
Associaon37). Using hydrogen elecrolysis rom low-carbon-elecriciy, he Hydrogen DRI process will make i
possible o increasingly produce low-carbon seel.

A calculaon o CO2 emissions and energy demand per tonne of crude steel produced has been presented for
he implemenaon on an indusrial scale o he HYBRIT echnology now under developmen. This process,
using low-carbon elecriciy, is expeced o produce ossil emissions in he order o 0.025 onnes per onne
steel produced38 

Fig. 6.20. CO2 emissions using HYBRIT echnology. Reproduced wih Permission

• Precondions, iron ore access and qualiy, elecriciy demand (low-carbon), hydrogen sorage – Idened
challenges

The qualiy o he DRI is closely relaed o ha o iron ore inpus. DRI is hus mosly made rom very high-qual-
iy raw maerials, which can be produced a only a limied number o mines. However, mining companies in
general have he possibiliy o upgrade lower grade iron ore o higher grade iron ore pelles, or even make and
expor he hydrogen DRI on sie i low-carbon elecriciy is available.

Elecriciy demand and ransmission rom low-carbon sources o he uure producon sies play an imporan
role in securing the foreseen increased demand for electricity 

Low-carbon elecriciy will probably be hydropower, wind-power, solar power, or nuclear power, depending on
local condions. Transmission lines could be an obsacle, depending on exisng inrasrucures and permission
condions. Elecriciy generaon coss will be crucial or overall compeveness.

Hydrogen producon will be based on exisng commercial echnology, ye o be proven on a large scale.
Hydrogen sorage plays a major role in he economics and inegraon o value chains, as a means o secure
reliable producon, and especially so i he generaon o elecriciy is o a grea exen dependen on wind and
solar power. Technologies or large-scale hydrogen sorage are sll unesed.

37 hps://worldseel.org/publicaons/policy-papers/climae-change-policy-paper/
38 Hybri-broschure-engelska.pd (dh5k8ug1gwbyz.cloudron.ne) , page 16
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The challenges will be described in more details in Secon 5. 

3.3.2. Direc reducon o iron ore by hydrogen in uidised bed reacor
The Korean ‘Carbon-neural indusrial core echnology developmen projec’ prepares ve key areas or car-
bon-neural value chains. One o hem concerns new echnology or primary seelmaking. Insead o conven-
onal blas urnace operaons and converers, uidised bed reacors are ulised o produce HDRI directly
connected with SAF / EAF combinaons.

Developmens in hydrogen reducon uidised bed reacor echnology o produce direc reduced iron are un-
derway. Greaer experience and operaonal know-how are necessary o develop direc ho charging ino he
EAF o mel HDRI Quality issues may arise due to the low carbon content of the hot metal; it would thus be
necessary o separae rening and clean seel echnology developmens in order to customise the manufac-
ure o he high-grade seels necessary for downstream customers 

3.3.3. Bio-coke injecon in Blas urnaces (BF / BFO)
The blast furnace (BF / BFO) process is an exremely energy-ecien one ha has been developed over a
long period o me. Thus, only very limied eciency gains are le in he process o reduce carbon dioxide
emissions. As BF processes are he dominan ones, and as invesmens o replace hem wih direc reducon
(DRI) are huge, alernave measures o reduce emissions rom he exisng blas urnaces are ineresng and
underway 

Biomass as a blas urnace injecan has been sudied and esed, in parcular by he Luleå Universiy o
Technology, in cooperaon wih he Swedish seel indusry. In he sudy, he considered biomass was eiher
pellesed, orreed or pyrolised. Charcoal rom pyrolysis was ound he mos ecien resource and can ully
replace pulverised coal, while he replacemen raes applying o orreed maerial and pellesed wood are
22.8% and 20.0% respecvely, by weigh. Leaving aside he reducon in CO2 emissions, subsanal energy
savings were ound 39 

3.3.4. Bio-coke or he reducon o iron ore in powder producon
Developing bio-coke o reduce iron ore or seel powder producon requires adequae access o biomass and
suiable by-produc carbonisaon processes or bio-coke producon and a a cos equal o ha o ossil coke.

Such echnology is based on he gasicaon and resrucuring o oresry biomass o a low-carbon synhesis
energy gas and bio-coke. The energy gas will replace naural gas in meal powder producon.

A unique pilo-scale es producon has been in operaon since 2021 a Höganäs AB, in he souh o Sweden40 

3.4. Need or urher R&D or breakhrough soluons
The breakhrough echnologies needed o decarbonise primary seel producon are he resuls o decades o
R&D in he secor. Sll urher R&D invesmens or he pilo, demonsraon and rs-o-a-kind commercial
plants are needed 

The European Commission has been supporng early-sage R&D projecs in he seel secor in he pas. Several
o he key decarbonisaon echnologies being considered by he seel indusry were developed via dieren EU
funding programmes Similar research programmes and funding are ongoing in the America and Asia regions 

A broad bibliomeric search o scienc papers provides some insigh ino which regions o he world have
been mos acve in research supporng low-CO2 seel manuacuring. General erms such as ‘green seel’,
‘low-carbon seel’ and seel decarbonizaon’ were searched or in he years 2000 o 2020. This analysis o
publicaon acviy shows he European Union (EU-27) leading he eld, spearheaded by German andmore re-
cenly Swedish publicaons, wih seep increase since 2010. China shows similar levels and a similar rajecory
o research acviy o hose o he EU, while he remaining counries have no ollowed such sharp increase in
research output41 

39 Biomass as blas urnace injecan “Considering availabiliy, pre-reamen and deploymen in he Swedish seel indusry (diva-poral.org)
hp://kh.diva-poral.org/smash/ge/diva2:806989/FULLTEXT01.pd

40 Ref: Unique plant for renewable energy gas and bio-coke | Höganäs (hoganas com)
41 JRC Publicaons Reposiory - Technologies o decarbonise he EU seel indusry (europa.eu), pp. 36-37

hps://publicaons.jrc.ec.europa.eu/reposiory/handle/JRC127468
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Fig. 6.21. Cumulave publicaon coun on low-CO2 seelmaking, 2000-2020

In Korea, he COOLSTAR projec (CO2 Low-emission-echnology o Seelmaking and hydrogen Reducon) has
been underway since 2017. The inial goal o his projec was o increase he use o hydrogen-conaining gas
insead o coal and coke inpu ino he blas urnace. Boh he ulisaon o hydrogen and paral replacemen
o coal wih carbon-neural reducing agens, such as hydrogen-conaining resources or biomass, were expec-
ed to lower CO2 emissions by 10%.

4. Recycling: scrap meal combined wih direc reducon or arc urnaces

4.1. Overview
Seel scrap is one o he major iron sources in he seelmaking process along wih pig iron (produced in he
blas urnace) and direc reduced iron (DRI). While he EAFmosly ulises seel scrap, he inegraed seel roue
wih he BOF uses approximaely beween 15 o 20% o scrap – or reducing carbon emissions an increasing
producon capaciy-, wih pig iron as he balance. Every onne o scrap used or seel producon avoids around
1 5 tonnes of CO2 emissions along wih a decrease in he consumpon o 1.4 onnes o iron ore, 740 kg o coal
and 120 kg of limestone 

Since seel scrap represens meallic iron unis generaed during he earlier chemical reducon o iron ore (ox-
ide), boh he energy and carbon ypically required or ore reducon in he inegraed seel roue are avoided,
which may reduce he carbon dioxide emied in he inegraed seel roue by as much as 35%. Globally, seel
producon in 2020 reached approximaely 1.9 billion onnes (B) wih 1.3 B (68.3%) produced hrough he
inegraed roue and 0.6 B hrough he EAF roue, as shown in Table 6.3. If scrap input in the integrated steel
roue wih he BOF comprises roughly 15% o he mass inpu and he EAF ulises 100% scrap, hen one may
expec approximaely 0.89 B o scrap were used in he producon o seels; he seel indusry hus avoided
roughly 1 3 Bt of CO2 emissions in 2020 by employing scrap. Even greaer scrap ulisaon is possible by in-
creasing he proporon o EAF seelmaking, and by making changes in he inegraed iron and seelmaking
processes, while recycling sysems and scrap collecon a end-o-lie are also imporan in any consideraons
o increased scrap ulisaon.
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Item 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Seel producon 1 435 254 1 539 861 1 562 332 1 652 329 1 674 003 1 625 141 1 632 780 1 735 875 1 825 486 1 875 155

BF-BOF 993 374 1 065 079 1 099 079 1 209 799 1 224 934 1 202 651 1 199 777 1 206 963 1 291 274 1 340 985

EAF 421 750 454 198 448 349 419 947 434 459 407 105 417 719 471 778 524 303 523 142

Producon-Pig
Iron 1 034 337 1 103 856 1 123 042 1 170 091 1 187 040 1 160 530 1 173 520 1 186 136 1 252 767 1 281 998

Producon-DRI 72 019 76 725 76 879 79 616 82 268 75 982 77 848 92 227 106 807 111 052

Table 6.3. Seel producon by process roue aer sascal daa rom he World Seel Associaon (Uni: housand onne). Reproduced wih Permission
hps://worldseel.org/seel-by-opic/sascs/seel-sascal-yearbook/

I is well known ha he qualiy o recycled errous scrap is a key acor in deermining he nal produc qualiy
and energy eciency in he elecric arc urnace process. The characer o errous scrap is deermined by is
physical shape, which varies depending on he source, and is chemical composion. Scrap may conain impu-
ries rom end-o-lie recycling processes (like copper wiring rom auomobiles), alloying elemens added o
he parcular seels being recycled (or coangs), and recirculang ramp elemens ha are dicul o remove
rom he seel. Some imporan impuries include elemens such as copper (Cu), n (Sn), nickel (Ni), chromium
(Cr), arsenic (As), anmony (Sb), ec.

While some impuriy elemens are easily separaed rom he iron aer remelng, as hey are oxidised and
enriched in he slag, he crically imporan ramp elemens are no readily removed wih exisng process-
es. The hermodynamics are no avourable or redisribuon ino he slag phase rom he meal phase or
hese crical ramp elemens. Thus, an addional high-qualiy iron source conaining a lower ramp elemen
concenraon mus be used o dilue he seel, depending on he produc / applicaon requiremens or he
parcular seel being manuacured. Some o hese so-called prime iron sources include no only high-grade
scrap bu also ‘resh iron unis’, including DRI (direc reduced iron) and pig iron.

Table 6.4. below shows ypical concenraons o ramp elemens conained in dieren seel produc orms
aer he produc lie span. I should be noed ha he levels and olerance or hese ramp elemens is di-
eren in dieren counries, and boh he process used when recycling errous scrap and he ulisaon o
alernave iron sources such as DRI and pig iron may aler he olerance. Copper and n residuals can have
imporan derimenal eecs in he ho-rolling o seels. A ypical copper limi in recycled seel producon is
approximaely 0.2% by mass. A general perspecve on he level o ramp elemens or plae producs or ine-
graed seel producon using he blas urnace and converer, is an approximae range o Cu≺ 0.06~0.1% and
Sn ≺ 0.01~0.02%. For crude seel producon in he elecric urnace process, more ypical ranges are
Cu ≺ 0.18~0.3% and Sn ≺ 0.03~0.08%.

Produc
ype

Average elemenal concenraon (mass pc)

Cu Sn Cr Ni Mo

Rail 0 165 0 000 0 215 0 063 0 021

Secon 0 176 0 003 0 109 0 055 0 016

Bar 0 269 0 015 0 175 0 078 0 014
Pipe 0 013 0 000 0 010 0 010 0 001

Table 6.4. Average mass percenage o he major recirculang ramp elemens per seel producs (Unis: mass percenage).
Reerence: Daigo e al., ISIJ In., 2017, Vol.57, pp.388.

Boh global supply and demand o errous scrap have been connuously increasing since 1999, bu declined
sharply in 2015. However, due o he recen ghening o environmenal regulaons wih CO2 emissions in the
seel indusry, elecric arc urnace producon has signicanly increased and subsequenly scrap rade volume
is once again increasing. This will also be compounded as he BF-BOF inegraed seel roue begins o shi
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owards higher scrap ulisaon processing wih scrap o ho meal raos increasing up o 30% by mass rom
he ypical average o 15% by mass. This signican impac on he scrap supply will likely pu pressure on he
availabiliy o high-grade seel scrap and he price o scrap in he global marke. While here is global rade in
seel scrap, scrap collecon is localised and decenralised, wih processes, economics and regulaons ha vary
geographically 

Ferrous scrap may be classied ino sel-generaed inernal scrap, promp scrap, and obsolee scrap, according
o he locaon o he scrap generaed and is source. Sel-generaed inernal scrap also idened as home
scrap or rever scrap is generaed in he seel process isel and has he same componens as he semi-n-
ished seel producs; i is hus ypically re-used wihin he primary seelmaking process isel. Promp scrap or
process scrap is dened as scrap generaed during end-producmanuacuring by he seel plan’s cusomers.
Promp scrap is classied as a clean iron source because he conen o recirculang ramp elemens ha are
dicul o separae and rene is comparavely low. Finally, obsolee scrap represens he consumer producs
ha have ullled heir inended purposes— used beverage or aerosol cans, old auo pars, consruconwase
and disposed home appliances, ec. Obsolee scrap is variable in shape and composion due o is unspecied
use, origin, and hisory. Home and promp scrap can ypically be reurned o he seelmaking process wih
lile or no pre-reamen, while he obsolee scrap may require signican harvesng o he errous source
o remove he impuries and ramp meal elemens. Obsolee scrap is much more plenul han home scrap
or promp scrap, bu due o he aoremenoned impuries including he ramp elemens in he produc, i
may be usable in ewer applicaons where scrap qualiy requiremens are less crical. Obsolee scrap requires
signican me o obain, process, and reurn o he seel producers. Wih a more developed seel-inensive
economy, he availabiliy o obsolee scrap becomes greaer. Pre-reamen processes may enable obsolee
scrap to be upgraded 

4.2. Curren saus o iron scrap rade, supply and specicaons

4.2.1. Curren saus o global errous scrap rade and supply
Trade sascs or errous scrap were obained rom he World Bank’s world inegraed rade soluon and
include a variey o errous wase and scrap such as cas iron and sainless seel. The global rade volume o
ferrous scrap was 54 58 million tonnes in 1997 and increased to 146 7 million tonnes in 2008 before a sharp
decline o 83.99 million onnes in 2015 and a recovery o 103 million onnes in 2018.

As shown in Table 6.5., he major exporng counries or errous scrap rade are he Unied Saes o America,
Japan, Germany, and Russia. These our counries accouned or 37.6% o oal iron scrap expors in 2019.
They achieved indusrialisaon early and seel producs are widely used here. The end-o-lie recycling o seel
producs provides wase errous scrap or reuse.

