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HARD-TO-ABATE SECTORS AND 
EMISSIONS 
The Toughest Nuts to Crack for a Net Zero Future 
  
The COVID-19 pandemic has been noteworthy for so many negative things, but 
there was one temporary bright spot — global carbon emissions declined. With the 
sudden halt in industrial production and transportation coming to a standstill, cities 
saw noticeable declines in air pollution and the atmosphere benefitted from a 
decline in greenhouse gas emissions. Although these benefits were temporary and 
reversed once economic activity started to ramp up, it was encouraging to see that 
declines in emissions can actually happen.  

Obviously shutting down major sectors of the economy for periods of time isn’t the 
long-term answer to reducing emissions. But seeing evidence that lowering 
emissions can lead to a decline in greenhouse gas concentrations — whether the 
decline is big or small — is important and has helped changed attitudes toward 
making the effort.  

In our Citi GPS report Financing a Greener Planet, we noted that government focus 
on climate action is actually accelerating with stronger climate policies and net zero 
emissions targets being put in place. This increased focus on climate is occurring in 
parallel with a rise in corporate and individual focus. Stimulus packages in many 
countries are focusing on green infrastructure and technology investment that help 
the economy transition away from fossil fuels.  

Progress towards a more sustainable global economy is already being made in a 
number of sectors, through actions such as the promotion of electric vehicles and 
recycling schemes, as well as an increased focus on energy efficiency in buildings. 
But not all sectors are created equal in terms of how easy it is to convert them to 
green. Certain sectors are harder to abate than others and it will take breakthroughs 
in technology, investment, and time to lower emissions.  

In the report that follows, Citi’s Sustainable Finance team takes a detailed look at 
two hard-to-abate sectors — transport (road freight, aviation and shipping) and 
industry (cement and steel) — which need to be focused on to successfully meet 
net-zero emission commitments. Collectively, these sectors account for 25% of 
today’s global carbon emissions, but have the potential to rise by 50% through 2050 
given growth expectations. 

Although demand-side solutions can help, they’re not sufficient to drive emissions 
levels down towards zero. Instead, supply-side solutions need to be incorporated. 
The team identifies three such solutions — hydrogen, bioenergy, and carbon 
capture, utilization & storage (CCUS) — they believe can be the keys to ‘cracking 
the carbon nut’ in hard-to-abate sectors. There is a cost premium associated with 
each of these solutions, but as technology advances and supply is scaled up, costs 
should fall and demand should increase.  

Identifying hard-to-abate sectors and the potential solutions to drive down emissions 
should help rally investment and accelerate capital deployment to fund the net zero 
transition. This won’t be easy, but it is doable — especially with coordinated efforts 
between governments, corporates and investors. 

 

  

Kathleen Boyle, CFA 
Managing Editor, Citi GPS 

https://www.citivelocity.com/citigps/financing-a-greener-planet/


Solutions for the Hardest 25% 
25% OF GLOBAL CO2 EMISSIONS ARE IN HARD-TO-ABATE SECTORS

ALTERNATIVE FUELS AND TECHNOLOGIES ARE NEEDED TO DECARBONIZE HARD-TO-ABATE SECTORS

Multiple options are available to reduce carbon dioxide (CO2) emissions across society and the economy. However, a number of sectors, 
including heavy industry, road freight, shipping, and aviation, have emissions which are harder-to-abate. These sectors currently account 
for 25% of total global CO2 emissions and given their growth, could see emissions growth of 50% by 2050 if no action is taken.

We see three current alternative fuels and technologies as the most effective to help decarbonize hard-to-abate sectors today. 
Although all three are costly today, as technologies mature and uptake widens costs are expected to decrease.

 Aviation Industry  Transport  Buildings  Electricity and Heat  Cement

Source: Citi Global Insights

 Steel Road Freight Shipping

CO2 Emissions by Sector Current CO2 Emissions for Hard to Abate Sector and Future Emissions Under a BAU Scenario

14

12

10

8

6

4

2

G
T

 C
0

2

Positive:  
Has the potential to  

replace fossil fuels in both 
transport and industrials

Barrier:  
Requires massive amount 

of renewable energy to 
produce green hydrogen

Cost:  
Higher than  
fossil fuels

Hydrogen

Positive:  
Can be used as ‘drop in’  

fuel without major  
technical modifications

Barriers:  
Availability of  

sustainable feedstocks

Bioenergy

Positive:  
Prevents CO2 from being  

released into the atmosphere

Barrier:  
Capital intensive

Cost:  
Varies significantly based on  

many factors including location  
and CO2 concentration

(Carbon Capture, 
Utilization and Storage)

CCUS

40

35

30

25

20

15

10

5

G
T

 C
0

2

Current BAU-2050



DEMAND-SIDE SOLUTIONS ALONE WON’T GET US TO NET ZERO

Demand-side solutions including Improving energy efficiency, optimization production, improving designs and circularity of 
materials can all play an important part in reducing CO2 emissions from these hard-to-abate sectors.  But supply-side solutions 
will be necessary to reduce greenhouse gas emissions enough to hit net zero targets.

© 2021 Citigroup

Source: Citi Global Insights
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MAKING IT HAPPEN

To decarbonize these hard-to-abate sectors, our scenario analysis predicts it would cost 
between $1.6 trillion and $0.9 trillion, equivalent to 1.9% of global GDP in 2019. To do so 
will require cooperation between public and private institutions and a commitment to 
deploy capital and invest in technologies that enable the transition to a net zero economy.

Source: Citi Global Insights
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Introduction 
A majority of the scientific community believes ‘beyond a reasonable doubt’ that 
man-made greenhouse gas (GHG) emissions are changing our climate and 
ecosystem. They also believe that unless we change our behavior, more severe 
temperature increases are likely to result and not only do we need to start reducing 
our emissions but we need to start immediately.  

Total greenhouse gas emissions in 2019 were estimated to be 59.1 gigatonnes of 
equivalent CO2 (GtCO2e) per year (including land use), of which fossil fuel carbon 
dioxide CO2 accounted for 65%, or 38 GtCO2.1 With the current government policies 
we have in place, temperatures are on a course to rise 2.8°C to 3.2°C by 2100.2 
Climate change is already visibly effecting the world — the Earth is warming, 
precipitation patterns are changing, and sea levels are rising. These changes can 
lead to an increased risk of heat waves, floods, droughts, and fire which could affect 
not only the environment but also the livelihoods of millions of people. The impact of 
climate change will depend on how quickly we can reduce greenhouse gas 
emissions.  

To achieve a goal of limiting the world’s temperature increase to 1.5°C, we need to 
reduce our greenhouse gas emissions in 2030 by 45% from 2010 levels, reach net 
zero by 2050, and move towards net negative emissions in the second half of the 
century. Basically, we need to go from emitting nearly 59 GtCO2e per year to 
emitting zero or close to it, while still meeting people’s energy needs. This requires 
transforming almost everything we do and how we do it. We need to change the 
way we produce energy and the way we consume it. We need to find ways to heat 
our buildings, manufacture products, produce electricity, produce food, and move 
goods without emitting greenhouse gas emissions.  

The good news is there are plenty of options available to decarbonize both our 
society and economy. In the 2019 Citi GPS report Energy Darwinism III, we 
highlighted the importance of decreasing fossil fuels through massive electrification, 
discussed the importance of energy efficiency in industry, highlighted the 
importance of eliminating fossil fuels from space heating, and discussed new 
technologies including energy storage. However, we also highlighted the sectors 
whose emissions are harder to abate, such as heavy industry, road freight, shipping 
and aviation (highlighted in orange in Figure 1 below).  

There are a number of reasons why these sectors are classified as hard-to-abate, 
including: (1) lack of maturity of the technologies likely to be relied upon to mitigate 
their emissions; (2) high heat requirements which today are exclusively provided by 
fossil fuels; (3) process emissions resulting from chemical reactions rather than the 
combustion of fossil fuels; (4) long-lived capital assets, such as industrial plants, 
which will be expensive and difficult to change; and (5) trade considerations, given 
highly competitive markets, making it extremely challenging for a company to invest 
in more expensive pathways to reduce emissions and still compete on a level 
playing field. 

  

                                                           
1 United Nations Environment Programme (2020). Emissions Gap Report 2020. Nairobi. 
2 Hannah Ritchie and Max Roser (2019). CO2 and Greenhouse Gas Emissions, 
published online at Our World in Data.org. 

https://www.citivelocity.com/citigps/energy-darwinism-iii/
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Together these hard-to-abate sectors are responsible for more than 25% of today’s 
CO2 emissions. Many of these sectors are expected to continue to grow over the 
coming years, meaning if nothing is done, emissions from these sectors will also 
continue to increase. In fact if no action is taken, emissions from hard-to-abate 
sectors could increase by 50% by mid-century. 

Figure 1. Total CO2 Emissions, by Sector  Figure 2. Current CO2 Emissions of Hard-to-Abate Sectors and Future 
CO2 Under a Business-as-Usual (BAU) Scenario 

 

  
 

 

 

Note: CO2 emissions include energy & industrial process emissions 
Source: Citi Global Insights 

 Note: CO2 emissions include energy & industrial process emissions 
Source: Citi Global Insights 
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of materials — can all play an important part in reducing CO2 emissions from hard-
to-abate sectors. However, demand-side solutions do not go far enough, therefore 
we focus instead on supply-side solutions including hydrogen, bioenergy, and 
carbon capture utilization & storage (CCUS). We also highlight the important role 
carbon offsets could play in helping transition to a net zero economy. Green 
electricity will also play an important part not only to help decarbonize power 
generation, but also to produce new products such as green hydrogen and green 
ammonia which, as we will see, are important decarbonization solutions for many 
hard-to-abate industries.  

Our analysis highlights the cost premium that exists for many of these sectors to 
decarbonize when compared to a business-as-usual scenario. For example, 
sustainable aviation fuel costs is forecast to cost between one and eight times more 
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It is important to note these cost premiums might only be affordable for richer, 
developed nations. Developing countries need to build new infrastructure, but this 
requires energy-intensive materials such as steel and concrete. Procuring the low 
cost energy supplies helps to stretch the amount of investment available for 
infrastructure and could enable millions of people to move out of poverty. To counter 
this, it is important that developed nations lead the way by investing in new 
alternative fuels, thereby reducing the price of decarbonization options and making 
them more affordable to developing nations.  

Who is Responsible? 
Does responsibility for reducing their emissions rest solely on the shoulders of hard-
to-abate sectors? Actually, no. If a country wants to achieve net zero emissions then 
it needs to support the efforts of hard-to-abate industries to decarbonize. And if a 
company wants to become net zero then it must reduce its scope 1, 2, and 3 
emissions (see box below). This means the company needs to decarbonize its 
supply chain, which includes not only the production of raw materials (e.g., 
chemicals, steel, cement) but also the upstream and downstream transportation of 
its goods (e.g., road freight, shipping) and emissions associated with travel of its 
employees (e.g., aviation). A company can choose suppliers that have lower carbon 
intensity and choose solutions such as offsets, but decarbonizing hard-to-abate 
sectors is in the interest of all, therefore cooperation amongst different industrial 
players is key.  

Definition of Scope, 1, 2, and 3 Emissions 

Scope 1: Refers to all Direct Emissions from the activities of an organization or under their control. It includes 
onsite fuel combustion such as gas boilers, fleet vehicles, and air conditioning leaks.  

Scope 2: Refers to Indirect Emissions from electricity and heat purchased and used by the organization. 
Emissions are created during the production of energy and eventually used by the organization.  

Scope 3: Refers to All Other Indirect Emissions from activities of the organization, occurring from sources that 
they do not own or control. According to the literature, these are usually the largest share of a company's carbon 
footprint, covering emissions associated with business travel, waste management, and upstream and downstream 
transportation of goods and services.  

It is also important to note that everything is connected. As we will explore in the 
report, efforts to decarbonize one industry (e.g., through the production of methanol 
and ammonia in the chemical industry) can provide decarbonization solutions to 
other sectors (e.g., the shipping industry). Some of the solutions for hard-to-abate 
industries are the same, but ultimately what gets deployed depends on a number of 
factors including the location of the plant and supply availability for some of these 
alternative fuels.   

The will to decarbonize hard-to-abate sectors is there. Many countries are coming 
out with net zero targets and over 2,100 companies have also pledged to become 
net zero.3 Government strategies are starting to emerge that support many 
decarbonization solutions. Companies are also coming together and establishing 
zero carbon industrial hubs allowing decarbonization solutions to be shared, thereby 
reducing the risk in the process and the capital required.  

  

                                                           
3 Race to Zero- https://unfccc.int/climate-action/race-to-zero-campaign#eq-1. 
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So things today seem different than the past. We think investors, industries, and 
governments are coming together to help move to a zero carbon society. We also 
believe we will see more momentum in the coming months ahead of the COP26 
meeting in Glasgow this coming November. Meeting the challenge of decarbonizing 
hard-to-abate sectors will not be easy, but it is definitely doable. 

The report that follows is split into three sections as outlined in Figure 3. The first 
section provides an analysis of the available alternative fuels and technologies that 
can be utilized to decarbonize hard-to-abate sectors, focusing specifically on 
hydrogen, bioenergy, and CCUS. This is followed by a detailed assessment of 
potential solutions by sector, including the cost premiums associated with different 
solutions. We end with a discussion on how we could make it happen. 

Figure 3. Hard-to-Abate Sectors: The Report 

 
Source: Citi Global Insights 
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Alternative Fuels & Technologies 
Solutions for decarbonizing hard-to-abate sectors can be divided into demand-side 
solutions and supply-side solutions. From a demand perspective, groups including 
the Use Less Group at the University of Cambridge have spent years studying ways 
to reduce demand for materials such as steel and concrete. Recommendations 
such as changing building codes to reduce wastage, designing buildings with less 
material, reducing scrap, and changing business models to ones that encourage 
less wastage are all good solutions to reduce CO2 emissions from some of the 
hard-to-abate sectors. We have also seen Dame Ellen MacArthur develop the 
circular economy concept over the years. Her foundation raises awareness and 
develops strategies to gradually decouple growth from the consumption of finite 
resources. It focuses on three main principles: (1) design out waste and pollution; 
(2) keep products and materials in use; and (3) regenerate natural systems. For 
example, just improving material efficiency from heavy industry could reduce CO2 
emissions by an estimated 40%.4  

However as we will see from our section on sectors, despite being extremely 
important, demand-side solutions will not be enough to decarbonize hard-to-abate 
sectors. Because of this, we have chosen to focus on supply-side solutions — such 
as hydrogen, bioenergy, and carbon capture utilization & storage (CCUS). However, 
before we discuss how these solutions could be applied to hard-to-abate sectors, it 
is important to understand what they are, how they are produced, and assess their 
potential.  