Turkey, he main scrap imporng counry in Table 6.5., relies on elecric arc urnaces o produce 26 million
onnes or 70% o he oal crude seel producon o abou 38 million onnes o mosly long producs. As a
resul, errous scrap impors in 2019 were 18.9 million onnes, or 19.1% o he oal global scrap impors ac-
counted in the database 

The second highes imporer o scrap was Korea, which has a sel-suciency rae o abou 80%. The balance o
scrap necessary or mainaining he seel producon level in Korea is ypically impored rom Japan, bu some
scrap impors are obained rom he Unied Saes, Ukraine or Russia depending on logiscs coss.

In he case o China, he proporon o impors plummeed o 0.2 million onnes in 2019, ollowing seady de-
crease in errous scrap expors due o increasing inernal use over he pas decade. The Vice Chairman o he
China Iron Scrap Associaon suggesed ha errous scrap producon in China in 2017 was 200 million onnes,
an increase o 67% compared o he previous year, and ha domesc demand or cos-compeve errous
scrap would connue o expand.
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Descripon
Major counries/regions

World Remark
USA Japan Germany Russia

Expor
Mass 17 7 7 7 7 9 3 7 98 5 Tradionally srong seel producing developed coun-

ries/regions wih a high percenage omanuacuring
industries tend to maintain a large supply of steel scrap% 18 0 7 8 8 0 3 8 100 0

Descripon

Major counries/regions

World Remark
Turkey China Korea Taiwan,

China

Import
Mass 18 9 0 2 6 5 3 5 98 7 Counries/regions wih low sel-suciency

and high EAF producon% 19 1 0 2 6 6 3 5 100 0

Table 6.5.World errous scrap rade saus or key expor / impor counries/regions (MT)
Daa: World Seel Associaon (2020)

Developed counries, such as he Unied Saes, he Unied Kingdom, Germany, Japan and France, dominae
the global export market as shown in Fig. 6.22a. 

Fig. 6.22a. Scrap expor amouns by he major expor counries, plus China and Korea.
Provided by Il Sohn, member o he group o auhors or his chaper.

In he early 2000s, he Unied Saes led he errous scrap expormarke compared o oher counries. In laer
years, US expor volume was comparable o ha o Germany and Japan. The high expor quanes or par-
cular counries indicae no only he availabiliy o scrap in all orms bu also he inrasrucure and logiscs
presen wihin hese counries. High qualiy scrap or expor applicaons is ensured hrough collecon, sor-
ing, hazardous maerial removal processing, shredding and addional sorng. Local public policies can also
inuence he scrap indusry. In he case o China, he expor ax o errous scrap has signicanly increased,
while he proporon o impors decreased. Alhough i is dicul o remove all unwaned elemens, including
ramp elemens, rom errous scrap, obsolee scrap can be parally rened o ensure seelmakers may ulise
hese commodies wih reasonable addional coss. Large errous scrap suppliers ypically have inegraed
acilies wih shears, shredders, magnec separaors, and oher heavy equipmen o ensure errous scrap
specicaons are me.
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Fig. 6.22b. Scrap impor amouns by he major impor counries.
Provided by Il Sohn, member o he group o auhors or his chaper.

Regarding impor volumes, as shown in Fig. 6.22b., Turkey impors more han wice as much errous scrap as
other countries 

The nework analysis o he oal errous scrap accumulaed beween 1990 and 2017, based on he expor
volume o errous scrap, is schemacally shown in Fig. 6.23.. Korea mainly impors errous scrap rom he
Unied Saes and Japan. For Japan, here is no impor quany as Japan is sel-sucien in errous scrap. I is
undersood hamany developed counries have a secure source o errous scrap or heir own consumpon.

Fig. 6.23. Expor nework analysis o errous scrap rom 1990 o 2017. Thicker lines correspond o larger expor volumes.
Figure provided by Il Sohn, member o he group o auhors or his chaper.

4.2.2. Saus o errous scrap recycling and ulisaon echnologies
Various ypes o errous scrap conain signican levels o recirculang ramp elemens including copper (Cu)
and n (Sn). These ramp elemens canno be removed hrough he exisng oxidave rening echnologies
in he primary and secondary rening processes o seelmaking. They can inuence he ho-rolling response,
surace qualiy, and end-producmicrosrucure and properes. Curren pracces involve scrap diluon ulis-
ing scrap subsues DRI or pig iron, and / or he pre-removal o he impuries by he physical separaon and
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puricaon o he scrap beore melng. Thus, improved echnology o remove accumulaed impuries rom
wase errous scrap wih complex shapes and chemisries is necessary or eecve recycling o occur.

4.2.2.1. Scrap subsues or he diluon o ramp elemens
Ferrous scrap conaining signican ramp elemen concenraons are ypically dilued wih pig iron or DRI in
he absence o high-grade new scrap wih lile o no ramp elemens. These scrap subsues are high in iron
(Fe) and have lile o no ramp elemens. Pig iron, also known as crude iron or carbon-sauraed iron, also con-
tains gangue materials of silicon dioxide (SiO2) and oher oxides, and is ypically obained in he shape o ingos
or nodules. Depending on hemehod o producing he pig iron, hese iron sources may also conain signican
amouns o sulphur and phosphorus, which may limi heir use as sole subsues or errous scrap. There are
hree main ypes o merchan pig iron, which include basic pig iron, oundry pig iron (hemae pig iron), and
high puriy pig iron (nodular pig iron). According o he Inernaonal Iron Meallics Associaon (IIMA)42, pig
iron comes in a variey o ingo sizes and weighs ranging rom 3 o more han 50 kg. Is ypical composion is
shown in Table 6.6.

Pig iron ype C Si Mn S P

Basic grade 3.5 - 4.5 ≤1.25 ≤1.0 ≤0.05 0.08-0.15

Foundry 3.5 - 4.1 2.5 - 3.5 0.5 - 1.2 ≤0.04 ≤0.12

High Puriy/Nodular 3.7 - 4.7 0.05 -1.5 ≤0.05 ≤0.025 ≤0.035

Table 6.6. Typical pig iron chemical composion by he hree major pig iron ypes according o he IIMA.

Due o he signican levels o sulphur and phosphorus wihin pig iron, seelmaking operaons would require
signican me and eor o rene such elemens ulising exisng primary and secondary rening operaons.
In parcular, rening in he elecric arc urnace process is severely limied considering he comparavely low
ow, compared o he basic oxygen urnace (BOF), and low basiciy o he rening slag. Thus, he complee
subsuon o errous scrap wih pig iron would likely be impossible and, considering ha pig iron producon
employs carbon sources, he availabiliy o pig iron in he near uure will likely be limied unless a carbon-neu-
ral source, such as biomass, i available in sucien quanes, is employed.

Besides pig iron, he oher scrap subsue ha is ulised is DRI or HBI (ho briqueed iron). DRI or HBI is
ypically produced by reducing iron ore in is pelle orm wih naural gas or carbon, alhough hydrogen may
be increasingly used in he uure. According o Midrex, he majoriy o DRI produced globally use naural gas
as he reducing agen in vercal sha-ype urnaces, involving approximaely 78 MT (75% o global DRI) o
producon. The res is produced rom composie pelles o coal and iron ore ulising horizonal roary kilns
or roary hearh urnaces. Depending on he requiremens o he cusomers, he carbon conen can be con-
rolled wihin a relavely broad range. Similar o pig iron, sulphur and phosphorus may need o be removed
wihin he seelmaking operaons.

Unlike pig iron, DRI and HBI are limied in size, and hey experience greaer diculy in melng and recovery
ino liquid seel: urher process developmens are needed. Ho charging ino he seelmaking process is en-
couragedwhere possible, bu signican capial invesmenwould be needed rom he seel indusry o accom-
modae his advanage. Clear advanages o DRI and HBI are he consisen qualiy and low residual conen o
he iron source, he low nirogen (N) conen and he possibiliy o connuously charging ino he seelmaking
operaons. I he rend o lower he carbon ooprin in seelmaking connues as ancipaed, here should be
a signican increase in demand or DRI and HBI. Furhermore, as hydrogen becomes more readily available a
lower coss, naural gas could be replaced by hydrogen gas, which would lower he carbon ooprin o he DRI
manuacuring process. The complee subsuon o naural gas wih hydrogen migh be unlikely considering
carbon is needed for the DRI to produce steels It should also be noted that DRI is pyrophoric; a minimum car-
bon conen o approximaely 2% by mass is hus desired o ensure sae handling and disribuon wihou any
need or special handling. Worldwide growh in DRI producon since 1970 is summarised Fig. 6.24. 

42 hps://www metallics org/pig-iron html
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Fig. 6.24.World DRI annual producon rom 1970 o 2020 according o Midrex Technologies, Inc. Reproduced wih Permission
(hps://www.midrex.com/wp-conen/uploads/Midrex-STATSbookprin-2020.Final.pd)

4.2.2.2. Physical and chemical mehods o remove impuries
In order o remove impuries rom iron scrap, physical and chemical removal mehods are employed. Various
mehods or physically removing ramp elemens such as copper (Cu), n (Sn), ec. have been proposed by
European auomobile manuacurers, bu praccal use and economic analysis have ye o be repored. Seel-
makers are naurally relucan o incur coss associaed wih obaining cleaner scrap. An improved business
model ha sases boh he scrap supplier and user should be developed in he near uure o improve he
qualiy o obsolee scrap.

For scrap conaining non-errous meals, a low-emperaure crushing mehod can be used. I is indeed possible
o separae only one componen by crushing he errous scrap below he wihdrawal emperaure, proceeding
o he exracon a dieren emperaures. However, he cos o he rerigeran is ypically high and he energy
o mainain he emperaure works agains he purpose o developing a greener seel manuacuring process
because the economics may be unsustainable 

In oher research projecs, impuries have been removed using molen aluminium (or magnesium), building
on he low Cu acviy in molen aluminium-based alloys in he range o 600 °C -750 °C. However, hese meh-
ods require addional process design, and capial invesmens and echnology a an indusrial scale has ye o
be fully realised 

4.2.3. Implicaons and Fuure Prospecs
Ferrous scrap is a clean source o iron or reducing carbon dioxide and is ecienly used as a social asse raher
han wase. Technology developmen or he removal o chemical impuries rom errous scrap is in progress.

The use of ferrous scrap is expected to gradually increase along with growing emphasis on greenhouse gas
regulaons. Inegraed seel mills ypically use on average abou 15% o errous scrap ogeher wih molen
hot metal; increasing the use of ferrous scrap can reduce the amount of greenhouse gas generated per tonne
o molen seel. In line wih he srenghening o environmenal regulaons, i is expeced ha he develop-
men o power-saving echnologies will be required, such as VOC conrol echnology, elecric urnace sealing
echnology, and preheang mehods, along wih echnology or removing impuries rom iron-based scrap.

I greaer ulisaon o errous scrap is achieved in he oxygen seelmaking converer, some addional process
consideraons will apply. Addional energy will be needed o provide he necessary seel emperaures by
increasing he amoun o dissolved silicon in he converer or subsequen silicon oxidaon (heang). Silicon is
elevaed in he inegraed seel mill by reducing he exen o desiliconisaon during homeal pre-reamen.
However, when he amoun o silicon increases, so does he amoun o silicon dioxide (SiO2) generated in the
converer and addional limesone inpu is required o conrol he slag composion, hereby increasing he
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oal amoun o slag generaed and reducing he eecve volume or molen seel producon. Thereore, i
he amoun o errous scrap is increased, i may become necessary o modiy he operaon philosophy rom
maximum producviy o ecien producviy in he converer consisen wih new operaonal consrains.

Furhermore, i should be noced ha seel producs generally have a service lie o beween 30 and 40 years
and he available scrap base oday would hereore correspond o global producon 30 o 40 years ago, which
was hen less han hal o presen producon. The available scrap base will hereore connuously increase bu
or he oreseeable uure always considerably lag behind needs unl he day when evenually seel producon
stabilises 

5. Challenges relaed o he decarbonisaon o he manuacuring processes

As menoned in Secon 2., here are a presen wo main manuacuring mehodologies or seelmaking.
These are via he Inegraed Blas Furnace / BOF processing roue, which convers virgin raw maerials ino
liquid seel, or via he elecric arc, which mels seel scrap alongside a range o oher errous bearing maerials,
such as Direc Reduced Iron (DRI), sponge iron, or pig iron. Boh mehodologies have srenghs and weakness-
es buil ino he invesmenmodel or hemanuacuring sie, wih invesmen cycles or new echnologies and
processes lasng hroughou he liespan o he sie, which can oen be measured in decades.

5.1. Invesmen needs, sranded asses and reurn o capial
The uure availabiliy o cheap energy rom low-carbon sources and low-carbon elecriciy and associaed
regulaon regarding carbon axaon will be he wo key drivers or he adopon o hydrogen-based seel via
either BF / BOF or HDRI. Alhough he goal o becoming carbon neural is sll 20 o 30 years ahead, several
European companies have already declared heir inenon o ransion sooner raher han laer.

Indusrial sies have liemes ha can exceed 50 years and invesmen planning horizons o 10 o 15 years.
Asse and ooprin decisions should ollow a clear decarbonisaon road map ha combines long-erm goals
wih aconable quick wins o allow or a gradual shi oward decarbonisaon ha keeps all sakeholders on
board. Globally, he roue o decreasing emissions is likely o be a ransional one, regional ineress and ech-
nological availabiliy being he liming acors ha impede he rae o progress.

Globally, BF / BOF seelmakers are already opmising BF / BOF processes wih ladle urnaces, Torpedo Lidding
and scrap-preheang. In he uure, i is likely ha as urnaces head owards end o lie hey will begin swich-
ing o he EAF using scrap and DRI powered wih naural gas or impored HBI. The ulmae pahway is likely o
end up wih carbon-neural EAF producon using a mix o scrap and hydrogen-based DRI. The precise mix o
scrap versus DRI-based producon using EAFs will depend on uure produc porolios. The developmen and
commercialisaon o DRI mehod using hydrogen will be key o enabling he producon o high puriy seel
grades in the future with low carbon dioxide emissions Another challenge facing global steelmaking will be
OEM availabiliy and an appropriaely skilled workorce o insall and operae he low carbon seel value chain.