Hydrogen 
The use of hydrogen as source of energy is not new. It was discovered in the 18th 
century and given new impetus in the 1960s by space travel, which relied heavily on 
hydrogen as an energy source. The 1973 fuel crisis gave a boost to the scientific 
interest in hydrogen as people looked for alternatives to hydrocarbons to offset the 
consequences of the energy and oil price crisis. However, interest in hydrogen 
decreased as oil and gas reserves were proven to be plentiful and oil prices 
moderated. As concerns surrounding climate change rose in the 1990s, hydrogen 
started to make headlines once again, especially with regards to transportation. In 
fact, many automakers unveiled hydrogen cars at auto shows during the decade but 
low oil prices, among other things, stifled support for this alternative fuel. Hydrogen 
has now again resurfaced as an energy source and as a solution to decarbonize 
some hard-to-abate sectors, and we are currently seeing governments and 
corporations embrace this technology.  

What is Hydrogen? 
Hydrogen is the smallest and lightest of all elements. It does not exist naturally in 
pure form but rather only as part of a compound. The largest proportion of hydrogen 
occurs as a compound with oxygen in the form of water; however, it is also found in 
almost all organic compounds including fossil energy resources. For example, 
hydrogen methane, the main constituent of natural gas, is made up of one carbon 
atom and four hydrogen atoms. Under normal conditions hydrogen is colorless and 
odorless, it is non-toxic, and is environmentally neutral but also highly flammable.   

                                                           
4 Energy Transitions Commission (2020), Mission Possible, Delivering a Net-Zero 
Economy. 
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How is it Produced and Distributed? 
Hydrogen can be produced from a number of different energy sources including 
fossil fuels, biomass, and electricity. 

1. Hydrogen from Fossil Fuels: Most of the hydrogen used today is produced 
from fossil fuels including oil, gas, and coal. The two most common methods to 
produce hydrogen are natural gas reforming and steam methane reforming, 
which can also be used to produce hydrogen from other fuels such as ethanol 
and propane. Gasification of coal, where high temperature is used to separate 
the carbon from hydrogen, can also be used. Hydrogen produced from fossil 
fuels is considered ‘blue hydrogen’ if combined with CCUS or ‘grey hydrogen’ if 
it is not.  

2. Biomass Fermentation: Biomass can be used to produce hydrogen through 
the process of fermentation — converting the biomass into sugar-rich 
feedstocks that can be fermented to produce hydrogen — or through 
gasification. The energy intensity and therefore the amount of CO2 emissions 
produced from this process depends on a number of factors, including the 
source of the biomass. However, biomass is unlikely to play a major role in 
hydrogen production given the competition for limited sustainable biomass 
resources from other sectors such as aviation and plastics. 

3. Electrolysis: Electrolysis uses electricity to split water into hydrogen and 
oxygen. This process can result in zero greenhouse gas emissions, depending 
on the source of electricity used — if renewables are used the hydrogen 
produced is considered ‘green’ hydrogen. Producing hydrogen through 
electrolysis may offer synergy opportunities with the variability of renewable 
power generation. Hydrogen could become the storage mechanism for excess 
renewables in certain time periods, and can either be used at a later date as 
electricity (transformed back into electricity via fuel cells) or used as an energy 
source for heat, transport, and industry. This is extremely important because 
decarbonizing the power sector requires energy storage in one form or another 
and hydrogen can form part of the energy storage solution. 
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Figure 4. Different Ways to Produce Hydrogen 

 
Source: Citi Global Insights 
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kg of hydrogen. Hydrogen produced via water electrolysis is the most carbon 
intensive of current production methods unless the electricity used was generated 
by renewables. If the main purpose of using hydrogen is to reduce CO2 emissions, 
then it is important its production processes generate low-carbon or zero-carbon 
emissions (producing blue or green hydrogen). 
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Figure 5. CO2 Intensity of Different Hydrogen Production 

 
Source: BNEF5 (2020), Hydrogen Economy Outlook, Will hydrogen be the molecule to power a clean economy?, March 30, 2020. 

 
Current and Future Uses of Hydrogen 
Approximately 70 million tonnes (Mt) of pure hydrogen was produced in 2019, 
largely for oil refining and ammonia production (mainly for fertilizers) applications. 
The majority of the hydrogen used comes from fossil fuels (coal and gas), with a 
small amount being produced from oil and electricity. A further 45 Mt of demand 
exists for hydrogen as part of a mixture of gases, such as synthesis gas, for fuel or 
feedstock. The main applications for this type of hydrogen are methanol and steel 
production as shown in Figure 6. 

Figure 6. Hydrogen Value Chain 

 
Source: Adapted from IEA (2019, The Future of Hydrogen, Paris https://www.iea.org/reports/the-future-of-hydrogen, Citi Global Insights  

 
  

                                                           
5 BNEF (2020), Hydrogen Economy Outlook: Will hydrogen be the molecule to power a 
clean economy?, March 30, 2020. 

20.2

8.9

2.0 0.9 0.0

39.8

17.8

25.6

0.7
0

5

10

15

20

25

30

35

40

45

Coal
(no CCS)

Natural Gas
(no CCS)

Coal
(with CCS)

Natural Gas
(with CCS)

Electrolysis
Solar or

wind

Electrolysis
Coal

Electricity

Electrolysis
NG

Electricity

Electrolysis
Avg Grid
Supply

Electrolysis
U.K. Grid

2050

kgCO₂/kgH₂

Blue 
Hydrogen

Water ElectrolysisGrey 
Hydrogen

Green 
Hydrogen



 Citi GPS: Global Perspectives & Solutions May 2021   

 

© 2021 Citigroup 

16 

Technology surrounding hydrogen production is accelerating quickly and if hydrogen 
can be produced in a green way, we expect it can be used for a number of different 
applications including in hard-to-abate sectors such as road freight, steel, and 
cement. If hydrogen is combined with CO2 it can also be used to produce additional 
products such as e-methanol, which could be an important fuel for the shipping 
industry, as well as other e-fuels (renewable synthetic fuels) which could be used for 
transport applications. More details on this can be found in the section on CCUS. 

Figure 7. Potential Uses of Hydrogen 

 
Source: Citi Global Insights, adapted from BNEF 

 
Economics of Hydrogen 
Producing hydrogen from renewables is currently the most expensive production 
option compared to producing hydrogen from fossil fuels, as shown in Figure 8 
below. However, with the cost of renewables expected to continue to decline and 
the cost of electrolyzers also expected to decrease over time, expectations are that 
the cost of producing hydrogen from renewables will decrease by approximately 
60% in the next decade.6 In fact, BNEF estimates that if electrolyzer manufacturing 
can scale up, and costs continue to fall, renewable hydrogen can be produced for 
$0.50/kg to $1.50/kg in some parts of the world (see Figure 9).7 Blue hydrogen is 
currently cheaper than green hydrogen; however, this could reverse in many 
economies in 2030 assuming that alkaline electrolyzers are used. Obviously, this 
will differ by countries and it would depend on the availability of low-cost green 
electricity. 

                                                           
6 The Hydrogen Council. 
7 BNEF (2021), 1H 2021 Hydrogen Levelized Cost Update, April 2021. 
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Figure 8. Current Cost of Different Hydrogen Production Options  Figure 9. Levelized Cost of Hydrogen Production from Renewables, 
2050 

 

 

 
Source: IEA (2019) The Future of Hydrogen  Source: BNEF (2021) 1H 2021Hydrogen Levelized Cost Update, April 2021. 

Barriers 
In addition to the cost issue for green hydrogen, the availability of green electricity is 
also a barrier to the deployment of hydrogen on a large scale. The production of 
green hydrogen would need a significant capacity increase and a steady supply of 
electricity derived from renewables. IRENA (International Renewable Energy 
Agency) estimates that a total of 19 exajoules (EJ) of hydrogen could be made 
using clean electricity, but this is far lower than the Hydrogen Council’s estimate of 
80 EJ of potential hydrogen demand in 2050 (their projections do not necessarily 
indicate all this hydrogen would be made from renewable resources). To put this 
into perspective, 1 EJ is provided by 7 Mt of gaseous hydrogen and to reach the 
Hydrogen Council’s target, hydrogen production would need to increase by more 
than eightfold.  

These projections indicate a total range of 30 to 120 EJ of renewable electricity 
demand would be needed to produce green hydrogen. This translates into 
approximately 4 to 16 terawatts (TW) of solar and wind generation capacity which 
will need to be deployed to produce renewable hydrogen and hydrogen-based 
products. Today, global power generation is approximately 7 TW, with 1 TW of solar 
and wind power capacity in place. If hydrogen is to be deployed at scale, a huge 
increase in renewable power generation would be needed.8 The IEA (International 
Energy Agency) estimates if we just replace today’s hydrogen demand with 
hydrogen produced from water electrolysis and renewables, we would require 3,600 
terrawatt hours (TWh) of solar and wind generation capacity per year — this is more 
than the EU’s entire annual electricity production. Looking at the steel sector, 
estimates are that producing two million tons of hydrogen-based steel would require 
8.8 TWh, equivalent to the output of 300 to 1,100 wind turbines (depending on the 
output capacity of current and future turbines).9   

The key to unlocking the potential in developing green hydrogen could lie in 
countries where renewables can be produced and scaled up at a very low cost. In 
our Sustainable Tipping Point report on Hydrogen, we highlighted a number of 
countries with access to renewables at low levelized cost of energy (LCOE) and can 

                                                           
8 IRENA (2019), Hydrogen, A renewable energy perspectives, International Renewable 
Energy Agency, Abu Dhabi. 
9 Hoffman, C., Van Hoey, M, and Zeumer, B., Decarbonization challenge for steel, 
McKinsey & Company, June 2020. 
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offer the optimal potential for producing renewable hydrogen at minimum cost. 
These include countries such as Australia, Chile, and Saudi Arabia.  

 Australia has a huge advantage in producing both green and blue hydrogen — it 
also has a number of established trade agreements with potential future key 
markets for hydrogen including China, Japan, South Korea, and Singapore. 
Japan is currently working with Australia to transition from the use of grey to blue 
to green hydrogen.10  

 Chile is developing a strategy aimed at exporting hydrogen; the country produces 
one of the best solar resources in the world in regions such as the Atacama 
Desert, which results in low-cost and high-capacity renewables, both essential for 
low-cost hydrogen production. Using a small amount of the solar potential in the 
desert could lead to a hydrogen production of over 450,000 tonnes per year.11  

 Countries with access to large natural gas reserves and depleted oil wells for 
carbon capture and storage (CCS), such as those in the Middle East, have the 
potential to become hydrogen exporters.12 

 Other countries such as the U.S. and various EU members could also become 
significant producers of low-carbon hydrogen; however, it is uncertain whether 
they would use this resource for their own domestic demand or produce it for 
export.  

Figure 10. Status of Hydrogen in Various Countries  

Type Characteristics  Example 
Frontrunners  1. Powerfuels already on countries' energy political radar Norway  

2. Export potential and powerfuels readiness evident 
 

 
3. Uncomplicated international trade partner 

 
 

* Especially favorable in early stages of market penetration 
 

   
Hidden Champions 1. Fundamentally unexplored renewable energy potential Chile  

2. Largely mature but often underestimated (energy) political framework with sufficiently 
strong institutions 

 

 
* Powerfuels could readily become a serious topic if facilitated appropriately  

 
   
Giants 1. Abundant resource availability: massive land areas paired with extensive renewable energy 

power 
Australia 

 
2. Powerful readiness not necessarily precondition, may require facilitation 

 
 

* Provide order of powerfuels magnitudes demanded in mature market 
 

   
Hyped potentials 1. At center of powerfuels debate in Europe with strong powerfuels potential Morocco  

2. Energy partnerships with Europe foster political support 
 

 
* Potential to lead technology development; may depend strongly on solid potential facilitation 

 
   
Converters 1. Global long-term conversion from fossil to green energy sources Saudi Arabia  

2. Powerfuels to diversify portfolio as alternative long-term strategy 
 

 
* Strong motivation for powerfuels export technology development; may require political 
facilitation and partnerships with demand countries  

 

   
Uncertain Candidates  1. Partially unexplored renewable energy potentials, possibly paired with ambitious national 

climate change countries 
China 

 2. Powerfuels export in competition with growing national energy demand 
* Powerfuels export motivation and potential unclear- may drive powerfuels technology 
development, however export uncertain 

 

 

Source: IRENA (2019), Hydrogen: A Renewable Energy Perspective 

 

                                                           
10 Sonja van Renssen (2020), The hydrogen solution? Nature Climate Change 10 (9), 
799-801 
11 IRENA (2019), Hydrogen, A renewable energy perspectives, International Renewable 
Energy Agency, Abu Dhabi. 
12 Acil Allen Consulting for Arena (2018), Opportunities for Australia from hydrogen 
exports. 
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Conclusion 
Hydrogen has the potential to replace fossil fuel use in many hard-to-abate sectors. 
Green hydrogen is currently expensive, at around $4/kg on average, but cost levels 
are expected to decrease over time and fall close to $0.50-$1.50/kg in some parts 
of the world by 2050. The key to lowering costs is scaling up production, which also 
requires scaling up the renewables needed not to only produce green hydrogen but 
also to decarbonize the power sector. Some countries have an advantage and are 
well-positioned to scale up renewables at low cost and will therefore become 
important green hydrogen production hubs. The production of blue hydrogen could 
also play an important role in decarbonizing hard-to-abate sectors. However, 
hydrogen is not the only solution — bioenergy and CCUS could also play an 
important part as described in more detail below.  
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Bioenergy 
Bioenergy has not gained the same media attention as hydrogen or carbon capture 
utilization & storage (CCUS) as it is a complex subject with many potential 
feedstocks, conversion processes, and energy applications. It is also sometimes 
viewed as a controversial subject, with many arguing the use of bioenergy should 
only increase if it is supplied and used in a sustainable manner.  

Despite the controversy, we view bioenergy as an important solution to reducing 
CO2 emissions for a number of hard-to-abate sectors.  

So what is bioenergy? Bioenergy is a renewable form of energy produced from 
biomass which may also be converted into liquid biofuels or biomethane. Biomass 
in its broadest term includes all biological material — plants, soils, and animals. It 
can reduce greenhouse gas emissions by: (1) removing carbon dioxide from the 
atmosphere and storing it for a long time in trees, plants, and soils; and (2) 
harvesting it and using it to replace fossil fuels that are used as an energy source. 
The terms bioenergy and biomass are used interchangeably in many studies; 
however, for the purpose of this paper we will use the term ‘bioenergy’ when 
discussing energy produced from biomass and ‘biomass’ when discussing 
feedstocks for the production of bioenergy.  

In 2018, bioenergy provided approximately 10% of total energy demand; however, 
most of this came from ‘traditional biomass’ feedstocks including wood, charcoal or 
manure, or other organic waste and residues. Although it is very difficult to quantify 
the exact use of traditional biomass given it is unregulated, the IEA (International 
Energy Agency) reports approximately 2.5 billion people worldwide still use 
traditional biomass for their energy needs, in particular for heating and cooking.13 
According to BloombergNEF (BNEF), approximately 60% of total bioenergy used 
today is considered to be unsustainable.  

Bioenergy used in transport is only a small part of the total global consumption of 
bioenergy, as shown in Figure 12. However, according to the IEA’s 2060 2°C 
Scenario, biofuels used for the transport sector (e.g., road, aviation, and shipping) 
would need to increase drastically from just over 1,050 terrawatt hours (TWh) to 
8,300 TWh in 2060.14 In the same scenario, traditional biomass, which in most 
cases is considered to be unsustainable, would decrease drastically over the years. 
Industrial use of bioenergy for process heating would also increase from 2,300 TWh 
in 2018 to 6,700 TWh in 2060 — approximately three times its current use.15 This is 
just one scenario, and even though biomass has the potential to be used in a 
number of different sectors, it has to compete with other alternative fuels and 
technologies such as hydrogen and electric batteries as well as CCUS.  

                                                           
13 IEA (2017), Technology Roadmap, Delivering Sustainable Bioenergy. 
14 IEA (2017), Energy Technology Perspectives 2017; BNEF (2020), Sustainable 
biomass: Nice option if you can get it. 
15 BNEF (2020), Sustainable biomass: Nice option if you can get it. 
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Figure 11. Total Global Consumption of Bioenergy, 2000-2018  Figure 12. Total Global Consumption of Bioenergy by Sector vs. IEA 
2060 2°C Scenario 

 

 

 
 
Source: BNEF (2020), Sustainable biomass: Nice option if you can get it 

 Note: Unsustainable biomass used is also included in this figure. 
Source: BNEF (2020, Sustainable biomass: Nice option if you can get it 

 
For this report, we focus on modern forms of bioenergy, including processes and 
technologies that can convert various feedstocks into solid, liquid, and gaseous 
forms that can ultimately replace fossil fuel use in many sectors.  

A wide range of feedstocks could be used to produce bioenergy:  

1. Crops grown for energy, including food crops such as corn, wheat, sugarcane 
and oil crops such as palm and rapeseed (aka first-generation biofuels which 
are directly related to an edible biomass). 

2. Non-food crops such as perennial lignocellulosic plants (e.g., grasses such as 
miscanthus and trees such as willow and eucalyptus) and oil-bearing trees 
such as jatropha and camerlina (aka second-generation biofuels from a wide-
array of feedstocks).16  

3. Waste such as sewage sludge, animal waste and organic liquid effluents, and 
the organic part of municipal solid waste (MSW) (2nd Generation). 

4. Residues and co-products from agriculture and timber industries (2nd 
Generation). 

5. A number of new sources are also being explored such as algae and other 
aquatic resources (aka third-generation which are specially engineered crops).  

Once the biomass is produced, it is collected/ harvested, processed to improve the 
characteristics of the fuel, pre-treated, and finally converted into useful energy. We 
outline some of the many processes available to turn biomass into a product that 
can be used for electricity, heat, and transport in Figure 13 below (an explanation on 
how each of these processes work is beyond the scope of this report). The most-
used pathways today are: (1) wood and corn for the production of heat and power; 
(2) sugarcane for the production of bioethanol; and (2) rapeseed, soybean, and 
other oil crops for the production of biodiesel. 

                                                           
16 IEA (2017) Technology Roadmap, Delivering Sustainable Bioenergy. 
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Figure 13. Feedstocks, Conversion Routes, and Products of Biomass 

 
Source: Citi Global Insights, adapted from Committee on Climate Change (2018)17 and updated 

 
The Sustainability of Biomass 
Bioenergy can be used to help reduce CO2 emissions in many hard-to-abate 
sectors. It can be used as fuel in the transportation sector (aviation, shipping and 
road freight), to produce heat needed in many industrial sectors, and to produce 
chemicals such as methanol (bio-methanol). We cover the use of bioenergy in these 
sectors in more detail in the next chapter. Importantly, the biomass feedstocks used 
for these sectors should come from sustainable sources.  

So how is sustainable biomass defined? There is no universal consensus about 
what ‘sustainable’ biomass means and this can be a problem. There are a number 
of organizations and institutions that have issued recommendations with regards to 
the sustainability criteria for biomass. For example, the European Commission 
issued guidelines on sustainability criteria for biomass for energy installations of at 
least 1 MW thermal heat or electrical power.18 They:  

 forbid the use of biomass from land converted from forest, and other high carbon 
stock areas, as well as highly biodiverse areas; 

 ensure that biofuels emit at least 35% less greenhouse gases over their lifecycle 
(cultivation, processing, transport etc.) when compared to fossil fuels. This 
increases to 50% and 60% for new installations in 2017 and 2018, respectively; 

                                                           
17 Committee on Climate Change (2018), Biomass in a low carbon economy. 
18 European Union Sustainable https://ec.europa.eu/energy/topics/renewable-
energy/biomass_en#proposal-for-updated-sustainability-criteria-for-biofuels-bioliquids-
and-biomass-fuels. 
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 favor national biofuels support schemes for highly efficient installations; and 

 encourage the monitoring of the origin of all biomass consumed in the EU to 
ensure their sustainability. 

The Global Bioenergy Partnership produced a set of 24 indicators to determine the 
sustainability of biomass feedstocks, which are aimed principally at government 
agencies. These fall under three main headings — environmental, social, and 
economic — and include indicators such as lifecycle greenhouse gas emissions, 
soil quality, harvest levels of wood resources, water use and efficiency, allocation 
and tenure of land for new bioenergy production, infrastructure, and logistics for the 
distribution of bioenergy.  

There are many other agencies providing sustainability certification for biomass, 
and although they vary, they are all based on similar principles. For example, the 
Round Table for Sustainable Biomaterials (RSB) provides a global certification 
standard for sustainable biomaterials, biofuels, and biomass production. They take 
12 principles into consideration when assessing the sustainability of biomass (see 
Figure 14). Many industries, such as the aviation sector, have based their 
sustainability criteria for biomass on these principles.  

Despite many of these guidelines overlapping and providing similar criteria, there 
really isn’t a universal definition or common standard available to assess the 
sustainability of biomass. Many agree that for biomass to be sustainable it should 
be generated in addition to what is naturally occurring, be salvaged from waste, or 
is a residue. This is important as we do not want to end up in a situation where 
forests or other high carbon land are destroyed to provide biomass for energy 
systems. 

Figure 14. The RSB Principles 

THE 12 RSB PRINCIPLES    
    

Principle 1: Legality Principle 2: Planning, Monitoring & 
Continuous Improvement: 

Principle 3: Greenhouse Gas Emissions Principle 4: Human & Labor Rights 

Operations follow all applicable laws and 
regulations 

Sustainable operations are planned, 
implemented, and continuously improved 
through an  open, transparent, and 
consultative impact assessment and 
management process and an economic 
viability analysis 
 

Biofuels contribute to climate change 
mitigation by significantly reducing lifecycle 
GHG emissions as compared to fossil fuels 

Operations do not violate human rights or 
labor rights and promote decent work and 
the well-being of workers. 

Principle 5: Rural and Social 
Development 

Principle 6: Local Food Security  Principle 7: Conservation Principle 8: Soil 

In regions of poverty, operations 
contribute to the social and economic 
development of local, rurals and 
indigenous people and communities 
 

Operations ensure the human right to 
adequate food and improve food security in 
food insecure regions 

Operations avoid negative impacts on 
biodiversity, ecosystems, and conservation 
values 

Operations implement practices that seek 
to reverse soil degradation and/or maintain 
soil health 

Principle 9: Water Principle 10: Air Quality Principle 11: Use of Technology, Inputs 
& Management of Waste 

Principle 12: Land Rights 

Operations maintain or enhance the 
quality and quantity of surface and 
groundwater resources, and respect prior 
formal or customary water rights 

Air pollution shall be minimized along the 
whole supply chain 

The use of technologies shall seek to 
maximize production efficiency and social 
and environmental performance, and 
minimize the risk of damages to the 
environment and people. 

Operations shall respect land rights and 
land use rights 

 

Source: Roundtable for Sustainable Biomaterials (RBS) 
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Greenhouse Gas Emissions 
There are a variety of methods used to estimate greenhouse gas emissions from 
bioenergy. This gets complicated, however. Burning biomass releases greenhouse 
gas emissions, but the net greenhouse gas outcome of using bioenergy cannot be 
determined by comparing emissions at the point of combustion. Bioenergy systems 
form part of the natural cycle of growth and decomposition, operating within the 
natural carbon cycle. In basic terms, plants absorb CO2 when they grow and then 
release most of their carbon into the atmosphere when they die, which completes 
the natural carbon cycle. The reality is more complex, as some carbon is retained in 
soil systems, some is consumed by animals, and some is used for plant growth. 
Overall, the carbon dioxide released when biomass is burned is offset by the 
amount of carbon dioxide absorbed during the natural life of the feedstock. But 
additional greenhouse gas emissions are generated through the production of those 
feedstocks (e.g., agriculture), conversion of biomass to bioenergy products (e.g., 
bioethanol), and transportation of bioenergy products for end use (e.g., fueling road 
vehicles).  

Bioenergy production can also induce emissions if it leads to a change in carbon 
stocks, for example due to land-use change, or soils that also store carbon. This is 
why it is important to prevent the conversion of high-carbon land for biomass 
production. There is also a debate on whether we should increase the amount of 
food crops for bioenergy, given that overall demand for food is expected to increase, 
creating competition for land between food crops and energy crops. 

This debate has been raging for a while, despite insufficient evidence to date, 
suggesting energy crops have had a direct impact on food production. However, 
there is the risk that other land would be diverted for food production in order to 
meet food demand and hence lead to an increase in land-use emissions (indirect 
land use emissions).  

If done well, there is evidence crops grown for bioenergy can deliver significant 
reductions in GHG emissions. For example, the Climate Change Committee (CCC) 
in the U.K. estimates that current bioethanol production in Brazil, which is produced 
from sugarcane, reduces GHG emissions by 86% when compared to gasoline, after 
taking into account land-use change. Selective breeding programs have been used 
to increase yield and sugar content, leading to a doubling of yields and a 67% 
reduction in costs over the last 50 years. The CCC acknowledges that since sugar 
cane is grown on agricultural land there is the risk of indirect land-use change and it 
is also imperative that to remain sustainable, future production of ethanol should not 
occur on high-carbon land.   

There is no universal answer to determine with any certainty whether bioenergy is 
low-carbon — there are a number of factors to consider. On one hand, low 
greenhouse gas bioenergy depends on preventing the loss of land carbon stocks 
both through direct and indirect effects, and reducing the GHG emissions 
associated with cultivating and processing biomass. On the other hand, some 
biomass production for energy can also be associated with much higher GHG 
emissions when compared to fossil fuels, particularly when it drives large losses in 
land carbon stocks, for example, through the conversion of peatland and primary 
forest.  
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To understand the greenhouse gas net benefits of using bioenergy, it is important 
that a life cycle assessment (LCA) is undertaken of all the processes. This is 
complex and includes a number of factors, however many LCA studies show a 
number of bioenergy pathways can have much lower supply chain emissions than 
fossil fuels. According to the IEA, in the best cases bioenergy emissions can be 
over 90% lower than those emitted by the fossil fuel equivalent.19 The European 
Commission has produced a number default GHG values (not accounting for 
emissions due to land-use change) for different biomass feedstocks and production 
methods, which the IEA summarizes in the table below. 

Figure 15. GHG Savings of Bioenergy 

Bioenergy Option No. of Routes Max. Saving (%) Min. Saving (%) 
Conventional biofuels 35 98 24 
Advanced biofuels 14 89 78 
Biomethane for transport 12 179* 17 
Electricity: Agriculture residues 15 90 33 
Electricity: Wood chips 21 90 35 
Electricity: Biogas 18 219* 14 
Heat: Agriculture residues 15 93 11 
Heat: Wood chips 21 93 57 
Heat: Wood pellets 57 94 32 
 

* in cases where direct methane emissions to the atmosphere are reduced, emissions savings can exceed 100% of 
those associated with fossil fuel use alone, as methane is a significantly more potent GHG than CO2 
Note: These savings do not take into account emissions due to land-use change. 
Source: European Commission (2016), Proposal for Directive on Renewable Energy, 2016, Annexe 5 

 
Costs 
As we can see from the Figure 16, the costs of bioenergy exceed the current costs 
of fossil fuels. A more detailed cost analysis on the use of biomass in different 
sectors is found in the next chapter. There are some estimates suggesting costs 
could fall if there is an increase in the demand for biomass and hence an increase 
in supply. Other studies state that a rise in competition for biomass would actually 
increase costs due to the lack of available feedstocks. Altogether, there is a lot of 
uncertainty around the future cost of biomass-derived energy.  