In December 2021, Bloomberg NEF (BNEF) released “Decarbonizing Seel: a ne Zero pahway43”. In his re-
por, BNEF highlighed ha global seel producon could be achieved wih nearly zero carbon emissions via
an invesmen o USD 278 billion. Crical o his ransion was invesmen in boh hydrogen generaon and
scrap recycling The report broke down future steelmaking methodologies into the following groups: a) green
hydrogen: 31% o he marke; b) recycling: 45% o he marke; c) carbon capure, ulisaon / sorage (CCUS)
reroed asses or molen ore mehodologies: he remainder.

The availabiliy o low-cos hydrogen and elecriciy will likely drive he direcon in which each dieren coun-
ry progresses alongside oher invesmens around CCUS wihin he counry. A presen, here are several
companies around he world ha have already announced heir inenons or a leas inial CO2 reducon.

5.2. Access o and cos o low-carbon hydrogen and regulaons
Hydrogen oday aces wo major challenges wihin he seel indusry o be regarded as a ‘low carbon’ uel
source. A he presen me, indeed, hydrogen generaon is mainly driven by seammehane reorming (SMR),
also known as ‘gray hydrogen’. SMR orms boh hydrogen and carbon dioxide. This process can be enhanced

43 hps://www.recyclingoday.com/arcle/seel-decarbonizaon-scrap-hydrogen-roles/
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via CCS, wih he produced hydrogen consequenly earning he erm ‘blue hydrogen’. Addionally, hydrogen
can be manuacured wih no carbon dioxide emission via he elecrolysis o waer – his is ermed ‘green
hydrogen’ 

Hydrogen has been proven wihin several roues o inroducon o he seel manuacuring process. These
mehodologies increase he cos o he seel manuacuring process and require signican invesmen o re-
ro exisng inrasrucure o handle hydrogen eiher as an injecan in he blas urnace as a replacemen or
Pulverized Coal Injecon (PCI), as proven by Thyssenkrupp, or as a source or sponge iron or DRI manuacur-
ing. As proven by boh HYBRIT (SSAB & Vaenall) and he Midrex process.

Today, he cos/price o low-carbon hydrogen is very high compared o eiher gray (rom mehane) or blue
(produced wih gas and CCS). The price, however, is expeced o decrease over he coming decades (See
Chapter 0. To se he scene, Annex 2.). To pu his ino perspecve, he oal elecriciy needed o produce
wo million onnes o hydrogen-based seel is abou 8.8 TWh. Wih he curren cos o CO2 emission taxes
increasing owards EUR 100/CO2, and he cos o hydrogen producon reducing as manuacuring mehodol-
ogies maure, hydrogen-based seel producon could soon becomemore cos-opmal han convenonal seel
producon, as shown in Fig. 6.25.. This indicaes awha cos low-carbon elecriciy needs o all o ensure he
cos-eecve producon o hydrogen.

Depreciaon is ignored in he gure as seelmaking asses are largely wrien o over heir invesmen cycle. I
mus be highlighed ha he capial expendiure (CAPEX) required or hydrogen-based seelmaking will be very
signican, wih elecric arc mills, DRI plans alongside he hydrogen elecrolysers, ranspor, sorage neworks
all being required.

Fig. 6.25. Hydrogen Price vs. CO2 price44 
Exhibi rom “Decarbonizaon challenge or seel”, June 2020, McKinsey & Company, www.mckinsey.com. Copyrigh (c) 2022 McKinsey & Company.

All righs reserved. Reproduced wih permission.

Anoher concern ha needs o be reviewed and will aec he economics is raw maerial availabiliy. To swich
producon rom BF / BOF o DRI / EAF using hydrogen, raw maerial changes are necessary and will especially
increase demand or DR pelles. The securiy o DR supply in he case o a massive swich o hydrogen-based
seel producon is uncerain and could resul in rising price premiums, negavely aecng he economics o
he new producon mehod. Moreover, o guaranee carbon neuraliy hroughou he whole value chain,
close cooperaon wih seel suppliers, such as he iron ore indusry, is essenal. For example, mining com-
panies need o evaluae he business case o inves in upgrading heir iron ore o DR-grade pelles or even
produce HDRI 

44 hps://www.mckinsey.com/~/media/McKinsey/Indusries/Meals%20and%20Mining/Our%20Insighs/Decarbonizaon%20challenge%20or%20seel/Decarbonizaon-
challenge-or-seel.pd
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5.3. Polical and economic regulaons and incenves as driving orces o implemen
low-carbon echnologies
There are a number o poenal pahways o decarbonisaon. There is no worldwide agreemen regarding he
mehodology or handling asses a dieren ranges o ages. Wihin Europe, carbon cos has been consisenly
increasing over he pas several years, so much so ha alernave echnologies around carbon sequesra-
on or ulisaon are sarng o be economically viable. The Emissions Trading Scheme (ETS) or carbon price
breached EUR 100/ in he UK on 4 February 2022, while he EU ETS carbon price was very close o ha level.
Such an increase in ETS carbon prices will make ossil-based manuacuring less and less economically viable.
Taking ino accoun he relaed induced changes in he cos o naural gas- and coal-based power generaon
or energy-inensive indusries, his should lead o an inensicaon o discussions around energy generaon
mehodologies by naonal adminisraons.

Fig. 6.26. EU & UK ETS Carbon Price (€/ CO2)
Reproducon wih Permission. Source: SeelDaa. SeelDaa is a Turkish Daa Bank. URL: hps://www.seel-daa.com/

Under many modelled scenarios, here are needs or a signican economic ransormaon over he coming
decades or a ne-zero emission indusry o be achieved by 2050. One o he ineresng issues hamay impac
global decarbonizaon is how in a oundaon indusry such as iron and seel, circular economy will cope wih
increasing energy needs due o he long-erm diminuon o he grade o iron ore (is percenage in iron oxide).
Furhermore, in he case o iron and seel, imay aec he availabiliy o Direc Reduced Iron ype producs.

The uure availabiliy o cheap energy rom low-carbon sources and associaed regulaon regarding carbon
axaon will be he wo key drivers or he adopon o hydrogen-based seel via eiher BF / BOF or HDRI. These
drivers will be crical in order o ensure ha using hydrogen echnology has a beer cos/bene rao han
using radional echnologies, as shown in he marix o Fig. 6.25. in Secon 5.2. above.

5.4. Availabiliy and reliabiliy o low-carbon elecriciy
Elecricaon is a key opon in he decarbonisaon o he seel indusry. I enails a real increase in demand
o low-carbon elecriciy: a) in general, as a soluon o replace he use o ossil uels in heang and hea rea-
men and in he elecricaon o operaons, machinery and inernal ranspor sysems in mining and seel
manuacure; b) bu above all in he producon o hydrogen or DRI processes in elecrolysers and he increase
o elecric arc urnaces (EAFs).

This will induce an increasing low-carbon generaon capaciy in he elecriciy power sysems. Depending on
regional and local condions, polical posions and measures and incenves, his demand or increasing elec-
riciy generaon demand will mosly be covered by hydropower, onshore and oshore wind power, and solar
or nuclear power. I acceped, using small modular reacors could be an opon in some cases.
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Generaon capaciy ogeher wih cos eciency and securiy o supply will be a challenge or uure success.
This requires large invesmens in ransmission and disribuon neworks.

As an example o he increased need or low-carbon elecriciy, he Swedish mining and mineral group LKAB
announced ha is ransion owards a susainable uure would proceed a a aser pace and wih higher
arges. When he ransion is compleed, wih increased producon, by around 2050, he arge or LKAB is
o produce 24.4 million onnes o sponge iron per year, wih zero carbon dioxide emissions. LKAB's demand,
which mainly aims a producing hydrogen gas, is esmaed a 20 TWh per year by 2030, increasing o 50 TWh
by 2040 and nally reaching 70 TWh per year when he enre expansion is realised by 2050.

5.5. Trade barriers
On a global basis, rade barriers may be dieren in each counry due o he dierenaed elecriciy and hy-
drogen supply poenal or each region. Ulmaely, his may resul in he economic dierenaon o hydrogen
supply and the ensuing electricity mix for each country 

5.6. Permission processes and polical insrumens
New or rebuil process acilies involving new echnologies, he use o hydrogen and increased elecriciy
demand, ec. require approval rom polical decision makers and auhories. There is a need or clear, appro-
priae and eecve permi granng processes or invesmens, encompassing boh he naonal and global
aspecs and aking ino accoun he benes brough abou by he producs o he indusry.

In parcular, inrasrucure changes or increased elecriciy ransmission and hydrogen producon and sor-
age needs improved and shorened lead mes o enable he necessary invesmens o ake place.

Public policies (regulaons, incenves) should be ransparen and sable o help all sakeholders o ac. This
implies a shi in views on he rade policy uncons ha srive o se global rules, harmonise axes, or example
carbon axes and environmenal policy insrumens, and avoid disoron measures. Socieal issues should be
aken ino consideraon.

5.7. Bridging he skills gap
As in many oher secors, one o he crical issues beyond producon echnology or maerial availabiliy is
skills shorage. The ransormaon o he global seel indusry over he nex 15 o 20 years will require a work-
orce o highly skilled engineers and scienss o insall and calibrae he volume o equipmen required.

Transions o greener economies will have a signican impac on cerain secors o a counry’s economy, de-
mand or new ypes o skills and he changing naure o occupaons.

Skills shorages are acng as a barrier o driving ransions o greener economies orward. Scaling up he use
o green echnologies, or example, requires people wih he righ se o skills o adap o hem. Furhermore,
he success o implemenng green policies is dependen on he availabiliy o skilled people. People losing jobs
in he ransion o a low-carbon economy need o develop new skills ha are valuable or upcoming opporu-
nies – and i is crical o know he ype and qualiy o skills required. Finally, skills-led sraegies o suppor he
green ransionmay serve as drivers o change in heir own righ: he availabiliy o a suiably skilled workorce
aracs invesors o green indusries, while he environmenal awareness ha is encouraged hrough educa-
on and raining booss demand or green producs and services.

Idenying and ancipang skills needed or he green and low-carbon economy is hus a prerequisie o rain-
ing decisions, or acquired skills o be relevan or he labour marke. I has been highlighed by many dieren
hink anks ha indusry and policymakers need o work ogeher o minimise he disrupon caused by he
decarbonisaon shi and insallaon o addional elecrical and indusrial inrasrucure.
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Three key pahways worh reecng upon:

1 Idenying and bridging skills gaps
Harness he exisng experse o he engineering consrucon workorce and repurpose skills o ackle he
ne-zero challenge.

2 Minimising skills shorages
Engineering and Consrucon companies should embrace a range o new echnologies and business mod-
els such as collaboraon, sysem hinking and digialisaon o ensure he workorce is sucienly pre-
pared o deliver he decarbonisaon agenda. Engineering careers should be made more appealing wih a
drive oward highlighng how crical his indusry is o ackle climae change. This also includes increasing
he availabiliy o apprenceships o be rained in high volage tng and oher skilled careers.

3 Leveraging policy and innovaon
Educaon and Indusry should work closely ogeher a a regional level o enable policy and educaors o
reec regional skill requiremens. This is crical o suppor a range o poenal mehodologies o mee
ne-zero emissions, such as indusrial clusers observed in he Unied Kingdom, which will require a pipe-
line o skilled workers o be rained over he coming decades.

The European Union has published a Research Brie which may suppor any company or policymaker looking
owards ancipang uure requiremens45 

6. Case Sudies

The previouslymenonedMidrex process and HyREX and HYBRIT case sudies described urher below demon-
strate low CO2 emission 

During he implemenaon o he repor, he Working Group held web seminars wih presenaons given by
represenaves o ineresng projecs and uure echnologies. The seminars alloed me or quesons and
discussion Their results are described in the case studies below 

In addion o hese deailed presenaons, he Group, during is work, noed oher ongoing acvies o iner-
es. Daa has been sudied rom available public inormaon and repors. Some o i has been colleced and
is menoned in he repor as ineresng examples ha would be advanageously sudied and ollowed up in
the future 

As a resul o he orma o available inormaon, each o he 6 case sudies below is srucured in is own way.
In he case o China, in parcular, wo separae examples are presened.

6.1. China: Decarbonisaon Plan and hydrogen meallurgy
China is he larges seelmaking naon in he world wih 1 064 8 million tonnes produced in year 2020 It
accouns or around 55% o he oal world producon. In the framework of its 14th Five-Year Plan, he govern-
men o China is promongmore sringen conrols on energy consumpon and energy inensiy. Furhermore,
China is implemenng a plan o achieve he carbon emission peak by 2030 and carbon neuraliy by 2060.
Thereore, reducing he carbon emissions o China’s iron and seel indusry has become an imporan issue.

6.1.1. Acon Plan or carbon emission decrease in China
China is commied o reaching is carbon peak in 2030 and carbon neuralisaon in 2060. In 2021, he Sae
Council o he People’s Republic o China (PRC) issued is “Opinions on he complee, accurae and compre-
hensive implemenaon o he new developmen concep and he carbon neuralizaon work” and “Acon
Plan for Carbon Dioxide Peaking before 203046”, hus dening meable, roadmap and consrucon drawings.
According o he laer, he policies or he seel indusry are o be he ollowing.

45 hps://www.ilo.org/wcmsp5/groups/public/---ed_emp/---ip_skills/documens/publicaon/wcms_168352.pd
46 Working Guidance or Carbon Dioxide Peaking and Carbon Neuraliy in Full and Faihul Implemenaon o he New Developmen Philosophy)-Naonal Developmen

and Reorm Commission (NDRC), People's Republic o China
hps://en.ndrc.gov.cn/policies/202110/20211024_1300725.hml
hps://news.meal.com/newsconen/101678929/%22china-baowu-carbon-neuralizaon-acon-plan%22-released-o-explore-new-ideas-o-green-low-carbon-meal-
lurgy-in-he-indusry
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• To improve he reorm o he supply-side srucure or he seel indusry, which means o rigorously
execue producon capaciy replacemen and promoe he opmisaon o he exisng capaciy while
conrolling he expansion o he producon capaciy and phasing ou any oudaed producon capaciy.

• To promoe mergers and he reorganisaon o seel enerprises across regions and ownership ypes,
in order o increase he concenraon o he indusry.

• To spur srucural opmisaon in he seel indusry and subsuons wih clean energy by means o vigo-
rously promong demonsraons o non-blas urnace echnology, improving he recycling and reuse o
seel scrap and advancing he use o elecric urnaces ha can be oally charged wih seel scrap.

• To promoe he applicaon o advanced and appropriae echnologies, which means researching
he available poenal or energy saving and carbon reducon, encouraging seel producon
o combine wih he chemical indusry, developing demonsraons on hydrogen meallurgy and CCUS,
and promong heang developmen wih low-grade residual hea.

6.1.2. China Baowu Seel Group Corporaon Ld.
China Baowu is he bigges seel maker in China wih a producon o crude seel around 115 million onnes
in 2021. In 2016, China Baowu launched a projec or echnological innovaon in green and low-carbon me-
allurgy. Research is ocused on: low-carbon blas urnace ironmaking echnology based on he hydrogen-rich
carbon cycle, hydrogen meallurgy processes (hydrogen-based sha urnace direc reducon); CO2 capture
and ulisaon echnology o o-gas, ec. Recenly, he company has esablished a Low-Carbon Meallurgy In-
novaon Cenre and iniaed 10 scienc research projecs, including on hydrogen meallurgy echnology and
hydrogen enrichment carbon cycle blast furnace technology 

In Ocober 2019, China Baowu began o reacvae he Bayi Iron and Seel Low-Carbon Meallurgy Technology
Innovaon Base o es heir new low-carbon blas urnace ironmaking echnology based on hydrogen enrich-
men carbon cycle oxygen blas urnace, o which CO2 capure and ulisaon have also been applied. In 2020,
he hydrogen-rich carbon cycle blas urnace ullled he goal o 35% oxygen in blas gas, breaking hrough he
oxygen enrichmen limi o he radional blas urnace, and compleng he es ask o he rs sage. The in-
novaon o he hydrogen enrichmen carbon cycle in he ulra-high oxygen blas urnace was hen realised or
he rs me, carbon consumpon was reduced by 15%, and he es ask o he second sage was compleed.
The ransormaonal re-engineering is expeced o be compleed by hemiddle o 2022, aer which he indus-
trial test of hydrogen enrichment carbon cycle in total oxygen blast furnace will be carried out 

China Baowu plans o sar he consrucon o a hydrogen-based sha urnace DRI demonsraon projec
producing 1 million onnes per year a he Zhanjiang Low-Carbon Meallurgical Technology Innovaon Base.
Naural gas, coke oven gas and hydrogen will be applied simulaneously, and 60% o he reducon gas will be
hydrogen. The consrucon is expeced o sar in early 2022 and be pu ino operaon in 2023. In phase II o
his projec, he consrucon o anoher se o hydrogen-based sha urnaces each producing 1 million onnes
seel per year and equipped wih elecric arc urnace seelmaking is planned. I is also planned o use green
hydrogen – i.e. hydrogen produced hrough low-carbon energy elecrolysis – and he proporon o hydrogen
will gradually reach up o 80% ~ 90%.

6.1.3. HBIS Group CO., Ld
HBIS Group is he second-larges seelmaker in China wih an oupu o 45 million onnes o crude seel in
2021. In March 2019, HBIS, ogeher wih he sraegic consulng cenre o he Chinese Academy o Engineer-
ing, China Iron & Seel Research Insue Group (CISRI) and Norheasern Universiy, esablished a Hydrogen
Energy Technology and Indusrial Innovaon Cenre, o aciliae cooperaon in he planning o hydrogen en-
ergy developmen, applied echnology and indusrial disribuon and oher issues.

In November 2019, HBIS signed a memorandum o undersanding (MOU) wih he Ialian Tenova Group or
close cooperaon in hydrogen meallurgy echnology. Cooperaon is planned wih Sinoseel and oher insu-
ons in a demonsraon projec o 1.2 million onnes o hydrogen meallurgy using he mos advanced hydro-
gen producon and reducon echnology in he world.

In November 2020, HBIS signed a conrac wih Tenova or a projec o high-ech hydrogen energy develop-
men and ulisaon, including an ENERGIRON direc reducon planwih an annual oupu o 600 000 onnes.
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In March 2021, HBIS and BHP Billion Ld. signed a MOU o cooperae in hree key areas: hydrogen DRI ech-
nology, seel slag reamen and recycling echnology, and improvemen in he eciency o iron ore ulisaon.

In May 2021, Xuanhua Iron and Seel Co., Ld. a HBIS subsidiary ocially launched he hydrogen meallurgy
demonsraon projec a a scale o 1.2 million onnes. The projec adops ENERGIRON-ZR (zero reorming)
echnology, which can replace he radional blas urnace carbon meallurgy process. The annual carbon
emission reducon is expeced o reach 60%47, 48 

6.2. Japan: COURSE 50
According o he repor wrien by he Japan Iron and Seel Federaon49, he Japanese seel indusry is poised
o achieve carbon neuraliy by 2050 by using domesc CO2 reducon processing echnologies and producs.
These noably include he drasc reducon o CO2 in blas urnaces hrough he COURSE 50 projec (CO2 Ul-
mae Reducon Sysem or Cool Earh 50) and errocoke echnologies wih CCUS, as well as he developmen
o hydrogen-based ironmaking. In addion, he expanded use o scrap and biomass are also inerim bridge
echnologies o achieve he policies o he Japanese governmen.

COURSE 50, suppored by he New Energy and Indusrial Technology Developmen Organizaon (NEDO), is
now in Phase 2 (2018-2025). Phase 1 sared in 2008 and he indusrial applicaon o he developed echnol-
ogy is expected to start in 2030 with widespread technology transfer by 2050 

Compared wih uure hydrogen-based ironmaking echnologies, COURSE 50 aemps o opmise exisng
acilies a inegraed seel works, aking in consideraon he high levels o eciency already achieved by he
exisng acilies ha are similar o he seel works and are ound in Korea. Wihin he COURSE 50 projec,
hydrogen-conaining coke oven gas is used o boos he hydrogen-induced reducon. Furhermore, reducing
he energy required or he separaon o CO2 rom blas urnace o-gases, and recovering wase hea rom he
seelworks are wo projecs under developmen. According o a review o he various low-carbon emissions
projecs by Zhang e al.50, he COURSE 50 objecve is o reduce carbon emissions by 10% using hydrogen and
by anoher 20% hrough he separaon and recovery o CO2 rom he blas urnace gas. Thus, he arge or he
projec is a oal reducon o 30%. Approximaely 10 es rials have been carried ou or he COURSE 50 es
blas urnace insalled a Nippon Seel’s Eas Nippon Works Kimisu Area51 

6.3. Republic o Korea: POSCO52

In December 2020, he Republic o Korea commied o carbon neuraliy by 2050 and expressed is rm inen-
on o reduce CO2 emissions by 40% below is 2018 levels by 2030, which i hen conrmed in he Naonally
Deermined Conribuon by 2030 (NDC) signed a COP26. This increases pressure on he Korean seel indusry,
which accouns or 14% o oal CO2 emission in Korea, o ransorm he main seelmaking roue – so ar based
on he convenonal BF-BOF – o lower carbon emission seel manuacuring processes. Aligning wih he Ko-
rea’s NDC commimen, POSCO declared ha he company would reach carbon neuraliy by 2050 and se up
a roadmap aking ino consideraon raw maerials, energy supplying condions, and available echnologies.

POSCO plans o pursue he challenging and proacve pahway owards carbon-neuraliy while keeping is
curren crude seel producon a he curren level o 38 M/yr. Compared o he average gures beween 2017
and 2018, CO2 emissions will be 10% lower by 2030. This arge will be achieved by opmising manuacuring
processes with smart technologies and intelligent manufacturing 

In parallel and in order o maximise he eciency o he exisng acilies, low carbon blas urnace (BF) iron-
making echnologies will be developed. Such echnologies are based on he increased usage o high iron-bear-
ing raw materials and H2-rich gas in BF. Elecric arc urnaces (EAF) or scrap melng are also planned o be

47 hps://www.sohu.com/a/503976517_120174089
48 hp://www.gov.cn/zhengce/conen/2021-10/26/conen_5644984.hm

hps://news.meal.com/newsconen/101678929/%22china-baowu-carbon-neuralizaon-acon-plan%22-released-o-explore-new-ideas-o-green-low-carbon-meal-
lurgy-in-he-indusry

49 hps://www.course50.com/en/news-en/2021/n0215_01_en/
50 X. Zhang, K. Jiao, J. Zhang and Z. Guo, Journal o Cleaner Producon, 2021, Vol. 306, 127259
51 hps://www.course50.com/en/news-en/2020/n1223_01_en/
52 hps://www.cenricabusinesssoluons.com/energy-soluons/nancing/indusrial-energy-ransormaon-und-ie

hps://www.spglobal.com/plas/en/marke-insighs/laes-news/meals/092221-uk-expands-ie-unding-o-seelmakers-o-launch-clean-seel-und
hps://www..com/conen/dcb1109-8d79-4c68-bc69-c267a2b2c4e
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insalled in he inegraed seelworks. An innovave seelmaking echnology ha maximises he use o scrap
during seelmaking processes is also being developed: he op and boom oxygen blowing converer. These
echnologies will conribue up o 50% o he reducon o CO2 emissions by 2040 

Carbon capure, ulisaon, and sorage (CCUS) will be a par o he low carbon soluon in POSCO. The eco-
nomic evaluaon is ongoing because he economic easibiliy o large-quany CO2 separaon remains ye
unclear, and several pilo scale projecs are being discussed o conrm commercial viabiliy.

POSCO plans o build he Hydrogen Reducon (HyREX) pilo plan or low-carbon ironmaking based on uid-
ised bed reducon echnology by 2028 (See Fig. 6.27.). I is noable ha ne iron ore or siner eed is direcly
used or he uidised bed reacon, in conras o he high-qualiy pelles required in he sha-ype hydrogen
reducon echnology, as in SSAB’s HYBRIT plan.

In POSCO's HyREX, he ne iron ore o siner grade is reduced by hydrogen in he mul-saged uidised bed
reacors. The HyREX uidised bed reacor is designed o use ne iron ore wih a wide range o size disribuon.
Four uidised bed reacors are sequenally insalled a he dieren levels and conneced by a sandpipe o
enable he maerial ow beween he reacors. The emperaure and reenon me in each reacor are op-
mised o aain a high reducon degree. Aer being reduced by green hydrogen, he direc reduced iron is
subsequenly meled and urher rened in he melng urnace powered by elecriciy. Considering he use o
he ne iron ore o siner grade, he melng urnace is designed o accommodae he direc reduced iron wih
high gangue content 

POSCO's choice o uidised bed reacor is made on he basis o iron ore supply condions. The abundance o
siner-eed iron ore will be an alernave soluon because o he expeced shorage o high-grade pelles.

HyREX is expeced o be more compeve as i direcly uses ne ore, which is abundan. The easier supply o
hea beween reacors o compensae or he hea deciency caused by he srong endohermic reacon o
hydrogen reducon is an advanage o HyREX mul-sage uidised bed reacors.

POSCO has been operang he larges uidised bed reacors in he world o produce 2.5 M/yr DRI in FINEX
plans. The uidised bed echnologies o FINEX plans will apply o HyREX pilo plan o 1.0 M/yr capaciy,
where he hydrogen uidised bed reducing reacors are direcly conneced o he melng elecric urnace. The
pilo plan will be buil by 2028, and commercialisaon easibiliy will be veried by 2030.

Fig. 6.27. The HyREX Process using ‘green’ energy
Source: POSCO. Reproduced with permission.

Cooperaon wih rawmaerial companies on he issues o low-carbon rawmaerials o reach carbon neuraliy
in seel manuacuring is in progress. Business models regarding green hydrogen producon and ranspor and
raw maerial selecon or hydrogen seelmaking are also being discussed53 

53 Video Clips inroducing HyREX: hps://www.youube.com/wach?v=9u3I2luDnc
HyIS 201 Forum Homepage: hps://h2ironseelorum.com
Newspaper Arcles: hp://www.koreaherald.com/view.php?ud=20211006000840
hps://newsroom.posco.com/en/various-aspecs-o-he-worlds-rs-inernaonal-hydrogen-iron-seel-making-orum-hyis-2021/
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6.4. Sweden: HYBRIT (Hydrogen Breakhrough Ironmaking Technology)54

6.4.1. Inroducon
The main acors in Swedish iron and he seel indusry are he mining company LKAB and he seel manuac-
ture SSAB 

LKAB AB, a governmen owned Swedish company, is an inernaonal mining and minerals group ha oers
susainable iron ore, minerals and special producs. LKAB is one o he oldes indusrial companies o Sweden,
esablished in 1890. I is wholly owned by he Swedish sae. LKAB produced 26.7 million tonnes iron ore products
in 2021 

SSAB is a highly specialised global seel company, sarng back in 1878, lised on he Swedish sock exchange,
Nasdaq Sockholm. The producon plans o SSAB in Sweden, Finland and he Unied Saes o America have
an annual seel producon capaciy o approximaely 8.8 million tonnes 

Mos seel in Sweden is produced via radional blas urnace echnology wih coal and coke used as energy
sources and or reducon. The seel indusry is one o he highes carbon dioxide emitng indusries, accoun-
ing or up o 10% o Swedish CO2 emissions 

The sraegy o decarbonise he seelmaking process ocuses on he direc reducon o iron ore by green
hydrogen (produced by low-carbon elecrolysis). Sweden oers avourable condions such as a high-qualiy
niche producon o iron-ore pelles, a specialised and innovave seel indusry, and an abundan supply o
low-carbon elecriciy.

In 2016, Hybri Developmen AB, which is owned by SSAB, LKAB and he sae-owned energy company Va-
enall, sared developing echnology o make seel using hydrogen gas insead o coal. The iniave has he
poenal o reduce Sweden’s overall carbon dioxide emissions by 10% and 7% in Finland, as well as conribue
o cutng seel indusry emissions in Europe and globally.

6.4.2. Technology
Low-carbon seel producon, using he Hydrogen Breakhrough Ironmaking Technology (HYBRIT), will elimi-
nae he ormaon o CO2 by using low-carbon reducans and energy sources. In he case o HYBRIT, sponge
iron is produced by using hydrogen gas as he reducan. The producon roue is similar o exisng direc
reducon processes, excep or he carbon dioxide emissions: hydrogen reacs wih iron oxides o orm waer
instead of carbon dioxide Hydrogen gas (H2) is produced by he elecrolysis owaer using low-carbon elecric-
iy, which is already he sandard in Sweden.

HYBRIT pilo projecs cover he whole value chain. Their main characeriscs are:

• low-carbon mining operaons hrough elecricaon and auomaon

• low-carbon elecriciy supply

• low-carbon heang by bio-oil or hydrogen o replace coal & oil in he sinering o iron ore pelles

• hydrogen producon via elecrolysis using low-carbon elecriciy, mainly hydro and wind power

• hydrogen sorage as a major par o he uure elecrical grid, involving more wind / solar power

• sha urnaces or iron ore reducon

• ailor-made pelles as iron ore eed

• preheang o he hydrogen reducon gas mixure using elecriciy beore injecon ino he sha

• producs can be eiher low-carbon DRI or HBI (Ho Briqueed Iron)

• DRI / HBI ismeled ogeherwih recycled scrap in elecric arc urnaces using limied amouns o bio-carbon
during melng.