                                                           
19 IEA, Technology Roadmap, Delivering Sustainable Bioenergy. 
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Figure 16. Costs of Various Bioenergy Solutions 

 
Source: BNEF (2020)20  

 
Barrier: Available Feedstock  
To increase the supply of biomass for energy you need to: (1) dedicate more land to 
forestry and/or agriculture to grow additional energy crops; (2) dedicate more 
marginal land to grow second generation biomass, or (3) optimize the collection of 
waste and/or residues. The range of estimates calculating the future availability of 
biomass feedstocks is wide — close to zero to above today’s energy use levels — 
depending on what feedstocks are included in the analysis. Most studies written on 
the subject are dated before 2011 and were written before the fuel and food debate 
or the direct and indirect land-use change debate took hold. An analysis by the IEA 
shows what sustainable biomass may potentially be available in 2060, taking into 
consideration a number of factors, including:  

 the waste management hierarchy for municipal waste;  

 the need to reserve some agricultural waste for animal feed and to leave 
sufficient residues in the field for soil protection;  

 sustainable forestry plans with regard to wood harvesting residues and co-
products; and 

 producing energy crops on agricultural land that avoid threatening food 
availability and increasing emissions associated with land-use change. 

                                                           
20 BNEF (2020), Sustainable bioenergy, Nice option if you can get it. 
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Figure 17. Potential Available Biomass Supply 

 
Source: IEA, Technology Roadmap, Delivering Sustainable Bioenergy 

 
In total, the IEA states that between 130 and 240 EJ of sustainable bioenergy could 
be available by 2060. It is important to put this number into some sort of context. 
Globally we currently consume approximately 580 EJ of energy, with the transport 
sector accounting for approximately 120 EJ of total global final energy use. So if we 
just look at the figures stated by the IEA, there appears to be more than enough 
sustainable bioenergy available to meet half of the world’s current energy demand.  

However, it is important to note these figures — or any figures used to calculate the 
potential availability of sustainable biomass feedstocks in the future — are highly 
uncertain. They take into account a number of factors, in particular yields for energy 
crops, policies promoting sustainable biomass, and investment. The risk of failing to 
deliver sustainable feedstock also increases as the estimate rises. One could focus 
on certain feedstocks such as agricultural waste and sustainable and forestry 
residues; however, the most likely outcome is that there will be a mix of different 
feedstocks used for biomass production.  

The choices are also highly regional. Countries in the Scandinavian region and 
Canada, for example, offer more opportunities for forestry residues, while countries 
such as Brazil and the U.S. continue growing energy crops as they have the right 
policies and investments in place.  

In addition to bioenergy, other solutions can be used to reduce CO2 emissions in 
most hard-to-abate sectors. However, as we show in the next section, bioenergy will 
be especially important to help decarbonize the aviation industry and for use as a 
transition fuel in the transport sector, where it could be used as a ‘drop-in’ fuel 
without any major investment in infrastructure.  
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Carbon Capture, Utilization & Storage (CCUS) 
Carbon capture, utilization & storage (CCUS) is not new. A facility in Norway began 
operating in 1996 as the first large-scale carbon capture and storage (CCS) project. 
The Sleipner project was implemented as part of a gas field development. Carbon 
dioxide from the field was captured from a natural gas production facility at Sleipner 
West, then transported and stored more than 800 meters below the seabed.  

CCS was described by many back in the 1990s as the ultimate solution for 
decarbonizing our economy; however, its deployment to date has been extremely 
slow. There are many reasons for this but the two main reasons are: (1) CCS is 
capital intensive not only due to the costs of the capture plant, but also because the 
CO2 needs to be compressed, transported, and stored; and (2) its application in 
many industries has been rather limited, which increases the perceived risk of 
investing in these technologies. However, we believe things are changing and 
carbon capture technologies like CCUS have the potential to provide solutions for 
many hard-to-abate sectors.  

What is CCUS? 
CCUS is a suite of technologies that prevents CO2 from being released into the 
atmosphere from the use of fossil fuels. There are four main steps in the process:  

1. capturing CO2 from large point sources such as coal and gas-fired power 
generation, cement plants, steel mills, and refineries;  

2. compressing the CO2 for transportation purposes; 

3. transporting the CO2 via pipelines, trucks, ships or other methods for further 
utilization or storage; and  

4. utilizing the CO2 in different products and processes and/or storing the CO2 into 
deep underground rock formations.  

Figure 18. The Different Processes of CCUS 

 
Source: Citi Global Insights (adapted from BNEF) 

 
Terminology: 

Carbon Capture and Storage (CCS): includes applications where CO2 is captured and stored permanently.  

Carbon Capture and Utilization (CCU): includes applications where CO2 is captured and used, for example in the 
production of chemicals or fuels.  

Carbon Capture, Utilization and Storage (CCUS): includes both terms CCS and CCU. It is the process of 
capturing CO2 from different sources and either reusing it or storing it.  

For the purpose of this report, we use the term CCUS. 
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Carbon Capture 
Carbon capture is the process of capturing CO2 before it is released into the 
atmosphere. Capturing CO2 is most effective at point sources such as power plants, 
natural gas processing plants, industries with major CO2 emissions, synthetic fuel 
plants, and fossil fuel hydrogen production plants.  

CO2 can be captured using three different methods: (1) post-combustion, which 
basically removes the CO2 from flue gases resulting from burning fossil fuels (the 
most commercialized technology for post combustion is chemical absorption), (2) 
pre-combustion, which is carried out before the burning of fossil fuels and involves 
converting the fuel into a mixture of CO2 and hydrogen, and (3) via oxy-fuel 
technology, which produces CO2 and steam by burning fossil fuels. Post-
combustion and oxy-fuel combustion (in some instances) can be retrofitted to 
existing facilities, while pre-combustion requires large changes to facilities and is 
therefore more suitable for new builds.21 Within these categories there are a 
number of different CO2 separation methods as described in the box below. The 
most widely adopted technologies are chemical absorption and physical separation.  

Identifying the most appropriate technology for any given application depends on a 
number of factors including CO2 concentration, operating pressure and 
temperature, composition and flow of the gas stream, integration with the facility, 
and cost.22 Most CO2 capture systems are designed to capture around 85-90% of 
CO2, but in order for us to meet net zero targets, this must increase to almost 100%. 
According to the IEA, there are no technical barriers to increasing capture rates 
above 90% for most mature capture technologies. While fully capturing 100% of 
CO2 is not possible due to thermodynamic laws, capture rates of 98% or higher are 
technically feasible, but modifications need to be made to the CO2 separation 
process and more energy per tonne of CO2 captured would be required —
increasing the cost of carbon capture. In practice these high capture rates have not 
yet materialized, but even achieving a 90% reduction in CO2 would help reduce 
emissions from hard-to-abate sectors. 

Carbon Capture Separation Technologies 

Chemical (liquid) absorption focuses on the reaction between the liquid absorbent, typically an aqueous solution 
of amines, and CO2. This is the most advanced CO2 separation technique and has been widely used for decades. It 
is currently applied in a number of small and large-scale projects worldwide including in power generation (e.g., 
Boundary Dam in Canada), fuel transformation (e.g., Quest in Canada), and industrial production (e.g.,. Al Reyadah 
Project in Abu Dhabi which captures the flue gas of a steel production facility and injects the CO2 for enhanced oil 
recovery). There are also other large scale CCUS projects currently planned that use this technology including 
capturing CO2 from cement production in Norway and the Netherlands (TRL 9-11, referring to the Technology 
Readiness Level scale described in the note below).  

Physical separation is based on either adsorption, absorption, cryogenic separation, or dehydration and 
compression. It is mainly used in natural gas processing plants, for the capturing of CO2 from ethanol, methanol, 
and hydrogen production, with nine large plants in operation (TRL 9-11).  

  

                                                           
21 LSE (2018), What is carbon capture and storage and what role can it play in tackling 
climate change? 
22 IEA, Energy Technologies Perspectives, 2020, Special Report on Carbon Capture, 
Utilisation and Storage. 
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Oxy-fuel separation involves the combustion of a fuel using nearly pure oxygen and the subsequent capture of 
CO2 emitted. Because flue gas is composed exclusively of CO2 and water vapor, the latter can be removed easily 
by means of dehydration to obtain a high-purity CO2 stream. The technology is currently at the large prototype or 
pre-demonstration phase (TRL 5-7).  

Membrane separation is based on polymeric or inorganic devices such as membranes which let CO2 pass through 
but act as a barrier to retain other gases in the gas stream. The Technology Readiness Levels differ according to 
the fuel and application. For natural gas processing, for example, they are mainly at the demonstration phase while 
membranes for CO2 removal from syngas and biogas are already commercially available (TRL 6-7).  

Calcium looping is a technology involving CO2 capture at a high temperature using two main reactors. In the first 
reactor, lime (CaO) is used as a sorbent to capture CO2 to form calcium carbonate. The calcium carbonate is then 
transported to the second reactor where it is regenerated, resulting in lime and a pure stream of CO2. The lime is 
then looped back into the first reactor. These technologies have been tested and are mostly at the pilot stage, for 
coal-fired fluidized bed combustors and cement manufactures (TRL 4-6).  

Chemical looping is a similar two-reactor technology to calcium looping. The difference is that chemical looping 
uses small particles of metal to bind oxygen from the air to form metal oxide, which is then transported to the 
second reactor where it reacts with fuel, producing energy and CO2. The metal is then looped back to the first 
reactor. There are currently around 35 pilot projects in operation (TRL4-6). 

Direct separation involves the capture of CO2 process emissions from cement manufacturing. The technology 
strips CO2 directly from the limestone, without mixing it with other combustion gases, thus reducing energy costs in 
the process (TRL 6). 

Bioenergy with carbon capture and storage (BECCS) features strongly in many of the Intergovernmental Panel 
on Climate Change (IPCC) scenarios. BECCS requires a number of processes including growing plants and trees 
to capture CO2 from the atmosphere, burning these plants in power stations to produce electricity, and then 
capturing the CO2 emitted during the generation of electricity through CCS technology and storing it underground. A 
BECCS pilot project has started at the Drax Power Station in the U.K., where it is forecast to capture a tonne of CO2 
per day during the pilot period (TRL 7).23  

Direct air capture (DAC) is a technology that captures CO2 directly from the atmosphere. Over the years, a 
handful of companies have developed similar technologies, which require amine-based sorbents to scrub CO2 from 
the air.24 The first commercial plant is in Zurich and captures around 900 tonnes of CO2 per year, which is a drop in 
the ocean compared to global CO2 emissions, but the goal is for the technology to capture 1% of annual CO2 
emissions by 2025. Two additional DAC plans have opened in Iceland and Italy.25 (TRL 7) 

Note: Technology Readiness Level scale: TRL 1-3 (Concept), TRL 4 (Small prototype), TRL 5-6 (Large Prototype), 
TRL 7-8 (Demonstration), TRL 9-10 (Early Adoption), TRL 11 (Mature) 

Transportation 
Once captured, the CO2 needs to be compressed, purified, and prepared for 
transportation to either other facilities to be utilized in a number of products and 
services, or to storage facilities. While trucks and rail can be used for small 
quantities of CO2 and for short distances, pipelines and ships are the two main 
options for transporting CO2.  

  

                                                           
23 https://www.drax.com/press_release/world-first-co2-beccs-ccus/. 
24 Wade A. (2019), Direct Action: Carbon captures gears up for climate battle, The 
Engineer, 12th June 2019. 
25 Rathi A (2018), “Climeworks has opened a third plant capturing carbon dioxide from 
the air”, Quartz, October 1, 2018. 
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Transportation via pipelines has been practiced for many years, while large-scale 
transportation of CO2 via ships has not yet been demonstrated; however, according 
to the IEA it would have similar characteristics as the shipping of liquefied petroleum 
gas (LPG) and liquefied natural gas (LNG). The majority of today’s CO2 pipelines 
are found in the U.S. as shown in Figure 19 below. 

Figure 19. Today’s CO2 Pipelines 

Country System Length(km) 
United States Permian Basin (West Texas, New Mexico, Colorado) 4,180 
 Gulf Coast (Mississippi, Louisiana, East Texas) 1,190 
 Rocky Mountains (Colorado, Wyoming, Montana) 1,175 
 Midcontinent (Oklahoma, Kansas) 770 
 Other (North Dakota, Michigan) 345 
   
Canada Alberta Carbon Trunk Line 240 
 Quest 84 
 Saskatchewan 66 
 Weyburn 330 
   
Norway Hammerfest 153 
   
Netherlands Rotterdam 85 
   
UAE Abu Dhabi 45 
   
Saudi Arabia Uthmaniyah 85 
 

Source: IEA 

 
Carbon Utilization 
CO2 that is captured can be utilized in a number of different products and 
processes. Carbon utilization is a term used to describe the many different 
pathways where captured CO2 can be used to produce economically valuable 
products and services. Utilization is seen as a way to reduce the net costs (or 
increase the profits) of removing CO2 from the atmosphere through carbon capture 
technologies. Currently approximately 230 million tonnes (Mt) of CO2 are used 
every year. The largest consumer is the fertilizer industry which uses CO2 in urea 
manufacturing (130 Mt), followed by the oil and gas industry which uses CO2 for 
enhanced oil recovery (70-80 Mt). CO2 is also widely used in food and beverage 
production, metal fabrication, cooling, fire suppression, and in greenhouses to 
stimulate plant growth (direct use of CO2).  

Over the past few years, many companies have developed new products or 
processes using CO2 including CO2-derived fuels, CO2-derived chemicals, and CO2 
for use in building materials. These products and processes have the potential to 
become an $800 billion to $1 trillion industry by 2030 and could provide an 
additional revenue stream for carbon capture technologies.26 Figure 20 highlights 
the potential markets for CO2, including direct use in areas such as enhanced oil 
recovery and food and beverages, and indirect use including the production of 
synthetic fuels, CO2-derived chemicals, and building materials like concrete but 
requires biological or chemical conversion of CO2. 

                                                           
26 CarbonCure’s Path to the Decarbonization of Concrete.  

http://go.carboncure.com/rs/328-NGP-286/images/CarbonCure%27s%20Path%20to%20the%20Decarbonization%20of%20Concrete%20eBook.pdf
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Figure 20. Potential Markets for CO2 

 
Source: Citi Global Insights (Adapted from the IEA)h 

 
E-fuels: In most regions of the world, production costs for e-fuels made from 
hydrogen and CO2 are estimated to be between two and seven times more 
expensive than their fossil fuel counterparts. The main cost factor is electricity, 
which accounts for 40-70% of the production cost. Therefore, making e-fuels like 
CO2-derived methanol and CO2- derived methane competitive requires very low 
electricity prices and the availability of low-carbon hydrogen. Despite their current 
high cost, there are many key advantages of using e-fuels. 