The principal ow diagram o he HYBRIT echnology compares is producon process o he curren blas ur-
nace producon process, including dierences in energy use and carbon emissions.

54 Hybri (hybridevelopmen.se): hps://www hybridevelopmen se/en/
SSAB is aking he lead in decarbonizing he seel indusry: hps://www ssab com/en/fossil-free-steel
SSAB, LKAB: hps://www.lkab.com/en/
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Fig. 6.28. HYBRIT ow diagram. Reproduced wih permission
hps://www.hybridevelopmen.se/en/a-ossil-ree-uure/a-value-chain-or-ossil-ree-seel/

6.4.3. Timeline or low-carbon seel producon
A pilo direc reducon plan, he rs o is kind, was launched in 2020 wih a capaciy o 1 onne per hour.
In July 2021, SSAB Oxelösund rolled he rs seel produced using he HYBRIT echnology and delivered i o a
cusomer, Volvo Group, which hen manuacured he world’s rs vehicle made ou o low-carbon produced
seel: a load carrier or use in mining or quarries.

During he year 2020, he world’s rs low-carbon iron ore pelles were produced a a pilo plan a he LKAB
sie in Malmberge, using bio-oil.

An adjoining pilo plan or underground hydrogen sorage has been buil and was inauguraed on 14 June
2022. Iwill be a pressurised lined rock cavern (LRC) wih a volume o 100 m3 The test programme will last two
years 

The nex phase will hen be he consrucon o an indusrial demonsraon plan, a necessary sep in he de-
velopmen prior o ull commercial operaon. This demonsraon plan will produce hydrogen and manuac-
ure sponge iron by direc reducon wih hydrogen. The aciliy is planned in Gällivare, LKAB’s iron mine sie.
The plan is o commission he aciliy in 2026. The projec will produce approximaely 1.35 M HDRI per year.
The sponge iron will be used by SSAB’s planned elecric arc urnace melshop in is seel plan in Oxelösund,
also planned or commissioning in 2026. This demonsraon sep will lead o he phasing ou and shudown
o SSAB’s curren coke oven-blas urnace-BOF melshop acilies and cu Sweden’s oal CO2 emission by ap-
proximaely 3%. The HYBRIT iniave is graned suppor rom he European Union, as one o seven large-scale
innovave projecs under he Innovaon Fund.

SSAB has made he policy decision o undamenally ransorm Nordic srip producon and accelerae he
company’s green ransion. The decision was aken agains he background o srongly growing demand or
low-carbon seel. The plan is o replace he exisng sysem wih he new HYBRIT echnology o produce HDRI,
and o inves in wo elecric arc urnace-based minimills wih connuous casng/connuous rolling, elimina-
ing in principle all ossil uel use or high qualiy srip producon. The ambion is o avoid urher blas urnace
relinings beore BF is permanenly phased ou when he new mills are in operaon, and o largely eliminae
carbon dioxide emissions around 2030 – in oher words 15 years earlier han previously announced. However,
o achieve his ambion, he necessary inrasrucure, wih access o low-carbon elecriciy, should be all se-in
me.
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6.5. Unied Saes o America
The majoriy o raw seel producon in he Unied Saes employs scrap-based recycling in he elecric arc
urnace, eiher exclusively (Nucor, Seel Dynamics, TimkenSeel, Commercial Meals, Evraz, SSAB) or o a grow-
ing exen (US Seel). EAF producon exceeds 70% in boh he Unied Saes and Norh America, so ha he
decarbonisaon o primary seel producon requires access o low-carbon elecriciy rom he grid or via
insallaons collocaed wih he seel producon aciliy. Such insallaons are being implemened wih wind
and solar power upake agreemens wih local ulies (Nucor is an example o i) and on-sie capaciy such as
he Bighorn solar arm a EVRAZ55 in Pueblo, Colorado (in conjuncon wih Lighsource BP).

EVRAZ is a leading Norh American producer o engineered seel producs or rail, energy and indusrial end
markes. I has signed a parnership and long-erm agreemen wih Xcel Energy and Lighsource bp o build
a 300 MW solar aciliy in Pueblo, Colorado, where EVRAZ has one o is producon sies. The aciliy, called
Bighorn Solar, will provide low-carbon elecriciy o he new EVRAZ long rail mill, now under consrucon, and
exisng EVRAZ Rocky Mounain Seel acilies in Pueblo. This is an example o eors in Norh America o em-
ploy low-carbon power o conver recycled scrap meal ino new, clean seel.

Bighorn Solar enered commercial operaon in December 2021. Lighsource bp developed, nanced, and will
connue o own and operae he 300-megawa uliy-scale solar projec.

The USA also has abundan naural gas resources, wih mehane-based DRI insallaons ha are also hydro-
gen-capable or he uure56 

Producers are esablishing aggressive goals or carbon neuraliy and monioring developmens in hydrogen
seelmaking, carbon capure, ec. A he same me, he US governmen is invesng subsanally in research
and deploymen o decarbonisaon echnologies. A number o US seel producers are also linked o overseas
mulnaonal companies, and so are parcipang in hydrogen and oher decarbonisaon demonsraon pro-
jecs in oher pars o he world (e.g. ArcelorMial, SSAB, and voesalpine).

6.6. Furher Cases
The availabiliy o low-cos hydrogen and elecriciy will likely drive he direcon in which each dieren coun-
ry progresses alongside oher invesmen around CCU / S wihin he counry. A presen, here are several
companies around he world ha have already announced heir inenons or a leas inial carbon reducon.

6.6.1. ArcelorMial, France, Germany, and Spain
In France, ArcelorMial has announced is decarbonisaon sraegy wih wo elecric arc urnace sies and a
Direc Reduced Iron (DRI) plan, using hydrogen insead o coal, o be insalled in Dunkirk and Fos-sur-Mer a a
cos o USD 1.95 billion. The new indusrial acilies will be operaonal sarng in 202757 

A he ArcelorMial seel plan in Hamburg, he “Hamburg H2 Projec” is designed o es he abiliy o replace
he use o naural gas wih hydrogen o reduce iron ore and orm DRI on an indusrial scale, as well as o es
hen how such low-carbon DRI reacs in an EAF. The aciliy is scheduled o sar in 2025, producing around
100 000 tonnes per year58 

ArcelorMial Spain signed amemorandum o undersanding (MoU) wih he Spanish Governmen in July 2021.
This MoU will see an invesmen o EUR 1 billion in he consrucon o a green hydrogen direc reduced iron
(DRI) plan a is plan in Gijón, as well as a new hybrid elecric arc urnace (EAF). ArcelorMial will have access
o green hydrogen supplied hrough a consorum o companies ha will cooperae in he consrucon o he
inrasrucure required o boh produce hydrogen in he Iberian Peninsula using solarpowered elecrolysis and
transport it directly through a network of pipelines 

55 EVRAZ Norh America (evrazna.com) and Bighorn Solar Projec in he USA | Lighsource bp
56 See for example: hps://www clevelandclis com/sustainability/steel-as-a-sustainable-material/producing-clean-steel
57 ArcelorMial France: hps://www.recyclingoday.com/arcle/arcelormial-seel-recycling-dri-rance-invesmen/
58 ArcelorMial Hamburg: Hamburg H2:

Working owards he producon o zero-carbon emissions seel wih hydrogen | ArcelorMial and Hydrogen-based seelmaking o begin in Hamburg | ArcelorMial 



259

CHAPTER 6. IRON AND STEEL INDUSTRY

The newDRI uni and EAF are expeced o be in producon beore he end o 2025. The Gijón DRI planwill also
eed he company’s Sesao plan, where producon is already enrely rom he elecric arc urnace roue. This
means ha by 2025 ArcelorMial Sesao will produce 1.6 million onnes o seel wih zero carbon emissions59 

6.6.2. TATA Seel NL
In he Neherlands, TATA Seel NL announced is inenon o ransion is asses owards EAF and hydro-
gen-based DRI manuacuring. This ransion includes signican invesmen rom naonal and oundaon
indusries wihin he Neherlands60 

This provides evidence ha, alhough many o hese sies have poenally sranded asses, he growing desire
o cusomers or so-called green seel makes i more and more viable in commercial and nancial erms o
begin his ransion wih signican CAPEX invesmen.

While neiher Brish Seel, nor TATA Seel UK have announced heir decarbonisaon sraegy ye, he UK
governmen has decided signican invesmen sraegies across he Humber and Souh Wales region o sup-
ply heavy indusry wih hydrogen and or CCU/S ranspor soluons61. In parallel, R&D and inial echnology
up-scaling are being unded via such naonal research bodies as he Engineering and Physical Sciences Re-
search Council (EPSRC) and Innovae UK via he challenge unds and ”Clean Seel” grans o he Indusrial
Energy Transormaon Fund (IETF)62 

6.6.3. H2 Green Seel, Sweden63

H2 Green Seel (H2GS AB), a new Swedish company, was ounded in 2020 wih he ambion o accelerae he
decarbonisaon o he seel indusry, using green hydrogen.

H2GS is launching a ully inegraed greeneld seel plan in Boden, in he norh o Sweden. The plan will be
using low-carbon elecriciy o elecrolyse hydrogen and hus conduc a DRI process, which will reduce emis-
sions by more han 95%. Fossil-ree elecriciy will hen be used in he elecric arc urnaces. The aim is o bring
emissions down o zero.

H2 Green Seel has almos he same goal and aim as he HYBRIT projec, which has inspired i.

Depending on permi permissions, consrucon work is scheduled o sar in 2022 and he aciliy is expec-
ed o sar producon in 2024 a he earlies wih a capaciy o up o 2.5 million onnes ho- and cold-rolled
seel. The capaciy will hen ramp up beween 2026 and 2030 o reach a yearly producon o 5 million onnes
low-carbon seel. The invesmen is expeced o be in he order o EUR 2.5 billion 

H2GS has signed cusomer conracs in dieren indusries or more han 5 o 7 years and over 1.5 million
onnes per year. Cusomers ha have signed erm shees or supply agreemens or seel so ar include BMW
Group, Elecrolux, Mercedes-Benz, Miele, and Scania.

6.6.4. Thyssenkrupp Seel, Germany64

Thyssenkrupp Seel a Duisburg, Germany, has launched a projec, H2Sahl, o expand he use o hydrogen o
heir blas urnace No. 9, including he consrucon and rial operaon o a direc reducon pilo plan using
green hydrogen. The projec is suppored by he Federal Minisry or Economic Aairs and Climae Acon
(BMWK) and will mark he echnological leap o hydrogen-based climae-neural homeal producon.

59 ArcelorMial Spain:
hps://corporae.arcelormial.com/media/press-releases/arcelormial-signs-mou-wih-he-spanish-governmen-supporng-1-billion-invesmen-in-decarbonisaon-ech-
nologies and hps://corporae.arcelormial.com/media/press-releases/arcelormial-sesao-o-become-he-world-s-rs-ull-scale-zero-carbon-emissions-seel-plant

60 TATA Seel Neherlands: hps://euromeal.ne/aa-seel-picks-hydrogen-dri-ea-pah-or-ijmuiden/
61 UK governmen invesmen sraegies across Humber and Souh Wales regions o supply heavy indusry wih hydrogen and CCU/S ranspor soluons:

hps://www.swic.cymru/ and hps://www.zerocarbonhumber.co.uk/
62 hps://www.cenricabusinesssoluons.com/energy-soluons/nancing/indusrial-energy-ransormaon-und-ie

hps://www.spglobal.com/plas/en/marke-insighs/laes-news/meals/092221-uk-expands-ie-unding-o-seelmakers-o-launch-clean-seel-und
hps://www..com/conen/dcb1109-8d79-4c68-bc69-c267a2b2c4e

63 hps://www.h2greenseel.com/
64 Climae-neural uure o seel producon: Real-world laboraory o he energy ransion H2Sahl projec o sar a Duisburg sie of thyssenkrupp Steel

and Hydrogen: an energy carrier for the future (thyssenkrupp com)
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7. Key messages and recommendaons

Key Messages
1 The seel indusry plays a prominen role in oday’s world, in erms o producon volumes and sales

(1950M in 2021). The seel indusry is a he same me amajor source o CO2 emissions: in 2020, is oal
direct emissions were of the order of 2 6 Gt65, represenng beween 7% and 9% o global anhropogenic
CO2 emissions 

2 In he ransion owards global decarbonisaon, seel remains a necessary maerial in a wide range o
applicaons. The use o seel is expeced o connue o increase in he uure, even wih recycling and he
more widespread use o scrap meal as a raw maerial. In addion, marke demand or low-carbon seel is
already rising and highly valued.

3 In he exisng producon processes, coal is he dominan energy source, accounng or abou 16% o
global coal demand in 2019. On he whole, he BF / BOF roue is mainly used, represenng 73.2% o he
producon processes worldwide vs. 26.3% or he EAF, alhough here are subsanal dierences across
regions and countries 

4 The increased use o EAF and he use o scrap will conribue o decreasing carbon emissions. Technologies
ha conribue o improving he qualiy o nal producs rom scrap may be urher developed.

5 Alhough here is no single nal scenario, he direc reducon o iron ore (DRI) using low-carbon hydrogen
is now regarded as he mos viable opon and he long-erm soluon o achieving carbon-neural seel
producon. Various processes are under developmen and a pilo scale: heir economic viabiliy will
cerainly be proven beore 2030. The availabiliy and cos o low-carbon hydrogen will be key or he
massive implemenaon o hese processes.

6 Exisng echnologies wih an appropriae Technology Readiness Level (TRL) already conribue o decrea-
sing CO2 emissions. Such echnologies are relaed o energy eciency, he use o biouels, ulisaon o
residual energies, elecricaon, and direc reducon o iron ore by gas insead o coal.

7 CCS in combinaonwih seel producon has no ye been proven on an indusrial scale. This could change
during he course o his decade wih several projecs a dieren sages o implemenaon in dieren
countries 

8 Huge invesmens are needed o replace or renew acilies may imply sranded asses.

Recommendaons

The recommendaons in Chapter 0. concerning public policies, regulaons, capial inensive secors, educa-
on and skills are wihou any doub valid or he iron and seel secor.

7.1. On increasing scrap use
We recommend expanding he use o seel scrap, which may be regarded as an imporan green resource or re-
ducing greenhouse gas emissions, hrough no only he adopon o common rules and specicaons bu also he
developmen and implemenaon o new scrap processing echnologies o improve he removal o impuries.

7.2. On modicaons ha allow exisng acilies o reduce CO2 emissions
Considering the urgency of reducing CO2 emissions and he lieme omany exisng acilies, we recommend
implemenng every possible and economically aordable, even marginal, reducon o CO2 emissions for ex-
isng seel plans: paral elecricaon in heang, he use o biomass, ulisaon o residual energies, beer
command-conrol, ec.

7.3. On a poenal acceleraon o he ming o CO2 emissions reducon
We recommend ha he exisng imporan projecs and demonsraon plans hawill lead o scalable break-
hroughs a indusrial and commercial levels be sucienly incenvised and promoed so as o rapidly deploy
in he 2030s or even earlier i possible.

7.4. On Research and Developmen

65 hps://www.iea.org/repors/iron-and-seel
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Funding or long erm research – ypically 10 years or more – and knowledge developmen needs o be secured
and creave and unique soluons should be suppored. We therefore recommend that support for pilot and
es acilies be mainained or even increased, and more resources be made available or basic and applied
research and up-scaling, as well as o enorce collaborave research involving he indusry on a global scale.

7.5. On Educaon and Training
We recommend aking advanage o he gradual changes ahead and he associaed developmen o new
knowledge and skills needed o design, build and operae his new world o iron and seel. This would arac
more young people o his secor, which is considered less aracve han ohers inmany counries. As praccal
knowledge is likely o originae a he engineering level, we recommend promong he ‘spill-over’ eecs rom
such knowledge o universies and oher insuons.

7.6. On Permitng
New or rebuil process acilies, new echnologies, he use o hydrogen and increased demand or elecriciy,
ec. – hese all require polical approval rom he auhories. In order o oser he necessary invesmens and
accelerae heir realisaon, we recommend ha he permitng processes be clear, appropriae, sable and
ecien, i.e. simplied and acceleraed in many counries.

7.7. On global cooperaon and parnerships
The seel indusry is a globally compeve and capial-inensive indusry. We recommend supporng coop-
eraon and parnerships in he developmen o new echnologies and sharing experience and coss in order
o accelerae developmen, make echnology licensing available a a air price and, a he same me, ensure
compeon.
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8. Lis o abbreviaons and acronyms

BF Blast Furnace

BOF Basic Oxygen Furnace

CDRI Cold Direct Reduced Iron

CCS Carbon Capture and Storage

CCUS Carbon Capure, Ulisaon and Sorage

COVID-19 Coronavirus Virus Disease 2019.

DME Dimehyl Eher

DRI Direct Reduced Iron

EAF Elecric Arc Furnace

EU ETS European Union Emissions Trading Sysem

EUROFER European Seel Associaon, based in Brussels, Belgium

EW Elecrowinning, a ahydromeallurgical process or meal recovery

GHG Greenhouse Gas

H-DR Hydrogen Direc Reducon

HDRI Hydrogen Direc Reducon Iron

HBI Ho Briqueed Iron

HQ scrap Pre-consumer scrap

HYBRIT Hydrogen Breakhrough Ironmaking Technology by LKAB & SSAB (Sweden)

HyREX A pilo plan or Hydrogen-based Reducon o be buil by POSCO (Republic o Korea)

IEA The Inernaonal Energy Agency, based in Paris, France

IETF Indusrial Energy Transormaon Fund (Neherlands)

IIMA Inernaonal Iron Meallics Associaon

LPG Liqueed Peroleum Gas

LQ scrap Pos-consumer scrap

MIIT The Minisry o Indusry and Inormaon Technology o China

M&E Monioring and Evaluaon

NDC Naonally Deermined Conribuon (COP 26 Paris Agreemen)

NEDO New Energy and Indusrial Technology Developmen Organizaon (Japan)

OEM Original EquipmenManuacurer

OHF Open Hearth Furnace

OPEX Operaonal Expendiure

PRC People’s Republic of China

SAF Submerged Arc Furnace

SMR Seam Mehane Reorming

tce onnes o coal equivalen

Tecnocored An ironmaking process using biomass as a reductant

TGRBF Top Gas Recycling Blast Furnace

toe onnes o oil equivalen

VOC Volale Organic Compounds

WSA World Seel Associaon
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Execuve Summary

In oday’s world, iwould be dicul o nd even one human acviy bare o any suppor rom Inormaon and
Communicaons Technology (ICT). From nancial services o heare cke bookings, rom akeaway ood o
medical scans, all acvies are increasingly becoming dependen on he availabiliy o ecien and eecve ICT.

Energy is consumed by he ICT indusry in a number o ways:

1 in hemanuacuring o digial hardware, such as inegraed circui chips, digial circui boards, compuers,
opcal equipmen and bres, which represens 50% o ICT’s elecriciy consumpon;

2 in he exracon and processing o such necessary minerals as silicon and rare earhs, or example;

3 in he enrely elecriciy-driven operaon o compung and nework hardware (lapops, daa cenres,
nework rouers, opcal and digial ransmission swiches, wireless ransmission sysems, ec.);

4 in he decommissioning and recycling o deecve or obsolee ICT equipmen.

In many cases, on he oher hand, ICT can dramacally reduce energy consumpon. Video conerences as sub-
sues or air ravel are a prime example bu here are many more. This brie chaper discusses Bulle Poins
1 and 3 and aemps o deermine he key quanave quesons relaed o hese issues rom available daa.

This chaper does no address he imporan aspecs discussed in Bulle Poins 2 and 4, e.g., he exracon
o maerials ha are key o ICT equipmen manuacuring, nor does i highligh he concerns ha ICT
decommissioning raises 

The chaper idenes public policy dilemmas, as policymakers simulaneously promoe boh he expansion o
ICT acilies and reducon in GHG emissions. Is recommendaons may be summarised as ollows.

• Connue improving daa cenre eciency hrough improved aciliy managemen, mely load shiing and
connuous improvemen in Power Usage Eecveness (PUE).

• Recognise he signican energy consumpon associaed wih 5G neworks. Encourage nework sharing
and improve base saon energy managemen.

• Carry ou urher research on he energy perormance o edge compung sysems versus cloud servers.
Develop appropriae merics in order o be able o improve analysis.

• Recognise he inadequacy o publicly available energy daa in he ICT secor and se public sandards or
he measuremen, sorage and publicaon o ICT energy consumpon and GHG emissions daa.

• Inroduce judicious policies or he replacemen o ICT equipmen, due o he high energy consumpon
or manuacuring o ICT which represens 50% o he oal, and he high environmenal impac o ICT
decommissioning 
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1. Inroducon

The global energy consumpon o Inormaon and Communicaons Technology (ICT) and is consequen impac
on greenhouse gas emissions (GHGs) remains a conroversial opic, on which expers and organisaons oen
express divergen views1, 2. Two acors signicanly conribue o such a divergence o views:

• The lack o a precise denion o wha an ICT sysem is. Does i include or no home enerainmen or
nancial echnology (Finech) or example?

• The lack o sysemac measuremen daa.

Fig. 7.1. below is a simplied descripon o he broad boundaries o ICT sysems. I primarily describes he
type of hardware deployed 

End-users, on he oher hand, ypically accoun or heir sole devices (hardware) and numerous applicaons
(soware). Ye ICT energy consumpon depends on he hardware o he overall sysem3 and he – oen
underesmaed – energy used o manuacure ha very same hardware.

As a rule o humb, ICT manuacuring consumes as much elecriciy as ICT operaons. I also resuls in
he consumpon o elecriciy and oher orms o energy or he exracon o minerals and producon o
materials needed to manufacture ICT components and systems 

Fig. 7.1.Worldwide ICT archiecure (Copyrigh Erol Gelenbe, member o he group o auhors or his chap)

1 H. Ferreboeu e al. Lean ICT: Towards Digial Sobriey. The Shi Projec, March 2019,
hps://heshiprojec org/wp-content/uploads/2019/03/lean-ict-report_the-shi-projec_2019.pdf

2 G. Kamiya. Daa Ceners and Daa Transmission Neworks.Inernaonal EnergyAgency, Paris, June2020,
hps://www.iea.org/repors/daa-ceners-and-daa-ransmission-neworks

3 Giorgos Fagas, John P. Gallagher, Luca Gammaioni and Douglas J. Paul, “ Energy Challenges or ICT”, Submied: March 31s, 2016 Reviewed: November 2nd,
2016 Published: March 22nd, 2017, DOI10.5772/66678
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On he le o Fig. 7.1. is displayed he Radio Access Nework (RAN); i has ransioned hrough various generaons
(1G, 2G, 3G, 4G, LTE), now owards 5G, and he nex sep will be 6G. We will commen on he ransion o 5G
later 

The RAN uses wireless signals o oer connecons o common mobile devices o all kinds. Such connecons
now exend o he Inerne o Things (IoT), road rac monioring, various “smar” applicaons and imporan
industrial ones (Industry 4 0)

The RAN connecs via hemobile nework operaors and he “Backhaul” nework, o heMobile Core Nework.
Connecons can be via wire, opcal bre and wireless (boh erresrial and space based). The Mobile Core
Nework is mainly a bre and wire nework wih numerous rouers and swiches connecng o daa cenres
and oher “Cloud” services ha suppor he wireless mobile nework.

The RAN increasingly uses a echnique reerred o as Fog compung or Fog neworking: an archiecure ha
uses edge devices o carry ou subsanal amouns o compuaon, sorage, and communicaon boh locally
and roued over he inerne backbone. Such devices, placed in close physical proximiy o he wireless base
saons o he RAN, oer low laency access o daa and oher end users or highly ineracve and daa-inensive
applicaons such as games, enerainmen, or he IoT.

TheMobile Core also connecs o he inerne a large (a he righ-hand side o he gure), which is composed
o rouers, swiches and mainly bre connecviy, including Gigabi Eherne.

The inerne isel connecs o housands o powerul daa cenres,millions o businesses and billions o homes.
Connecons oday are ypically made wih high-speed inerne wiring or bre. Wi-Fi rouers ha aciliae
end-user connecviy are ubiquious and, addionally, provide access o mobile devices and IoT applicaons.
Everyhing, rom car charging saons o bicycle hiring and banking sysems, is now serviced by he inerne.

1.1. The challenge omeasuring ICT’s elecriciy consumpon and CO2 impac
Alhough rom a echnical poin o view i may be possible o deail wha elecriciy ICT globally consumes,
rom a praccal poin o view i is no, given he many billions o devices in use and he huge daases ha
would resul, no o menon he addional elecriciy needed o sore and process such daases. This global
picure would also ail o answer he undamenal queson abou ICT energy consumpon: such consumpon
should ulmaely include he energy used o manuacure, ranspor and deliver ICT devices.

Large ICT operaors, such as daa cenres and communicaon nework operaors, do monior and repor on
heir energy consumpon; ye his is no possible or all o he billions o devices ha are used and conneced
to networks 

Fig. 7.2. Power consumpon (Le) and Energy consumpon Per hroughpu (Righ). Characeriscs o an Inel Nework Uni o Compung (NUC), i.e.
a small nework conneced PC, when used as a nework rouer a he edge4 

4 P. Fröhlich, E. Gelenbe, J. Fiołka, J. Checinski, M Nowak, and Z. Filus, “Smar SDN Managemen o Fog Services o Opmize QoS and Energy”, Sensors Vol. 21
(hps://doi.org/10.3390/s21093105), p. 3105, MDPI, 2021, Open Access Creave Common CC BY
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Given he complexiy and he large amoun o inormaon exchange5, securing ICT neworks has led o signi-
ican increases in energy consumpon, however dicul i may be o measure hem. There is a noceable
increase in elecriciy consumpon during wha is known as ‘cyber-aacks’.

Roughly esmang ha 10% o ICT equipmen capaciy is devoed o cyber securiy and ha 20% o ICT sysem
operaons are similarly employed, one can esmae ha he annual global energy consumpon o cyber securiy
is 300 TWh. Using he recen Inernaonal Energy Agency (IEA) esmae o 485 g o CO2 per kWh, he oal o
global CO2 emissions thus amounts to approximately 150 million tonnes of CO2 

However, considering hamos operaons used or online banking and paymens are relaed o auhencaon
and securiy processes, he amoun o elecriciy acually used or securing our ICT sysems is likely o be
signicanly higher.

1.2. Is here evidence ha high ICT Peneraon resuls in Reduced CO2 Impac?
The compuer indusry ends o vaun he increasing eciency o digial equipmen while hose concerned
wih susainabiliy sress he projeced increase o energy consumpon by ICT as well as he expanding use o
rare and pollung maerials or he manuacure o digial devices and chips.

ICT is oen pu orward as he means o obain savings in energy consumpon – wih resulng reducon in
GHG emissions. Unorunaely, here is lile i any evidence o his eec, and available daa indicae ha
he counries wih he highes levels o GHG emissions worldwide are also hose wih he highes shares o ICT
peneraon in heir economies (seeTable7.1.)6. The ‘Bech Index’ is ameasureo hevolumeobusiness-o-business
economic acviy in ICT per counry. I is clear ha some counries, having moved away rom manuacuring
o a more service-based economy, have seen heir consumpon o primary energy and elecriciy remaining
sable or slighly decreasing. A he same me, he ‘impored CO2 impac’ o hese counries, due o heir impors
omanuacured goods, has increased.

While inerne-based ‘homework’ and ‘home educaon’ have reduced he need or ranspor, home-based
acvies, on he oher hand, may have increased home energy consumpon rom home heang or cooling.
A careul analysis o he energy consumpon and CO2 impac daa rom he Covid-19 period will surely be
enlighening in his respec. However, as a whole, and on a counry-by-counry and worldwide aggregae basis,
here is no hard evidence o dae suggesng ha he increased peneraon o ICT has acually reduced overall
energy or elecriciy consumpon and CO2 impac and urher research on he dieren rade-os and balances
surrounding his maer is needed.

5 O. H. Abdelrahman and E. Gelenbe, “Signalling sorms in 3G mobile neworks”, 2014 IEEE Inernaonal Conerence on Communicaons (ICC), 2014, pp. 1017-1022,
doi: 10.1109/ICC.2014.6883453.