 E-fuels can be used in all transport modes and could be especially important for 
hard-to-abate sectors such as aviation and road freight.  

 There is absolutely no need to invest in new infrastructure as current 
infrastructure can be used for distribution, storage, and for delivery to end users.  

 E-fuels are also compatible with existing internal combustion engines albeit with 
slight modifications.  

However, a key disadvantage is that they are not as energy efficient as other 
systems. For example, the overall energy efficiency of electricity use in battery 
electric vehicles is 4-6 times higher than e-fuels in combustion engines, including 
grid integration.  

It is also important to note that CO2 from e-fuels is released back into the 
atmosphere when burned in an engine — so CO2 is not permanently stored. The 
carbon reduction benefit from e-fuels depends on whether the CO2 used comes 
from an otherwise unavoidable carbon dioxide by-product or not. In order for e-fuels 
to be net zero, the CO2 released would need to be re-captured, for example by 
capturing CO2 within the exhaust system or using direct air capture technologies. 
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E-chemicals: The carbon in CO2 can be used as an alternative to fossil fuels in the 
production of a number of different chemicals (polymers, ethylene, methanol), which 
are all building blocks to produce an array of end-use chemicals. Similar to CO2-
derived fuels, the conversion of CO2 to methanol and methane is the most 
technologically mature pathway.27 The methanol can then be converted into high-
value chemical intermediates such as olefins, which are used to manufacture 
plastics and aromatics, which are then used in a number of different sectors, 
including health and hygiene, food production, and processing.  

Building Materials: Construction materials and aggregates represent a large 
opportunity for carbon utilization mainly through cement and aggregates (the course 
material used in construction, including the gravel, sand or crushed stone used with 
cement to form concrete). This is covered in more detail in the section on cement.  

It is extremely difficult to calculate with any certainty the future market for CO2- 
derived services and products as they depend on factors such as the ability to scale 
up manufacturing processes and generate low cost renewables. Estimates for the 
amount of CO2 that will be needed for CO2-derived services and products range 
from less than 1 gigatonne of CO2 (GtCO2) to 7GtCO2 per year by 2030, or 
approximately 2% to 16% of today’s total CO2 emissions.28  

Although carbon utilization can increase the revenue from carbon capture, it is 
important to note that using CO2 in products and services does not necessarily 
mean it is good for the climate. Whether CO2 is displacing fossil fuels or energy-
intensive chemicals, how much energy is required to convert CO2, and how long the 
carbon is retained in the product or service are key. For example, carbon retention 
time for fuels is estimated to be less than one year but retention time differs for 
chemicals (e.g., carbon retention time for urea manufacturing could be days or 
weeks versus polymers which could be decades). CO2 retention time for concrete 
building materials could be hundreds of years versus potentially millions of years for 
enhanced energy recovery. 

Figure 21. Permanence of CO2 Utilized in Different Products  

Pathway Utilization Product Permanence Emission on Use/ Release 
During Storage 

TRL 

Fuels from CO2  Methanol 
Methane 

Fischer-Tropsch Fuels 
Dimethyl Ether 

 

Months 
Months 
Months 
Months 

 

Combustion 4-7 
5-8 
5-8 
5-8 

 
Chemicals from CO2 Urea 

Methanol 
Polymers 

Days to weeks 
Months 

Months to decades 
 

Hydrolysis or decomposition 9 
4-7 
7 

Concrete Building Materials Cement & Demolition Waste 
Aggregates 

Cement Curing 

Centuries 
Centuries 
Centuries 

 

Extreme acid conditions 3-5 
3-9 
4-8 

CO2-EOR Oil Geological sequestration (Millennia) 
 

n.a. 7-9 
 

Source: Hepburn et al (2019), The technological and economic prospects for CO2 utilization and removal, Nature, 575, pp 87-97. 

 

                                                           
27 IEA (2019), Putting CO2 to Use, September 2019. 
28 Ibid. 
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Storage 
Captured CO2 can be stored underground. The geological storage of CO2 involves 
injecting CO2 captured from various processes into rock formations deep 
underground, thereby permanently removing the CO2 from the atmosphere. The 
types of storage options available include deep saline formations, depleted oil and 
gas fields, and unmineable coal beds. Enhanced oil recovery is also classified by 
some experts as storage while others classify it as utilization. The technical overall 
geological capacity of storing CO2 underground is uncertain. Total global storage 
capacity is estimated at between 8,000 Gt and 50,000 Gt.29 The availability of 
storage differs considerably across regions but researchers indicate Russia, North 
America, and Africa hold the largest capacities. The costs of CO2 storage will be an 
important factor in how quickly CCUS can be deployed in many regions, however 
the costs are considered to be very low when compared to capture costs. For 
example, more than half the onshore storage in North America is estimated to be 
below $10 per tonne CO2 — a fraction of the overall costs of CCUS.  

Current Applications 
Today, there are approximately 26 CCUS plants in operation with capacity to 
capture approximately 40 metric tonne of CO2 each year — equivalent to Norway’s 
annual CO2 emissions. There are currently three new plants that are under 
construction, 13 plants in advanced development, and 21 plants in early 
development.30 The U.S. is home to almost half of these operating plants, due to its 
large network of pipelines able to transport CO2, the demand for CO2 for enhanced 
oil recovery, and public support for CCUS. Until the 2000s nearly all captured CO2 
came from natural gas processing plants. Today, facilities such as power 
generation, hydrogen, bioethanol, fertilizers, and synfuel (synthetic fuel) make up 
approximately one-third of the total CO2 captured. 

Figure 22. CCUS Plants in Operation, Construction & Development  Figure 23. CO2 Captured from Various Sectors 

 

 

 
Source: IEA, Global CCS Institute (2020)  Source: IEA, Global CCS Institute (2020) 

 

                                                           
29 Kearns et al. (2017), Developing a Consistent Database for Regional Geologic CO2 
Storage Capacity Worldwide, Energy Procedia, 114, pp 4697-4709. 
30 Global CCS Institute (2020), Global Status of CCS, 2020. 
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Figure 24. Portfolio of Commercial CCS Facilities in Various Power and Industrial Applications* 

 
Source: Global CCS Institute (Global Status of CCS 2020), CO2RE database – Facilities Report. Available at : https://.co2re.co 

 
Conclusion 
CCUS will play an important part in reducing CO2 emissions from hard-to-abate 
sectors. It is currently the only solution available for reducing total emissions from 
the cement industry, and it will also play an important part in reducing CO2 
emissions from the steel industry. The main barrier to the use of CCUS is its capital 
intensity. The cost of capturing CO2 varies significantly and is dependent on: (1) the 
concentration of CO2 in the gas stream; (2) the plant’s location; (3) energy supply; 
and (4) the way the capture plant is integrated with the facility. Successful 
deployment of CCUS therefore depends on the location of the plant plus whether 
there is geological storage available nearby, or whether the CO2 captured can be 
used for the production of other products.   
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Solutions by Sector 
As stated previously, hard-to-abate sectors are responsible for over 25% of today’s 
CO2 emissions. But as we will see from this chapter, these sectors are expected to 
grow over the coming years, therefore if nothing is done and we continue with 
business as usual, CO2 emissions will increase. In this chapter we analyze in detail 
how hydrogen, bioenergy, and Carbon capture, utilization & storage (CCUS) can be 
used to reduce CO2 emissions in (1) transport’s hard-to-abate sectors including 
road freight, shipping, and aviation and (2) industrial sectors such as steel and 
cement. We build on the analysis done by Bill Gates in his book How to Avoid a 
Climate Disaster by calculating the additional costs needed to decarbonize different 
sectors compared to a business-as-usual scenario, which he terms ‘green 
premiums’. We calculate the cost gap for different solutions available to hard-to-
abate sectors, rather than just for one available solution for each sector highlighted 
in his book. We use the term ‘cost premiums’ in our analysis and also include an 
analysis on carbon abatement costs per tonne of CO2 for different solutions.  

It is not yet quite clear which solutions each sector will adopt and in reality it could 
be that a mixture of solutions are utilized depending on cost and plant location. In 
sectors such as aviation, there is really only one solution available — sustainable 
aviation fuel — although fuel cells and batteries can be used for short and medium 
haul trips. The purpose of calculating the cost premiums of each solution is not just 
to show how costly some of these alternatives are (at least at the moment) but to 
demonstrate that these sectors will need support to decarbonize, as discussed in 
the final section of the report.  

We believe decarbonizing hard-to-abate sectors is doable, and as we will see, many 
sectors are working together to enable such a transition. It is important to note that 
many companies are pledging to become net zero. The term ‘net’ is important as it 
does not mean absolute zero. Simply put, it refers to the balance between the 
amount of greenhouse gas emissions produced and the amount removed from the 
atmosphere. This is a key distinction because in some instances reaching absolute 
zero emissions could be difficult. In these cases, carbon offsets could play an 
important part in a companies’ decarbonization strategy, especially in hard-to-abate 
sectors. We tackle this in more detail at the end of this chapter.  
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Figure 25. Total CO2 Emissions by Sector 

 
Note: CO2 emissions include energy & industrial process emissions 
Source: Citi Global Insights 
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Transport: Road Freight, Marine & 
Aviation 
Transport CO2 emissions account for approximately 20% of total energy-related 
CO2 emissions. Road travel accounts for approximately 75% of these emissions, 
with 45% coming from passenger cars and 30% from carrying freight. Aviation and 
shipping account for approximately 12% and 11%, respectively. According to the 
IEA, transport demand is expected to grow across the world as the global 
population increases and income rises, making it more affordable to buy cars and 
travel. Global transport, measured in passenger-km is expected to double and 
demand for aviation to potentially triple by 2070. As the world shifts to lower-carbon 
electricity, more electric cars are likely to be introduced — and if combined with 
green electricity — CO2 emissions from road passenger cars could decrease in the 
future. However, as we noted in the Citi GPS report Energy Darwinism III, road 
freight, aviation, and shipping are harder to abate. It is in the interest of everyone to 
decarbonize transport as it forms part of the industrial supply chain. In fact, for many 
companies it is virtually impossible to reduce scope 3 emissions without fully 
decarbonizing the transport sector.  

Figure 26. Transport CO2 Emissions by Mode 

 
Source: Hannah Ritchie (2020),31 Citi Global Insights 

 
  

                                                           
31 Hannah Ritchie (2020), Cars, planes, trains, where do CO2 emissions from transport 
come from?, Our World in Data.  
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Road Freight 
Road freight refers to all activities associated with the movement of goods by road, 
and demand for road freight is driven strongly by economy activity. Trucks are 
important components of the freight logistics and supply chains which many 
industries rely on to move and deliver supplies around the world.  

Road freight vehicles can be largely classified into three vehicle weight categories 
— light, medium, and heavy-duty — but definitions of each class vary regionally. 
Another dimension to consider is the duty cycle, or function, which can be largely 
grouped by distance: light-duty vehicles are typically used for ‘last mile delivery’; 
whereas medium-and heavy-duty vehicles are typically used for both regional and 
long-distance duty cycles, and ‘24/7 long haul’ trucks covering up to 2,000 km a 
day.32 The most difficult segment to decarbonize is heavy duty-vehicles, and despite 
accounting for less than 6% of vehicles on the road globally, they are responsible 
for ~30% of all the fuel used in road transport and consume 12.5% of global oil 
demand.33   

This level of fuel use translates into significant CO2 emissions, with trucking 
responsible for 7-9% of global emissions.34 Europe, the United States, China, and 
India together account for more than half of the sector’s CO2 emissions, and if we 
consider vehicle groups, around 60% of CO2 emissions from road freight are 
generated from medium- and heavy-duty vehicles.35 Road freight is also a leading 
cause of air pollution, and contributes more than half of total transport-related 
PM2.5 (fine particulate matter), and more than one-third of transport-related nitrous 
oxide (NOx).36   

Figure 27. Heavy- Duty Transport Demand (freight billion km)  Figure 28. Well-to-Wheel Emissions of Heavy-Duty Road Transport, by 
Country (GtCO2) 

 

 

 
Source: IEA (2017)37  Source: IEA (2017) 

 
  

                                                           
32 Shell (2021) Decarbonising Road Freight: Getting into Gear. 
33 IEA (2020) Energy Technology Perspectives 2020. 
34 IEA (2021) Trucks and Buses: More effort needed. 
35 Shell (2021) Decarbonising Road Freight: Getting into Gear. 
36 IEA (2020) Energy Technology Perspectives. 
37 IEA (2017) Energy Technology Perspectives. 
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Looking into the future, demand for road freight is expected to grow significantly, 
especially for heavy goods transport across emerging economies. Globally, demand 
for road freight is projected to triple in volume by 2050. Today, heavy-duty road 
freight is responsible for ~2.5 GtCO2 of emissions, and is expected to increase to 
~4.6 GtCO2 by 2050 under a business-as-usual scenario, with the largest share of 
emission increases coming from China, India, and ASEAN (Association of 
Southeast Asian Nations) countries.38  

The forecast for emissions in 2050 is nearly equivalent to today’s U.S. total energy-
related CO2 emissions, which are estimated at 5.3 GtCO2. This presents an 
immense challenge for the sector in terms of decarbonization and the need to 
decouple growing activity from CO2 emissions. In order to meet the Paris 
Agreement, absolute CO2 emissions from road freight need to decrease 60% by 
2050 compared to 2018 levels. We are not on track to deliver this decline and 
drastic actions are needed to put the sector on the right trajectory. Most 
interviewees in an industry expert survey by Shell believe that zero emission trucks 
need to start commercial operations by 2025 at the latest if we are to meet emission 
reduction targets.39 

Policies  
Policy coverage for heavy-duty vehicles has consistently lagged behind light-duty 
vehicle standards but it has finally picked up pace over the last few years. In 2016, 
nearly 85% of cars and light-duty vehicles sold were covered by fuel economy 
and/or CO2 standards, compared with only 50% of heavy-duty vehicles. Policy 
coverage remained the same for light-duty vehicles in 2019, but has increased to 
70% for heavy-duty vehicles sold globally.40  

Emission standards for heavy-duty vehicles are being rolled out around the world. 
The EU for example published legislation in 2019 restricting CO2 emissions from 
new trucks by 15% by 2025, and 30% by 2030 (compared to a 2019 baseline). 
China is the world’s largest heavy-duty vehicle market and released its Stage VI 
emission standards for heavy-duty vehicles in 2018, which will bring China in line 
with standards in the EU, the U.S., and Japan once fully implemented in 2023.  