6 Hans Peer Bech, “And he Winners Remain CHINA and INDIA”, May 2020, doi: 10.13140/RG.2.2.10093.41440, hps://www.researchgae.ne/publicaon/341599907
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Table 7.1. Top ICT Economies and op CO2 polluers. Reproducon o boh ables wih Permission.
For he able o he le “Top ICT Economies”: hps://www.researchgae.ne/publicaon/341599907_And_he_Winners_Remain_CHINA_and_INDIA/gures

Hans Peer Bech, Auhor & Consulan, Tbkconsuls.
For he able o he right “Top CO2 Polluers”: hps://www.economicshelp.org/blog/10296/economics/op-co2-polluers-highes-per-capia/

Tejvan Petnger, 19 Augus 2021. Source o daa: World Bank CO2 emissions (kt)

1.3. Worldwide esmae o elecriciy consumpon by ICT and is CO2 impac
The Inernaonal Energy Agency (IEA) provided he ollowing esmaes7 for the year 2019

Table 7.2.Worldwide ICT elecriciy consumpon. Reproduced wih Permission

Over he las decade, ICT has subsanally increased is overall share o elecriciy consumpon, rising rom
4-5% a decade ago, o 8-10% o oal elecriciy producon a he presen me. Because o Covid-19, he years
2020 and 2021 are aypical when i comes o energy esmaes. Translang energy consumpon o GHG
emissions indicaes ha ICT emissions are very similar o hose generaed rom air ravel 8, 9 

7 G. Kamiya. Daa Ceners and Daa Transmission Neworks.Inernaonal EnergyAgency, Paris, June 2020,
hps://www.iea.org/repors/daa-ceners-and-daa-ransmission-neworks

8 E. Gelenbe and Caseau, “The Impac o Inormaon echnology on energy consumpon and carbon emissions”, ACM Ubiquiy Vol. 15, Issue June, Arcle 1, pp. 1-15,
hps://doi.org/10.1145/2755977

9 Assoc. or Comp. Machinery Tech. Council: hps://dl.acm.org/doi/pd/10.1145/3483410
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Cerain ICT indusry secors privilege he purchase o energy rom low-carbon sources o improve heir CO2

emissions. Alhough his encourages elecric power producers o increase heir low-carbon energy supplies, i
can also encourage he producon or ranser o non-low-carbon energy sources in or ino oher secors o he
economy – or neighbouring counries.

Canada, which produces almos 60% o is elecriciy rom low-carbon sources such as hydroelecriciy or wind
and solar power, is an ineresng example. On he one hand, some o his energy is used o exrac he shale
gas and oil i subsequenly expors. On he oher hand, i also expors hydroelecric energy o he Unied Saes
o America. While his leaves some inernal secors depending on non-low-carbon sources, i also improves he
ype o energy consumed in he Unied Saes. For insance, in a 2015-2030 prospecve sudy10 on increasing
daa cenre demand in he counry, i was ound ha covering ha demand by reducing hydroelecric expors
may orce he US o increase is own non-low-carbon elecriciy generaon, suggesng he need or opmisaon
a a global level.

Carbon emissions per kWh o elecriciy vary widely rom one counry o anoher depending on he primary
sources o energy ha are used. Counries such as Belgium and France, ha generae mos o heir elecriciy
rom nuclear plans, have a very low average CO2 emission – well under 100g per KWh o elecriciy.

A urher and seldommenoned environmenal concern regarding ICT is ha digial chips currenly use nearly
wo-hirds o he elemens o he periodic able, many o which require energy o exrac and can also be pol-
luers when ICT equipmen is being decommissioned.

1.4. The eecs o evolving echnologies
Since is origin in he 1940s, ICT research and indusry have consanly pursued and achieved higher levels
o perormance, greaer processing speeds, and aser daa ransmission raes. These advances have been
accompanied by a consan increase in he peneraon o ICT ino all secors o sociey and he economy and
generally oered grea gains in social welare. However, his has also been accompanied by a seady increase
in associaed energy consumpon and GHG emissions by ICT.

Two curren signican echnology evoluons resul in urher increases in ICT energy consumpon:

• he adopon o 5G sandards or mobile neworks

• he increasing use o Edge compung (Fog archiecure – a he edge o he cloud)

Boh o hese ransions are good examples o he manner in which ICT energy consumpon evolves. The
Global Sysem or Mobile Operaors Associaon (GSMA) indicaes ha 20% o 40% o he operang expenses
o nework operaors are currenly or elecriciy, and ha 5G may cause a subsanal (as much as by 4- o
5-old) increase o energy consumpon in he Radio Access Nework (RAN) in he rs insance.

Laer generaons o 5G echnology may well include echnical advances o reduce his increase in energy
consumpon11. However, his is sll a maer or research.

The expansion o Fog and Edge devices, ha accompany he peneraon o 5G o mee he low laency needs o
mobile applicaons by making large daa ses and video available in he proximiy omobile base saons, is also
a poenal source o increased elecriciy consumpon. Edge equipmen, however, also parally duplicaes he
Cloud, since sae permanen reposiories in he Cloud are also needed.Wemay hereore expec he elecriciy
needed o operae and manuacure he addional Edge equipmen o come over and above some o he
elecriciy consumpon ha would anyway be used o operae and manuacure Cloud servers.

On he oher hand, more requen shor-haul daa ransers beween Edge devices and user mobile devices, o
replace long-haul ransers wih he Cloud, may well save “operang” elecriciy in he nework.

An undispued source o recen elecriciy consumpon increase by ICT is he expansion o crypocurrency
(including boh “mining” and sales), andmore generally he use o ‘blockchain’ or disribued ledgers or securing
conracual agreemens. These echnologies rely crucially on large numbers o concurren disribued ransacons
in housands o servers. They generae inensive rac and millions o such disribued ransacons in servers.

10 T. Dandres, N. Vandromme, G. Obrekh, A. Wong, K.K. Nguyen, Y. Lemieux, M. Cherie and R. Samson, “Consequences o Fuure Daa Cener Deploymen in Canada on
Elecriciy Generaon and Environmenal Impacs. A 2015-2030 Prospecve Sudy”. Journal o Indusrial Ecology, vol 21, n.5, 2016.

11 GSMA. Energy Eciency. hps://www.gsma.com/uureneworks/wiki/energy-eciency-2/



271

CHAPTER 7. INFORMATION TECHNOLOGY AND DATA CENTRES

Recent reports12, 13 agree on curren esmaes o elecriciy consumpon or his acviy o he order o 120
TWh per year – more han he elecriciy consumpon o a small bu advanced counry, such as he Neherlands.

Ye anoher recen rend, namely he increased usage oMachine Learning or “AI” in a greaer number o appli-
caons, is a source o energy inensive large-scale and high-speed compuaons. As an example, a recen sudy
shows ha one single machine learning based raining se o a specic naural language soware processor
can produce as much CO2 emissions as ve “average” convenonal cars during heir liemes14 

As a resul o hese developmens, iwill be hard o expec a aening o he energy curve or ICT in he coming
ew years, and he poenal impac o uurisc Quanum Compung echnologies is sll dicul o evaluae.

However, here are several approaches ha can help achieve elecriciy savings in ICT:

• Increased use o “Sleep Cycles” and slower operaon when easible.

• Opmum equipmen replacemen policies, including he greaer use o repairs and upgrades raher han
he oal replacemen o older equipmen.

• Real me conrol o imporan sysem procedures, such as nework pahs and compuer loads, whichmigh
deliver beer rade-os beween power consumpon and qualiy o service (QoS)15 as shown in Fig. 7.3.

Fig. 7.3. Adapaon wih reinorcemen learning reduces power consumpon by 10-15% a a cos o 2% reducon in average response me16

2. Daa cenres: he special perspecve provided by he Irish experience

2.1. Background
Ireland is a small counry (Peak annual power demand <7GW). Economic developmen in he counry has been
driven or many years by overseas high-ech invesmen, parcularly rom US companies such as Microso,
Inel, Google, Amazon, Facebook, ec.

Ireland’s power indusry has been perceived as delivering a reliable i somewha expensive service. The power
sysem is lighly conneced o he UK power sysem. Generaon is currenly primarily gas red. Coal red
generaon is scheduled or phase ou wihin ve years. There has been a swi expansion in onshore wind
generaon over he pas decade. A urher rapid increase in oshore wind energy is planned or he coming
decade bu hese plans may be unrealisc.

12 Assoc. or Comp. Machinery Tech. Council: hps://dl.acm.org/doi/pd/10.1145/3483410
13 hps://www.moneysupermarke.com/gas-and-elecriciy/eaures/crypo-energy-consumpon/
14 hps://www.echnologyreview.com/2019/06/06/239031/raining-a-single-ai-model-can-emi-as-much-carbon-as-ve-cars-in-heir-liemes/
15 E. Gelenbe, J. Domanska, P. Fröhlich, M. P. Nowak and S. Nowak. “Sel-Aware Neworks ha Opmize Securiy, QoS, and Energy”, Proceedings o he IEEE, vol. 108,

no. 7, pp. 1150-1167, July 2020, doi: 10.1109/JPROC.2020.2992559
16 P. Fröhlich, E. Gelenbe, J. Fiołka, J. Checinski, M Nowak, and Z. Filus “Smar SDN Managemen o Fog Services o Opmize QoS and Energy”, Sensors Vol. 21

(hps://doi.org/10.3390/s21093105), p. 3105, MDPI, 2021. Reproduced wih Permission
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The curren decarbonisaon arge or he power indusry is se a 80% low-carbon generaon by 2030. Lile
credible planning currently underpins this target 

2.2. Daa cenres
Daa cenres began o emerge as a major load on he Irish sysem six years ago. There are wo drivers or his:

• Exisng presence omany European HQs or high ech companies;

• Relave low cos o connecon. The cos o deep nework reinorcemen is socialised in Ireland and he
grid company (EirGrid) is required o service any arising demand.

This has led o a signican requiremen or new ransmission invesmen. Such invesmen is socially opposed
almos everywhere. There is virually no prospec o locang urher large loads in he area o Dublin, he capial
o Ireland, where mos o he exisng daa cenres are already locaed.

The problem o power supply o new daa cenres was rs idened by he Irish Academy o Engineering in
201917. The issue has become highly policised in Ireland wih many calls or a hal o daa cenre expansion.
Indusrial policy connues supporng daa cenre expansion or exisng large mulnaonal ech invesors.

One o he mos recen daa cenres is congured or he Chinese Company, Bye Dance, o suppor is TikTok
app. The capial invesmen is esmaed a EUR 420million and he planwill have a power demand o 60MW18

I is only one o a number o such projecs.

The Naonal Transmission Sysem Operaor, EirGrid, has recenly produced demand projecons showing a
rapid expansion o elecriciy demand by 2030, almos all owhich is due o daa cenre expansion. I esmaes
ha under a median expansion scenario 28% o Irish elecriciy demand would originae rom daa cenres by
2031. More aggressive projecons show a possible 31% increase by 2027.

Fig. 7.4. Annual demand spli by secors, per year (exrac rom EirGrid repor “Ireland Capaciy Oulook 2022-2031 Ocober 2022”).
Reproduced with Permission

hps://www.eirgridgroup.com/sie-les/library/EirGrid/EirGrid_SONI_Ireland_Capaciy_Oulook_2022-2031.pd

The problems in the Dublin area are primarily due to a lack of power transmission capacity These problems
canno be solved in he shor or medium erm and quie possibly no even in he long erm.

New regulaons have recenly been issued by he Irish Commission or Regulaon o Ulies (CRU)

• No urher daa cenres will be permied in he Dublin area (exisng applicaons will be processed)

• Daa cenre sandby generaon mus be made available in he even o any arising supply problems.
EirGrid may disconnec cenres a 1 hours’ noce.

• Fuure daa cenres will be permied where hey can be easily accommodaed on he ransmission
network 

17 hp://iae.ie/wp-conen/uploads/2019/08/Daa-Cenres-July-2019.pd
18 Tik Tok o open €600m European daa cenre in Ireland (irishmes.com)
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2.3. Generaon issues
In addion o localised ransmission issues, here are major quesons over he requiremen or new generaon
o mee increased demand a a me when Ireland has adoped a very ambious decarbonisaon policy or is
power industry 

The Governmen has adoped a ormal annual arge o 80% low-carbon generaon (mainly wind) by 2030.
Ireland already has hehighes SysemNon-Synchronous Peneraon (SNSP) in heworld - a signican achievemen
by a semi-isolaed power sysem. As he counry moves owards an 80% low-carbon arge, he echnical
barriers become higher and higher and boh resilience and adequacy risks increase.

The daa cenre indusry has expressed a willingness o engage wih large-scale low-carbon invesors (by way
o power purchase agreemens) as a show o suppor or Governmen policies. The Irish Academy o Engineering
(IAE) does no undersand how such agreemens will assis in reaching decarbonisaon goals over he nex
decade 

2.4. Recen developmens
The war in Easern Europe has impaced all o Europe’s energy indusries. Ireland’s power indusry is no excepon.
Prices have risen rapidly because o primary uel price increases. This is now a major economic and polical
issue, as indeed i is in he res o Europe.

Ireland does no have Liqueed Naural Gas (LNG) impor acilies and lacks any large-scale gas sorage acilies.
Thereore, i does now seem likely ha he planned shudown o Ireland’s 900 MW coal red generang plan
aMoneypoin in 2025 will no proceed; his plan may well operae or a urher 5 years beyond is planned
shutdown date 

Plans are being prepared o raon gas supplies i necessary and swich a number o gas-red generang unis
o disllae uel. The IAE has recenly published a shor advisory repor on he emergency measures hamay
be required19 

There continues to be a fundamental contradiction between Ireland’s support for data centre expansion
(a maer o indusrial developmen policy) and Ireland’s highly ambious (i perhaps unrealisc) decarbonisaon
targets 

Proposals or ‘Corporae power purchase agreemens’ beween daa cenres and low-carbon energy producers
have been pu orward as a soluion. The Academy does no agree wih his soluion and perceives such
arrangemens as providing perhaps 40% o daa cenre power requiremens rom low-carbon sources wih he
balance being provided rom convenonal carbon emitng generaors.

A recen publicaon rom he Long Duraon Energy Sorage Council (LDES) and McKinsey oers a useul per-
specve on such arrangemens20 

19 hp://iae.ie/publicaons/europes-energy-crisis-implicaons-or-ireland/
20 hp://www.ldescouncil.com/asses/pd/LDES-brochure-F3-HighRes.pd
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3. Key message and recommendaons

While he environmenal impac o oher indusries has been an objec o sudies and serious concern or
decades, he CO2 impac o he ICT indusry has only suraced in recen years due o he pervasiveness o
he inerne and wireless echnology in sociey, and o ICT’s share – close o 10% and growing – in elecriciy
consumpon worldwide.

Because o he complexiy o elecommunicaon and compuer neworks, wihou he availabiliy o exper
knowledge, i is dicul o undersand he ineracons beween applicaons, usage, inrasrucure, and energy
consumpon. Moreover, because ICT enjoys a posive, even ludic repuaon among users, and because i
ulls sociey’s essenal need or ecien communicaons, he secor is rarely considered a polluer in he
eyes o governmens and he general public – quie he opposie: ICT is oen proposed as a major soluon o
bypass he environmenal impac o oher secors such as aviaon and ranspor.