Regional and city level regulations are also making an impact. California’s 
Advanced Clean Trucks regulation is the first of its kind and requires manufacturers 
to sell an increasing percentage of zero emission trucks, reaching 40-75% of sales 
by 2035 based on truck type.41 Some regions like the EU and Japan also have high 
fuel taxes, which can help bolster the cost competitiveness of alternative fuels. The 
Energy Transitions Commission (ETC) argues that carbon pricing will likely not be 
needed to drive the decarbonization of road freight.42   

  

                                                           
38 IEA (2017) Energy Technology Perspectives. 
39 Shell (2021) Decarbonising Road Freight: Getting into Gear.  
40 IEA (2021) Trucks and Buses: More efforts needed. 
41 California Air Resources Board (2020) Advanced Clean Trucks Fact Sheet. 
42 ETC (2019), Mission Possible: Reaching net-zero carbon emissions from harder-to-
abate sectors by mid-century: Sectoral Focus – Heavy Road Transport. 
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Solutions and Costs  
So what are the solutions to decarbonize road freight? In order to substantially 
reduce emissions, there needs to be a switch to alternative fuels or electric 
drivetrains (battery or hydrogen). The key problem area is heavy-duty long haul 
trucks. Overall, there is growing consensus among industry experts that electric 
motors including both battery electric vehicles (BEVs) and fuel cell electric vehicles 
(FCEVs) are long-term solutions for the trucking industry, and manufacturers are 
racing to get electric and hydrogen trucks on the road. However, other 
decarbonization options should not be ruled out, especially in the near term, as both 
battery and hydrogen technologies are still immature and widespread adoption 
faces many challenges ahead. Figure 29 shows the various segments of trucking 
and the alternative fuels currently being explored for each segment and discussed 
in more detail below.   

Figure 29. Alternative Technologies and Fuels for Trucking 

 
Source: Citi Global Insights, adapted from BNEF (2020) Long-Term EV Outlook 2020. 

 
Gray et al. (2021) highlight that potential alternative fuels, technologies and power 
train technologies should have the following set of properties: (1) high energy 
density; (2) low level of local emissions; (3) low energy costs able to compete with 
fossil fuels; (4) low greenhouse gas (GHG) emissions; and (5) sufficient fueling 
infrastructure.43 Each of the alternative technologies listed above have their own 
advantages and disadvantages, and when considering solutions it is important to 
consider the time scale (near term versus long term), type of truck and its 
application, as well as local factors such as access to supply. 

                                                           
43 Gray, N. et al. (2021), Decarbonising ships, planes and trucks: An analysis of suitable 
low-carbon fuels for the maritime, aviation and haulage sectors, Advances in Applied 
Energy, Vol 1, 23 February 2021. 
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Figure 30. Comparison of Alternative Fuels and Technologies 

 
Note: There is a claim that one Semi can charge in 30 minutes. 
Source: Citi Global Insights, Adapted from Shell (2021) with additional data from ETC (2018), IEA (2017). 

 
 Battery Electric Vehicles (BEVs) have an electric motor instead of an internal 

combustion engine, and use electricity stored in a battery pack to power the 
motor. BEVs are already established in the passenger car market where in 2019, 
sales of electric cars reached 2.1 million globally.44 The use of electric light-duty 
vehicles for urban logistics has already reached commercial deployment but 
challenges remain for heavy-duty trucks, where the batteries required add 
significant weight to the vehicle and substantially reduces cargo capacity. There 
are also limitations to battery range and charging time. One solution being 
explored that would address the battery size, range, and charging issue is the 
use of ‘e-roads’ which allow for dynamic charging through the use of catenary 
overhead wiring, on-road rails, or inductive charging.45  

 Hydrogen Fuel Cell Electric Vehicles (FCEVs) also use an electric motor as 
the powertrain but hydrogen as the energy carrier. Hydrogen from the tank is 
mixed with oxygen to produce electricity which runs the motor. Several 
characteristics of hydrogen fuel cell technology make it particularly attractive and 
applicable to tackle heavy freight transport — long driving range, fast refueling 
time, and low weight (compared to batteries required for battery electric trucks). A 
hybrid solution that could address the battery range issue of electric trucks is to 
combine the two technologies where batteries are used alongside range-
extending hydrogen fuel cells.  
 

                                                           
44 IEA (2020) Global EV Outlook 2020: Entering the decade of electric drive? 
45 Hall, Dale & Lutsey, Nicholas (2019) Estimating the infrastructure needs and costs for 
the launch of zero-emission trucks. 
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However, a key challenge to FCEV adoption is a chicken and egg problem of 
demand and supply and how quickly the production of green hydrogen can scale 
up to provide sufficient supply. From a performance perspective, many experts 
believe hydrogen trucks are the most viable solution for heavy-duty vehicles in 
the long run.46  

 Biofuels are an attractive option because they can be used in existing internal 
combustion engines (as a ‘drop-in’ fuel) and can be blended with diesel to 
achieve emission reductions. In principle biofuels can be carbon neutral, but 
there are many issues regarding the sustainability of biofuels that need to be 
taken into consideration (outlined in the previous chapter), including the source, 
full lifecycle of production, and land-use impact. In practice, the supply of 
‘sustainable’ biomass is likely to be constrained, and may only be suited for use 
in certain favorable locations, and even then will probably face competition from 
other hard-to-abate sectors such as aviation.  

 Synthetic Fuels (e-fuels) are similar to biofuels, can be used in current internal 
combustion engines, and require no new infrastructure. Carbon from CO2 is used 
to convert hydrogen into synthetic hydrocarbon fuel. There are three ways to 
produce e-fuels from CO2 and hydrogen: (1) methanation through the process of 
hydrogenation that produces methanol; (2) Fischer-Tropsch conversion, which 
converts carbon monoxide and hydrogen into liquid hydrocarbons; and (3) 
methanol synthesis. These are all currently very expensive with estimated 
production costs that are 2-7 times more expensive than fossil fuel equivalents. It 
is important to note that CO2 is still produced when e-fuels are burned, and in 
order for an e-fuel to be net zero, the CO2 released would need to be re-captured 
or the CO2 used would need to come from direct air capture.  

 Liquefied Natural Gas (LNG)/ Compressed Natural Gas (CNG) as a solution 
for decarbonizing road freight is hotly debated. Those that argue for it, especially 
as a transition fuel, highlight that it produces lower emissions than diesel 
engines, produces less air pollution, and has ample supply. Others argue it is 
unlikely to play a major transitional role given the speed at which electric trucks 
could become cost-competitive.47 Disadvantages of natural gas include: (1) small 
reductions in CO2 emissions compared to other solutions (studies report 5-20% 
less carbon emissions than diesel trucks), which may even be cancelled out by 
methane leakages across the supply chain; and (2) the need for investments in 
converting existing internal combustion engines as well as new infrastructure, 
which would eventually become stranded.48  

Cost Comparison of Alternative Technologies 
Let’s next take a closer look at the costings of the various technologies. The most 
important metric which is considered when purchasing trucks is the total cost of 
ownership (TCO). There is no widely accepted method of calculating TCO, but in 
general it considers capital costs, maintenance costs, and fuel costs over the 
lifetime of a vehicle.  

  

                                                           
46 Shell (2021) Decarbonising Road Freight: Getting Into Gear. 
47 ETC (2019) Mission Possible: Reaching net-zero carbon emissions from harder-to-
abate sectors by mid-century. Sectoral Focus – Heavy Road Transport. 
48 Mulholland, E. et al. (2018). “The long haul towards decarbonising road freight – A 
global assessment to 2050”, Applied Energy, Elsevier, vol. 216 (C), 678-693. 
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Fuel makes up around half of the TCO for a diesel truck, and it is relatively easy to 
compute and compare TCOs across diesel trucks because most have similar 
attributes and requirements.49 Challenges lie in calculating TCOs for alternative 
technologies given there are various levels of uncertainty around the technology 
itself and calculation requires different considerations and assumptions across cost 
categories. This makes it difficult to compare costings across studies which adopt a 
host of different assumptions about vehicle type, distance travelled, vehicle cost, 
cost of batteries and fuel cells, fuel costs, and even what is included in the TCO as 
some estimates include infrastructure costs while others do not.  

One of the most complete cost comparisons we have come across is from the ETC, 
which compares diesel trucks with both electric drivetrains as well as low-carbon 
fuels. The estimates on electric trucks from ETC reports align with many other 
studies which find they will reach cost parity with diesel trucks by 2030 and maybe 
even before, assuming cost reductions in the price of batteries and the availability of 
low-cost renewable electricity.50 The ETC argues that both biofuels and synthetic 
fuels will likely remain more expensive than diesel, and will likely face strong 
competition from other sectors. It is worth noting it may be possible for alternative 
fuels for electric and hydrogen trucks to be more costly than diesel and still be able 
to reduce operating costs due to better powertrain efficiency.51 

Figure 31. Cost Comparison of Alternative Technologies vs. Diesel 

 
Note: Based on a heavy duty truck over one year of usage assuming a distance of 150,000km/yr and a first year 
depreciation of 12%. 
Source: Energy Transitions Commission 

 

                                                           
49 Hall, Dale & Lutsey, Nicholas (2019) Estimating the infrastructure needs and costs for 
the launch of zero-emission trucks. 
50 McKinsey & Co. (2018) What’s sparking electric-vehicle adoption in the truck industry? 
and BNEF (2018) Commercial Freight and Future Fuels. 
51 Gray, N. et al. (2021), Decarbonising ships, planes and trucks: An analysis of suitable 
low-carbon fuels for the maritime, aviation and haulage sectors, Advances in Applied 
Energy, Vol 1, 23 February 2021. 
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Figure 32. Alternative Technology Cost Change Today vs. 2030 Expected  

Key Assumptions Battery Price Electricity Price Hydrogen Price 
(SMR) 

Hydrogen Price 
(Electrolysis) 

Today $209/kwh $130/MWh $0.16/kWh $0.29/kWh 
2030 $100/kWh $70/MWh $0.05/kWh $0.15/kWh 
% decrease  52% 46% 69% 48% 
 

Source: ETC (2019)52  

 
The cost competitiveness of electric and hydrogen trucks will depend strongly on 
the price of electricity and the price of hydrogen. Based on the assumptions above, 
the TCO of hydrogen fuel cell trucks using hydrogen from electrolysis will remain 
more expensive than diesel trucks. For hydrogen technologies to be cost 
competitive with diesel, electricity costs need to fall below $0.04/ kilowatt hour 
(kWh), compared to $0.14/ kWh for BEVs. However, hydrogen fuel cell trucks may 
still be a more attractive option compared to battery electric trucks given their 
operational advantages such as long range, lighter weight, and shorter refueling 
time. The IEA found that hydrogen fuel cell trucks could compete favorably against 
electric trucks at ranges above 500 km.53  

Using the estimates from the ETC, we calculate cost premiums which consider the 
TCO. The cost premium is the additional cost needed for an alternative technology 
when compared to a business-as-usual scenario. Biofuels and hydrogen fuel cell 
trucks using green hydrogen remain more costly by 2030 but their cost premium is 
low compared with the cost premiums found in shipping and aviation as we will see 
in the next section. We should also consider beyond 2030, where adoption of 
hydrogen trucks will likely increase as production of green hydrogen increases and 
costs come down. Most interviewees in Shell’s road freight industry expert survey 
expect hydrogen trucks to account for more than 50% of all medium- and heavy-
duty truck sales globally by early 2040.54  

Figure 33. Cost Premiums for Various Alternative Technologies 

  Today By 2030 
Biofuels  13% 13% 
Natural Gas (CNG) -13% -22% 
BEV 15% -30% 
Overhead Wire EV 13% -33% 
Hydrogen Fuel Cell EV (SMR/ H@5c/kWh) 72% -26% 
Hydrogen Fuel Cell EV (Electrolysis/ H@15c/kWh) 159% 39% 
 

Source: Citi Global Insights  

 
In addition to technological solutions, there are other decarbonization strategies the 
industry should pursue, which include demand management and vehicle efficiency 
improvements. Demand management solutions involve improving logistics and 
operational efficiency, but also potential shifts to shipping or rail depending on local 
conditions. If we consider per unit of cargo moved, heavy-duty road freight is more 
energy intensive than shipping and rail: shipping uses just 10% of the energy used 
by trucks while trains use about 30% of the energy used by trucks.55  

  

                                                           
52 ETC (2019), Mission Possible: Reaching net-zero carbon emissions from harder-to-
abate sectors by mid-century, Sectoral Focus – Heavy Road Transport. 
53 IEA (2020) Energy Technology Perspectives 2020. 
54 Shell (2021) Decarbonising Road Freight: Getting into gear. 
55 IEA (2020) Energy Technology Perspectives. 
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There is plenty of room for efficiency improvements in the road freight industry as it 
is dominated by manual processes. Sub-optimal route management and fleet 
operations has led to 30-50% of all truck journeys running empty.56  

One contributing factor is that the trucking industry is highly fragmented making 
supply chain optimization and coordination difficult. A handful of original equipment 
manufacturers (OEMs) produce the majority of trucks around the world, whereas 
there are ~3 million truck operators. In Asia for example, 90% of trucks are owned 
by individual drivers and just 0.1% are owned by companies with more than 100 
trucks.57 Adoption of digital solutions, including digital management systems, 
marketplaces, truck connectivity, and on-board monitoring, can help improve 
demand management across the industry and supply chain. There is also room for 
improved fuel efficiency in internal combustion engine (ICE) trucks, which look to 
pick up pace as CO2 regulations for heavy-duty vehicles increase around the world. 
This is important as ICE trucks will likely still play a dominate role over the next ten 
years, especially in emerging markets. Both demand management and energy 
efficiency improvements are good near-term strategies to deploy and can also help 
deliver substantial emission reductions in the long term. The ETC reports that 
demand management can potentially reduce CO2 emissions from road freight by 
30% and from energy efficiency improvements by 30-45% by 2050.58   

In order to make it all happen and successfully decarbonize road freight, 
investments are needed across a range of areas including research & development 
in batteries and hydrogen technologies and vehicles, digitization of fleet 
management and operations, and infrastructure. We focus next on infrastructure as 
investments in distribution networks, charging, and refueling infrastructure will be 
essential in the deployment of battery electric and hydrogen trucks. Investment 
costs for hydrogen fueling stations vary immensely — the IEA estimates $0.15–$1.6 
million, while others estimate $1–$10 million per fueling station. The most 
comprehensive studies come from California which report an average cost of 
stations of $2.4- $3.2 million.59 Although electric charging infrastructure is currently 
cheaper, advantages of hydrogen fueling stations include (1) smaller space 
requirements; (2) faster refueling; (3) the ability to be integrated into existing 
refueling stations or be developed as their own facility; and (4) hydrogen can be 
produced onsite at the station or delivered to the station. 

Significant capital investments are needed for the charging infrastructure of battery 
electric trucks either through the deployment of depots and charging stations, or the 
use of electric road systems. In the U.K., the Centre for Sustainable Road Freight 
found a total investment of around £19.3 billion (~$27 billion) would be needed to 
electrify almost all of the country’s long-haul freight trucks using overhead catenary 
systems.60 Globally, the IEA reports the investment needs for construction, 
operation, and maintenance of electric road systems range from $1 trillion to $5 
trillion between now and 2050.61  

  

                                                           
56 Shell (2021) Decarbonising Road Freight: Getting into gear. 
57 IEA (2017) Future of Trucks. 
58 ETC (2019), Mission Possible: Reaching net-zero carbon emissions from harder-to-
abate sectors by mid-century. Sectoral Focus – Heavy Road Transport. 
59 https://h2stationmaps.com/costs-and-financing. 
60 Ainalis, D.T. et al. (2020), Decarbonising the UK’s Long-Haul Road Freight at 
Minimum Economic Cost. The Centre for Sustainable Road Freight. 
61 IEA (2017), The Future of Trucks. Estimate assumes a 3-10% coverage of national 
highways and truck road systems. 
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They also stress the potential savings from reduced fuel and maintenance costs, 
improved vehicle operations, and greater logistics efficiency. These are not small 
investments, but estimates from the European Commission suggest investments 
needed for charging or hydrogen refueling infrastructure would be less than 5% of 
the business-as-usual investment in transport infrastructure.62   

Main Barriers  
Even though most of the technology to decarbonize road freight already exists, the 
path to zero emissions trucking faces many challenges, including:  

 Lack of Infrastructure: Decarbonizing road freight using BEVs and FCEVs will 
depend on a robust network of recharging and refueling infrastructure. This is no 
easy task as it requires substantial investments and takes time to build. Given 
that electric and hydrogen trucks are still in their early stages of deployment, 
there are risks to making major infrastructure investments. There lies the classic 
chicken-and-egg problem between infrastructure and truck production — 
manufacturers and operators are reluctant to produce and buy electric and 
hydrogen trucks given lack of infrastructure, and infrastructure providers are 
hesitant given uncertainty of demand. Government support and public-private 
partnerships will be critical in infrastructure deployments. In California, private 
investment in refueling infrastructure is supported by a range of policy 
mechanisms. Some electric trucking manufacturers are also tackling the issue by 
partnering with energy providers and building charging and fueling stations to 
help ensure their customers’ fuel requirements are met. There are also 
characteristics of road freight — high daily mileage, regularity and fixed routes — 
that make planning of infrastructure easier than for passenger cars.   

 Limited Supply of Green Electricity and Hydrogen: Decarbonizing road freight 
using BEVs and FCEVs will also depend on sufficient supplies of renewable 
electricity and hydrogen. This is a challenge as there is currently limited supply, 
and while renewable power production is expected to scale up quickly in the next 
decade, there is more uncertainty around hydrogen (see section on hydrogen). 
The amount of renewable electricity needed to decarbonize the trucking industry 
is substantial — if we assume all trucks today were battery electric trucks, it 
would require 94% of current global renewable electricity production. If all trucks 
were hydrogen fuel cell trucks, the demand would be even greater at 191% of 
current global production.63  

 Fragmented Industry Structure: As discussed earlier, the trucking industry is 
highly fragmented, which makes supply chain optimization and coordination 
difficult. This feature of the industry is unique to road freight, which brings its own 
challenges, and unlike for shipping and aviation, there is no international body 
that can organize and oversee decarbonization efforts. This means collaboration 
across the supply chain is even more important, and there is a role for everyone 
to help drive the transition — from manufacturers and logistics companies to 
energy providers, and financiers, as well as end consumers. Encouragingly, we 
are seeing the industry come together through various initiatives like the World 
Economic Forum’s Road Freight Zero Initiative and the European Clean Trucking 
Alliance. 

                                                           
62 ETC (2018), Mission Possible: Reaching net zero-carbon emissions from harder-to-
abate sectors by mid-century. 
63 Shell (2021) Decarbonising Road Freight: Getting into Gear. 
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 Lack of Regulatory Incentives: In addition to support for infrastructure, more 
regulatory incentives are needed to help the transition to zero emissions trucking. 
Eighty percent of industry experts believe there is insufficient regulation to help 
reduce the cost difference of alternative technologies such as BEVs and FCEVs 
in the early years.64 Support and standards are also needed along the supply 
chain to give stakeholders (both big and small) the confidence and incentives 
needed for wide spread adoption of zero emission trucks.  

Technological innovations are required to help bring down costs and accelerate the 
transition, which include improvements in battery density, charging speeds and 
efficiency improvements in electrolysis, and fuel cell technology. Another important 
consideration is the decarbonization pathways for emerging economies. In the Citi 
GPS report Energy Darwinism III, we raised the issue of legacy effects of internal 
combustion engine (ICE) vehicles moving to emerging markets which could leave 
oil consumption and emissions from passenger vehicles high. The same applies for 
trucks, and as the majority of future road freight demand is expected in emerging 
economies, we may see the adoption of electric trucks in advanced economies lead 
to an increased supply of low-cost, second-hand ICE trucks in emerging markets. 
Not only is it important to incentivize electric and hydrogen trucks, we must also 
speed up the removal of legacy fleets. However, in reality, there will be regional 
differences in uptake. Early deployment of zero emission trucks will likely happen in 
North America, the EU, Korea, Japan, and China, and efficiency improvements in 
ICE trucks and the use of transition fuels will play a longer role in decarbonizing 
road freight across many emerging economies.   

Conclusion 
Even though zero emission trucks and infrastructure are yet to be deployed at 
scale, and the industry faces many challenges on the road to decarbonization. 
There are reasons to be optimistic — technological solutions are known, feasible, 
and becoming cost competitive, and we are seeing companies race to put zero 
carbon trucks on the road. Trucks are less costly, smaller, and have shorter 
lifecycles than ships and airplanes, which means technical solutions can be tested 
and rolled out faster than in the other hard-to-abate transport sectors. In the long 
term, both BEV and FCEVs are viable solutions for decarbonizing road freight with 
FCEVs playing an important role for long haul heavy-duty trucking. There are plenty 
of near-term solutions that can be deployed to reduce industry emissions (see 
Figure 34 below). Solutions will of course have to be tailored to local conditions, 
taking into consideration the function of vehicles, technology readiness, and access 
to fuel supply and infrastructure, but some experts have gone as far as saying “road 
freight is not hard-to-abate” anymore. With strong government support, it is time for 
the industry to put their collective foot on the ‘gas’ pedal and accelerate towards 
zero emissions trucking. 

                                                           
64 Shell (2021) Decarbonising Road Freight: Getting into Gear. 

https://www.citivelocity.com/citigps/energy-darwinism-iii/
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Figure 34. Summary of Road Freight Supply-side Solutions 

 
Source: Citi Global Insights 
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Shipping 
The maritime shipping sector carries approximately 80% of global trade by volume 
and 70% by value.65 It is responsible for transporting more than 11 billion tonnes of 
goods per year and as of 2019, the total value of the annual shipping trade reached 
more than $14 trillion. Shipping’s capacity to transfer goods and materials from 
where they are produced to where they are consumed underpins modern life.66 It is 
an important part of the supply chain for many companies and therefore 
decarbonizing this sector is important for many organizations if they want to become 
net zero over time.  

The shipping industry currently uses approximately 300 million tonnes of fuel, of 
which 72% is from heavy fuel oil (HFO), 26% from marine diesel oil (MDO), and 2% 
from liquefied natural gas (LNG).67 HFO is characterized by very high viscosity and 
high sulfur levels and is CO2 intensive. Even so, compared to other transportation 
methods, shipping is recognized as one of the most efficient forms of commercial 
transport, although the enormous scale of the industry means it is responsible for 
approximately 0.9 Gt of CO2 emissions (more than Germany’s total energy-related 
CO2 emissions) and equivalent to ~11% of total transport CO2 emissions and ~2% 
of global CO2 emissions. The vast majority of these emissions are attributed to 
international freight as shown in Figure 37. According to the International Maritime 
Organization’s (IMOs) fourth greenhouse gas study, domestic shipping and fishing 
contribute 26% and nearly 4% of total shipping sector CO2 emissions, respectively. 
Containerships, bulk carriers, and oil, gas & chemical tankers account for 
approximately 70% of these total CO2 emissions.  

Figure 35. Comparison of CO2 Emissions in Different Transport Modes 

 
Source: International Chamber of Shipping 

 

                                                           
65 Gray et al. (2021), Decarbonising ships, planes and trucks: An analysis of suitable 
low-carbon fuels for the maritime, aviation and haulage sectors, Advances in Applied 
Energy, Vol 1, 23 February 2021. 
66 https://www.ics-shipping.org/shipping-fact/shipping-and-world-trade-driving-
prosperity/#:~:text=As%20of%202019%2C%20the%20total,than%2014%20trillion%20U
S%20Dollars. 
67 Gray et al. (2021), Decarbonising ships, planes and trucks: An analysis of suitable 
low-carbon fuels for the maritime, aviation and haulage sectors, Advances in Applied 
Energy, Vol 1, 23 February 2021. 
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Figure 36. CO2 Emissions from Shipping (%)  Figure 37. Share of CO2 Emissions by Ship Class  

 

 

 

Source: IMO (2020)68  Source: IMO (2020) 

 
Shipping traffic is expected to increase over the coming years. In fact, the 
International Transport Forum estimates maritime freight transport could grow at a 
compound annual growth rate of 3.6% through 2050 — this could lead to a tripling 
of maritime trade volumes in this period (Figure 38). A number of factors could 
change this upward trend, including the instability of global trade, the potential 
return of some industrial activities to developed economies, and a reduction in the 
transportation of fossil fuels due to a low carbon economy. On the upside, there 
could be an increase in the movement of new low-carbon options such as hydrogen 
and ammonia. The IEA estimates under a business-as-usual scenario, CO2 
emissions from shipping could grow to almost 1.7 GtCO2 by 2050, which is an 
increase of approximately 90% compared to current emissions.69 

Figure 38. Projected Sea Freight Demand 

 
Source: ITF (21019), ITF Transport Outlook 2019, OPECD Publishing, Paris,  

 
  

                                                           
68 IMO (2020), Fourth IMO Greenhouse Gas Study. 
69 IEA (2017), Energy Technology Perspectives. 
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International shipping is not included in the Paris Agreement; however, the industry 
is experiencing increasing pressure to decarbonize. The IMO has adopted a 
greenhouse gas reduction strategy which aims to reduce GHG emissions from 
shipping by at least 50% by 2050 based on a 2008 baseline, while at the same time 
reducing the average carbon intensity measured as CO2 per tonne mile by at least 
40% by 2030 and 70% by 2050. The IMO also introduced legislation for ships to 
limit sulfur content of ship fuel to 0.5% worldwide.70 The EU requires ships calling to 
European ports to monitor and report their CO2 emissions, fuel consumption, and 
average energy efficiency. In December 2019, the European Commission also 
committed to extend the EU Emissions Trading System (EU ETS) to cover the 
maritime sector within the European Green Deal framework. However, this still 
needs approval and, according to the IEA, it is unlikely to enter into force before 
2022.71  

Financial institutions have come together to establish the Poseidon Principles, 
which is a global framework for assessing and disclosing the climate alignment of 
financial institutions’ shipping portfolios. Currently 26 financial institutions are 
signatories to these principles, representing bank loans to global shipping of 
approximately $150 billion, or more than 50% of the global ship finance portfolio72. 
Other initiatives that have been developed including the Sea Cargo Charter, which 
provides a framework for aligning chartering activities with responsible 
environmental behavior to promote the decarbonization of international shipping.73 
Currently, there are 18 companies who have signed this charter, including bulk 
cargo owners from the agriculture and grains, chemicals, energy, metals and mining 
sectors as well as commodity traders, and ship owners. Both the Poseidon 
Principles and the Sea Cargo Charter are consistent with the ambitions and 
decarbonization policies of the IMO. 

Figure 39. Poseidon Principles 

 
Source: https://www.poseidonprinciples.org/principles/ 

 
  

                                                           
70 DNV GL (2019), Assessment of selected alternative fuels and technologies, June 
2019. 
71 https://www.iea.org/reports/international-shipping. 
72 https://www.poseidonprinciples.org/about/. 
73 https://www.seacargocharter.org/about/. 