Key message
ICT is and will connue o be a grea enabler or socieal improvemens and or reducing he environmenal
impac o oher secors. However, as we learned rom he COVID crisis, sociey increasingly depends on he
perormance and developmens o ICT, while he world’s mos developed economies include many naons
ha are boh he mos advanced in ICT deploymen and emi he mos GHG.

Indeed, connued exponenal growh in he ICT secor brings along he ‘smarness everywhere’ rend, he
exensive Inerne o Things (IoT), new applicaons such as he meaverse, he pervasiveness o Arcial
Inelligence algorihms, and he popularisaon o crypocurrency. As hese add o our everyday lives, hey carry
a heavy price in erms o ICT energy consumpon and CO2 emissions. Governmens, indusries and expers
should hus sar paying close aenon o he rade-o soluons ha are needed or a successul and susainable
ICT secor o develop.

Given he curren saus and he likely evoluon o he ICT secor, he recommendaons in his chaper ocus
on wha we consider o be he our mos relevan issues on he basis o heir long-erm impac: daa cenre
energy consumpon, 5G expansion, Edge compung, and he need or improved ICT energy consumponmerics
wihou orgetng he opmal replacemen o ICT equipmen o reduce he emissions on heir liecycle.

Recommendaons

3.1. Daa cenre energy consumpon
Power Usage Eecveness (PUE) is a meric used o deermine he energy eciency o a daa cenre. PUE
is obained by dividing he oal amoun o power enering a daa cenre by he power used o run he IT
equipmen wihin i. PUE has been seadily alling or he pas decade bu, despie his, overall daa cenre
energy consumpon has been increasing as expansion in acilies oupaced eciency improvemens. There is
wide variabiliy in he daa cenre GHG emissions depending on he source o elecric supply. Emissions rom
data centres supplied by hydroelectric or nuclear power will be orders of magnitude lower than from similar
acilies supplied by ossil uel-based elecriciy.

Recen repors indicae ha ecien managemen, including he judicious repair and upgrade o exisng
equipmenwihin daa cenres,may grealy increase he overall energy eciency o a aciliy. Eecvemanagemen
pracces are considered o halve overall energy usage in cerain siuaons.

Thereore, we recommend:

• deerring daa cenre machine compuaons in me o avour load shiing, load sharing, peak energy
shaving and maximum use o low-carbon sources o elecriciy;

• urher eors o improve daa cenre PUE;

• minimising unnecessary daa cenre operaons; repairing and upgrading equipmen raher han replacing
i whenever possible.
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3.2. Energy consumpon o 5G echnology and beyond
5G cellular network technology is now being deployed on a global scale Such a deployment is expected to
accelerae in he shor erm. The energy consumpon o a 5G base saon is 2 o 3 mes higher han ha o a
similar 4G insallaon providing he same coverage area. Moreover, in shorer wavelenghs base saons up o
25 microns, several 5G base saons will be required o cover an area similar o a single 4G base saon. This
implies a signican increase in energy consumpon or a similar coverage area.

Given his realiy, we recommend ha:

• here should be acve energy managemen o base saons, and i should be inegraed ino he opmisaon
planning21 o provide slack or uure energy ecien operaon;

• 5G operaors should share inrasrucure and reduce he duplicaon o energy consumpon;

• inrasrucure providers should inerac wih elecric ulies o reduce he CO2 impact of the electricity
provided o 5G base saons and also help in peak shaving;

• Research should aemp o improve he energy eciency o 5G devices and ransmissions, and a relevan
PUE-ype meric should be inroduced o benchmark dieren sysems.

3.3. Edge compung
Edge compung is a echnology ha reduces nework communicaons by insalling daa processing and sorage
close o he user. I drascally reduces laency or sringen 5G applicaons such as conneced cars, games or
videos, and also reduces long-haul daa ransers ha use large amouns o energy. However, i also leads o
he addion o numerous small daa cenres ha do no ully replace he Cloud, bu do no bene rom he en-
ergy opmisaon o large-scale acilies.

The following steps are recommended:

• Carry ou urher research o clariy he perormance, energy consumpon and GHG emission rade-os
beween Edge sysems and Cloud servers. This is parcularly imporan in he conex o new applicaons
ha exploi 5G, uure 6G, Edge and Cloud sysems.

• Develop appropriae PUE-ypemerics or uure inegraed edge compung and daa cenre-based sysems.
These should be relaed o he low laency and high-volume daa ranser aspecs o uure archiecures.

3.4. ICT energy and CO2 sascs
I is nooriously dicul o nd reliable and specic daa o assess he energy consumpon o ICT a large22 and
o specic echnologies or applicaons. In some cases, available daa remains condenal o a ew sakeholders.
The lack o sandardisaon addionally causes dicules in making valid comparisons. Unless hese issues are
addressed, i will remain exremely dicul o reach valid conclusions on he impac o ICT on GHG emissions.
The following is recommended:

• Se public requiremens and sandards or he compilaon, reenon and publicaon o ICT energy
consumpon and GHG emissions daa.

3.5. Opmal replacemen o ICT Equipmen o Improve is Environmenal Impac
Since energy consumpon or manuacuring o ICT represens 50% o he oal, and because o he high
environmenal impac o ICT decommissioning, i is imporan o develop judicious policies abou when o
decommission exisng operaonal equipmen, or replace i by oher equipemen o achieve improved energy
eciency, beer perormance and reliabiliy. Decommissioned equipmenmay oen be repaired, enhanced and
used in dieren useul conexs.

21 S. Boiardi, A. Capone and B. Sansò, “Planning or energy-aware wireless neworks”, in IEEE Communicaons Magazine, vol. 52, no. 2, pp. 156-162,
February 2014, doi: 10.1109/MCOM.2014.6736757

22 ACM TechBrie: Compung and Climae Change, ACM Technology Policy Council, Issue 1, November 2021
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Abbreviaons, denions and acronyms

5G The h-generaon echnology sandard or broadband cellular neworks

Cloud Cloud compung is a general erm or anyhing ha involves delivering
hosed services over he inerne

CRU Irish Commission or Regulaon o Ulies

Edge compung Disribued compung paradigm ha brings compuaon
and data storage closer to the sources of data

EirGrid The Irish Naonal Elecriciy Transmission Sysem Operaor

FOG compung Also called Edge compung

GHG Greenhouse Gas

ICT Inormaon and Communicaons Technologies

IEA The Inernaonal Energy Agency, based in Paris, France

LNG Liqueed Naural Gas

LTE Long-Term Evoluon, is a sandard or wireless broadband communicaon
or mobile devices and daa erminals

NUC Nework Uni o Compung

PUE Power Usage Eecveness

RAN Radio Access Nework

IoT Internet of Things
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There is ample and indispuable scienc evidence ha global GHG emissions are connuing o increase. The
levels o he major greenhouse gases in he amosphere, namely carbon dioxide and mehane, are sll rising.
Humaniy is progressing very slowly owards he implemenaon o he Paris Agreemen and meeng he
Unied Naons Susainable Developmen Goals (SDGs), such as reducing povery.

The CAETS Energy Commiee is aware o he many dicules and conicng ineress involved in moving
he world aser owards ewer GHG emissions.

To have a global impac, any signican ransion requires a long me o be achieved. Moreover, major ran-
sions are implemened a dieren paces, using dieren models across dieren regions and counries.
The required ransion o a susainable world – progressively reducing and hen reversing he increase o
GHGs in he amosphere, while migang he ongoing impacs o global warming and meeng he SDGs –
is a challenge o unprecedened proporons or humaniy.

The commiee does no underesmae he many inerwined and in some cases conradicory challenges
ahead. The world’s exisng ossil uel-based indusrial inrasrucure represens rillions o dollars o inves-
men, and exisng large acilies have viable economic lie spans o decades. An eecve ransion will need
o rero such exisng inrasrucure by modiying he many housands o indusrial acilies ha have been
opmised or eciency and economic reurns, as well as replacing some or building new ones. A he same
me, rerotng he homes and buildings where billions o people live and consrucng susainable new ones is an
enormous challenge 

Furhermore, here is a need or scaling up he indusries necessary or his ransion, o provide hem wih
he required new skills and coheren ecosysems in parcular. This necessiaes susainable public buy-in and
massive invesmens wih adaped regulaons and policies.

The CAETS Energy Commiee, hrough is 2022 Energy Repor, wishes o emphasise ha many echnolo-
gies designed o reduce – and in some cases almos eliminae – GHG emissions are already available or
immediae acon in he key secors. The 7 secor-specic chapers o his repor have described some o
such ‘low-hanging rui’ wih rapid (rom a ew monhs o a ew years) payback mes and reasonable reurns
on invesmen, as well as oher soluons ha are aordable or could be made so or large-scale deploymen,
provided clear, predicable public policies (regulaons, incenves, axes, and so on) providing scope or public
and privae invesmens are esablished.

Technologies or immediae acon are indeed available. The diculy lies in implemenng hem as and a
aordable coss, in a way ha is ailored o each counry and region in each secor o acviy. This will no be
possible wihou long-lasng suppor rom governmens and, las bu no leas, consumers and cizens.

The commiee has hus ocused on available echnologies ha can provide resuls now and or he nex weny
years. Some o hese echnologies are already deployable while ohers are near-o-deploymen promising
echnologies. These echnologies allow very signican emission reducons. However, we keep on sressing
he imporance o supporng RD&D and developing ineracon beween universies and engineering compa-
nies, o improve exisng echnologies and promoe he developmen o new ones, hus providing opporuni-
es o explore poenally new, easier and shorer pahs o succeed in globally reducing our GHG emissions by
he middle o he cenury. In a uure repor, he Energy Commiee o CAETS will ocus on hese longer-erm
issues 
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Chapter prepared by Yves Bamberger and adoped by he Energy Commiee
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Neverheless, here is no me o wase beore sarng he deploymen o available echnologies and cutng
heir coss hrough scale and incremenal innovaon. Our key ndings o boos aser and lower-cos innova-
on can be summarised in he ve ollowing poins.

The rs poin o consider is he idea o ‘sysemic’ or ‘holisc’ approaches Such approaches break away from
he radional ‘silo’ menaliy and pracces. Silos are indeed vercal srucures. On he conrary, naonal and
local adminisraons, as well as company aliaes, mus work ogeher o reduce GHG emissions o ensure
consisency beween heir acons: i will aciliae and accelerae implemenaon while reducing coss.

One example o a holisc approach is he rapid deploymen o hea pumps o reduce he use o energy and
lower GHG emissions rom heang and cooling. This requires indeed sucien indusrial capaciy, appropriae
sae or local regulaons wih qualiy labels, knowledgeable archiecs, engineers and promoers, and also
compeen local insallers. Similarly, a holisc approach will bene he evoluon o echnologies and producs
needed o ransorm global agriculure according o a less-inensive GHG model. This will require ransorma-
ons in he global chemical indusry, which, in urn, is closely linked o he oil and gas indusry. A he same
me, armers and heir proessional pracces are key o achieving hese ransormaons as iniaed by new
regulaons. Cooperaon beween indusries, e.g., he cemen indusry working wih he peroleum indusry
o sequeser CO2 or example, is anoher aspec o such a sysemic approach.

Holisc ransormaons need o ake ino accoun he consequences o he choices made ouside o each
specic secor: iniaves ha overlook rebound eecs elsewhere will no guaraneed o lower global GHG
emissions. For his endeavour, Lie Cycle Assessmen (LCA) models should be more widely and more precisely
used by public and privae sakeholders. LCA can help sakeholders ideny more cos-eecve and more
signican ransormaons hrough he analyses hey required.

The second poin is ha he various economic secors we have covered will need o use more elecriciy o
reduce emissions. This measure will generally and a he same me increase energy eciency.

To reap he ull benes o elecricaon, such elecriciy will have o be low-carbon, i.e. mosly produced rom
hydropower, wind, solar and nuclear energy. In some cases, where he direc use o elecriciy is no possible,
emissions will be reduced hrough he use o hydrogen produced rom low-carbon elecriciy.

A key issue, which has remained ouside he scope o his repor,will be o ensure he availabiliy o sucien
and aordable low-carbon elecriciy or he nex decades, which requires sable and consisen policies
(in parcular or cos conrol) and he implemenaon o ways o maching paerns o supply o paerns o
demands, hrough sorage and end-use exibiliy.

A hird poin came up in he discussions o each secor and o he whole CAETS Energy Commiee: putng
emphasis on educaon and raining, in parcular in echnology and engineering.

One aspec is o develop he skills o hose who already work in hese secors and accompany hem as needed
in he ransion. A a higher speed han in he pas, new jobs will appear, and some ohers will disappear or
will be deeply ransormed, and no only by digialisaon. The coming period is one where reraining needs o
be facilitated 

A second aspec is o adap he world o educaon and raining o promp ransormaon o a low-GHG
sociey – his applies o new bu also o “radional” jobs, which should no be orgoen and will remain, even
ransormed, such as or example mining, heavy indusry, or agriculure. Upsream, he issue o raining each-
ers a all levels, rom primary schools onwards, needs also o be addressed.

This is also an opporuniy or Schools o Engineering and Technologies o rehink and develop heir role.

Anoher issue on educaon and raining concerns he decision-makers, especially he policians: how should
hey be prepared or hese holisc approaches and also or organising and leading such ransormaon projecs?
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CHAPTER 8. CONCLUSIONS

The ourh poin, which is no deailed in our repor, is connecngwih cizens and public opinion. This crical
connecon, which is essenal or he susainable accepance o he changes allowing or lower GHG soluons,
will dier considerably rom counry o counry across he globe. Alhough here has been much progress in
reducing global povery, he accepable soluons, and even he me rajecories owards heir accepance, will
vary signicanly beween developed and developing naons, as beween rich and people. Theissue o educa-
on is always key, even more so wih he developmen o social neworks and ake news.

The nal poin, linked o he proessional experience o he Commieemembers, is he imporance o scienc
and technological ineracons, he sharing o good pracces, and cooperaon beween governmens, indusry
and academia, boh naonally and inernaonally. All he above ransormaons, which imply major projecs,
raise he queson o how decision-makers, especially policy makers and leaders rom indusry, can involve hose
who are knowledgeable, rom he academic world and rom indusry, o achieve such projecs. The CAETS and
is Members in he dieren counries are ready o inensiy heir conribuon o hese ransormaons.

We, he Members o he Commiee, are srongly emphasising ha, beyond he RD&D, which is essenal o
ackle climae change, exisng and uure echnology deploymens should be based on enlighened policies,
appropriae unding and robus public and privae suppor, as well as accurae inormaon and sound logic, o
allow us and our children o proec our common plane Earh and is ecological heriage.
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