Poseidon Principles Description

Principle 1: Assessment of Climate Alignment Signatories will, on an annual basis, measure the carbon intensity 
and assess climate alignment of their shipping portfolio

Principle 2: Accountability Signatories will rely on classification societies or other IMO-
recognized organizations, and mandatory standards established 
by the IMO for the provision of unbiased information used to 
assess and report on climate alignment 

Principle 3: Enforcement Standardized covenant clauses will be made contractual in new 
business activities to ensure access to high-quality data

Principle 4: Transparency Portfolio climate alignment scores will be published on an annual 
basis 
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In addition, the Getting to Zero Initiative was launched at the New York Climate 
Summit in 2019 as a partnership between the Global Maritime Forum, the Friends 
of Ocean Action, and the World Economic Forum. It is an alliance of 120 companies 
within the maritime, energy, infrastructure, and finance sectors, and is supported by 
key governments and intergovernmental organizations. The ambition of the Initiative 
is to have commercially-viable zero emission vessels (ZEVs) operating along deep 
sea trade routes by 2030, supported by the necessary infrastructure for scaling up 
zero-carbon energy sources including production, distribution, storage, and 
bunkering (supplying fuel for use on a ship including the logistics of loading fuel 
onto the ship).74  

Solutions to Decarbonize Shipping 
The shipping industry is particularly difficult to decarbonize compared to other 
sectors due to the high cost of available low-carbon options and the challenges 
created by long asset replacement cycles (the average lifetime of vessels is 30+ 
years).  

So what options does the sector have? From a demand perspective, the industry 
can reduce its emissions by improving fleet management and optimizing voyage 
plans, which can reduce current CO2 emissions by 5%. It can also improve energy 
efficiency by improving ship design and hull and propulsion efficiency, which can 
reduce CO2 emissions between 30% and 55%.75 Technologies such as wind 
propulsion systems can also reduce fuel consumption. Available technologies 
include Flettner rotors, which generate an aerodynamic thrust using a rotating 
cylinder and the DynaRig system, which uses automated soft sails and can serve as 
a ship’s primary propulsion when the weather conditions allow. However, the only 
way to fully decarbonize shipping is to invest in new technologies and alternative 
zero carbon fuels. These can include: 

 electric engines, which are either battery operated or run on hydrogen/ammonia 
fuel cells;  

 the continued use of combustion engines with biofuels or LNG (LNG does not 
fully decarbonize, while greenhouse gas (GHG) emissions reductions from 
biofuels depend on factors like feedstocks and indirect land-use change — see 
the section on GHG emissions below); and  

 the development of new engines that can run on new alternative fuels such as 
ammonia or hydrogen.  

The solutions chosen will vary depending on type of ship, voyage time, cost, energy 
density, storage temperature, availability of low-carbon fuel when needed, 
widespread bunkering infrastructure, and regulation. Ferries and short-sea shipping 
can decarbonize through the use of batteries; however, this option is not feasible for 
longer journeys. Even though it should be noted that producing batteries could be 
energy intensive. The advantage of batteries is that they do not have the problem of 
supply infrastructure as alternative fuels have, but producing batteries could be 
energy intensive.  

  

                                                           
74 https://www.globalmaritimeforum.org/content/2019/09/Getting-to-Zero-
Coalition_Ambition-statement_230919.pdf. 
75 Energy Transitions Commission, Mission Possible, Shipping. 
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Although LNG does not fully decarbonize the industry, it can still play an important 
part in the transition phase. The use of LNG can reduce carbon emissions by 25% 
to 30% when compared to heavy fuel oil; however, it is important to consider the 
methane release (slip) when evaluating the CO2 potential of LNG as a ship fuel. 
Dedicated LNG bunkering facilities infrastructure for ships are increasing quite 
rapidly. The advantage of LNG is that gas engines, gas turbines, and LNG storage 
have been available for land installations for decades.  

Alternative Fuels 
There are a number of low-carbon alternative fuels that can be used by the shipping 
industry to help reduce their CO2 emissions. These include hydrogen and hydrogen-
derived products such as e-methanol and ammonia. While fuels cells are 
considered a key technology for hydrogen, hydrogen can also be used in internal 
combustion engines. However, the volumetric energy density of both compressed 
and cryogenic (liquid) hydrogen is substantially less than heavy fuel oil, meaning 
that substantial cargo carrying capacity will be sacrificed for energy storage in a 
retrofit and new builds would need substantial re-designing (see table below). This 
doesn’t mean it won’t happen — the industry in the end will choose the fuel which is 
most cost effective and commercially available. 

Figure 40. Volumetric Energy Density, Storage Pressure, and Temperature of Different 
Alternative Fuels 

Fuel Type Lower Heating 
Value (MJ/kg) 

Volumetric Energy 
Density (GJ/m3) 

Storage Pressure 
(bar) 

Storage 
Temperature (°C) 

MGO 42.7 36.6 1 20 
LNG 50.0 23.5 1 -162 
Methanol 19.9 15.8 1 20 
Liquid Ammonia 18.6 12.7 1/10 -34/ 20 
Liquid Hydrogen 120 8.5 1 -253 
Compressed Hydrogen 120 7.5 700 20 
 

Source: IRENA (2019), Navigating the way to a renewable future: Solutions to decarbonize shipping, Preliminary 
Findings, International Renewable Energy Agency, Abu Dhabi 

 
Methanol and ammonia can be used to help reduce CO2 emissions in shipping, but 
both methanol and ammonia are currently produced from fossil fuels. In order for 
these fuels to be considered low-carbon fuels they need to be produced sustainably 
with no carbon emissions.  

Methanol production can be decarbonized either by producing it from biomass (bio-
methanol) or from hydrogen and CO2 (e-methanol) — see box below. However e-
methanol is only considered a zero carbon fuel if the carbon used during production 
is taken from a CO2-neutral source such as CO2 captured from direct air capture 
versus CO2 captured from industrial facilities. Even though CO2 captured from 
industrial facilities is being recycled when used again, it is still considered fossil-
based CO2, which is non-renewable and is therefore CO2 net positive. Methanol 
produced in this manner is still considered a low-carbon source of methanol, just not 
a zero carbon fuel.  

There is, however, a huge debate around whether bio-methanol is a net zero carbon 
fuel. The argument focuses on the type of feedstock used, whether it comes from 
sustainable sources, and the lifecycle GHG emissions from the source, production, 
and end use. The fact there is debate does not mean methanol is a poor choice for 
the shipping industry as it does reduce CO2 emissions compared to other fossil fuel 
sources. But choosing it as a solution depends on whether the industry wants to 
fully decarbonize itself using zero carbon fuels, or whether it wants to reach net zero 
by investing in alternative fuels.   
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These fuels are not zero carbon fuels but still reduce CO2 emissions compared to a 
business-as-usual scenario, and instead use other mechanisms to compensate for 
the rest of their CO2 emissions. In the end it depends on the economics and 
availability of supply.  

Shipping company Maersk has taken the decision to invest in a methanol ship and 
also announced it intends to produce a dual-fuel ship which is run on methanol and 
standard VLSFO (Very Low Sulfur Fuel Oil) containing low sulfur and is therefore 
compliant with IMO regulations on pollutants. Maersk’s methanol feeder vessel will 
have a 2,000 twenty-foot equivalent unit (TEU) capacity and be deployed in one of 
its intra-regional networks. The vessel will be able to run on standard VLSFO, but 
according to the company, the plan is to operate on carbon neutral e-methanol or 
sustainable bio-methanol from the first day of operation. The company 
acknowledges that operating on low carbon methanol will be a challenge in this 
time-scale given that the production of sustainable bio-methanol and e-methanol is 
still in its infancy.  

Methanol 

Global methanol production is estimated to be 100 Mt per year (nearly all of which is produced from fossil fuels) and 
methanol is responsible for 0.6% of global GHG emissions. Methanol production has nearly doubled in the last ten 
years, with a large share of that growth coming from China through methanol production from coal. IRENA 
(International Renewable Energy Agency) and the Methanol Institute estimate that based on current trends, 
production could increase to 500 Mt/year by 2050 and hence under a business-as-usual scenario CO2 emissions 
from methanol would increase from 1.5 Gt of CO2 in the same period.  

Currently more than 60% of methanol production is used to synthesize chemicals such as formaldehyde, acetic 
acid, methyl methacrylate, ethylene and propylene through the methanol-to-olefin route. These chemicals are then 
further processed into products we use every day, such as paints, plastics, polyester fibers, and cosmetics. 
Methanol is also used as a fuel either by itself or blended with gasoline for the production of biodiesel or in the form 
dimethyl ether (DME) or methyl tert-butly ether (MTBE). Methanol-powered vehicles have been increasing over the 
years, particularly with China promoting methanol as a transport fuel. In fact, many Chinese auto manufacturers are 
offering methanol-powered vehicles which run on 85% methanol and 15% gasoline or on pure methanol (100%).  

Methanol is currently produced almost exclusively from fossil fuels — about 65% today is produced from natural 
gas reforming, with the remainder produced from coal gasification — which are carbon intensive methods. 
Producing methanol from other feedstocks —biomass, biogas, or waste stream or from low-carbon hydrogen 
combined with captured CO2 — can decrease or eliminate CO2 emissions from methanol production. Methanol 
produced from biomass such as forestry and agricultural waste, biogas, sewage, municipal solid waste, and black 
liquor from pulp and paper is usually called bio-methanol while methanol produced from carbon dioxide and low 
carbon hydrogen (green or blue) is called e-methanol. Both bio-methanol and e-methanol are chemically the same 
as methanol produced from fossil fuels; however, they generate significantly lower GHG emissions throughout their 
entire lifecycle.  

The cost of producing methanol with natural gas and coal is estimated at approximately $100-$200 and $150-$250, 
respectively, with the methanol selling price ranging between $200 and $400 per tonne. Bio-methanol currently 
costs between 2 to 6 times higher than the average cost of making methanol from natural gas and 1 to 5 times 
higher than the average cost of methanol produced from coal, depending on the biomass feedstock cost. 
Alternatively, e-methanol produced with CO2 captured from direct air capture (DAC) costs approximately 7 to 15 
times more than methanol produced from natural gas and 6 to 12 times more than methanol produced from coal. It 
is cheaper to produce e-methanol from CO2 captured from industrial sites but this is not considered to be carbon 
neutral.  

  



May 2021 Citi GPS: Global Perspectives & Solutions   

 

© 2021 Citigroup 

57 

Decarbonizing the production of methanol can not only help reduce CO2 emissions associated with the production 
of methanol and chemicals derived from it (methanol is a basic building block for hundreds of chemicals), it can also 
provide a solution to decarbonize and reduce emissions from the shipping sector. Additionally, it can help reduce 
emissions from other industries. For example, a car manufactured in Europe requires about 300kg of methanol for 
the production of various parts, therefore decarbonizing the production of methanol can help reduce the carbon 
footprint of the automobile industry. Methanol can also reduce the emissions of other pollutants such as particulate 
matter (PM), nitrous oxide (NOx) and sulfur oxide (SOx).  

In shipping, ammonia can be combusted directly or used for fuel cell applications 
but it will need to be produced from either green or blue hydrogen in order for it to 
become a zero or a low-carbon fuel. Given ammonia is already being produced as a 
commodity, some upstream infrastructure such as transportation networks are 
already available. In fact, ammonia is currently transported through pipelines, 
railways, barges, ships, road freight, and storage depots. It is also carbon neutral if 
produced using green electricity, because ammonia produces no greenhouse gas 
emissions when combusted. Ammonia can be an energy carrier for hydrogen, in 
that it can be transformed back into hydrogen and nitrogen at the end use, with 
hydrogen used as an energy source. Many scientists are pushing for ammonia to be 
the alternative fuel choice for the shipping industry. If the economics and availability 
of supply work, it could be the solution to fully decarbonizing the industry (see box 
on ammonia below). 

Ammonia  

Ammonia (NH3) is an inorganic compound composed of a single nitrogen atom, which is bonded to three hydrogen 
atoms. Approximately 80% of ammonia production is used as fertilizer with the rest used as a chemical building 
block for many industrial applications, explosives, and cleaning products. Companies around the world produce 
around 185 million tonnes (Mt) of ammonia worth $60 billion each year.  

Currently ammonia production is rather energy intensive — it consumes about 2% of the world’s energy and is 
responsible for generating 1% of global CO2 emissions. It requires a source of hydrogen (currently produced from 
either natural gas or coal), which is responsible for generating 90% of CO2 emissions from the production of 
ammonia. It then needs a second feedstock, nitrogen (N2), which is easily separated from air (air is 78% nitrogen); 
however, generating the pressure needed to put hydrogen and nitrogen together in the Haber process in a reactor 
consumes more fossil fuel and hence CO2 emissions. The entire ammonia manufacturing process is usually 
undertaken at the same plant and all three stages of the ammonia generation are usually reliant on a single type of 
fossil fuel. The CO2 footprint of an ammonia plant can vary from 1.6 tonnes of CO2 per tonne of ammonia to 3 
tonnes of CO2 depending on the plant efficiency and feedstock.  

There are a number of different ways to reduce the CO2 emissions from the production of ammonia:  
 
 Blue Ammonia is basically produced in the same way as conventional ammonia except the CO2 from the 

production is captured using carbon capture, utilization & storage (CCUS). 

 Green Ammonia is produced entirely from electricity, air and water. The hydrogen used is produced using 
electrolysis and green electricity, and the other two processes — air separation and the Haber process — also 
use green electricity. The CO2 footprint of green ammonia is assumed to be zero, however one also needs to take 
into consideration the emissions from transporting the fuel.  

 A hybrid scheme is where the ammonia is produced partially with fossil fuels and partially with renewable 
electricity. This could represent an economically feasible transition to green ammonia production 

 
Ammonia is currently produced in places where fossil fuels are rather cheap. If companies want to produce green 
ammonia, it would be logical to move the production or build new plants where renewables are cheap, such as in 
Australia and the Middle East. It would be easier for ammonia plants in these regions to switch to using green 
electricity.  
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According to BNEF, at $4 per kg of hydrogen the cost of green ammonia would be over $300 more per tonne of 
ammonia compared to ammonia produced from natural gas (at the highest price). However when hydrogen is 
priced at $1 per kg, the cost of green ammonia reduces significantly and is less than the current cost of producing 
ammonia from natural gas (at the highest gas prices). However, it still costs more than producing ammonia from 
cheapest natural gas available. A carbon price of nearly $80 would be needed for green ammonia to compete with 
the lowest cost of producing ammonia from natural gas. Obviously, this will vary from one region to another 
depending on the cost of renewables.  

Other Synthetic Fuels 
E-diesel or diesel produced from Fischer-Tropsch synthesis or e-LNG produced 
from green or blue hydrogen and CO2 via the Sabatier process can also be used for 
shipping. E-diesel can be use in existing heavy fuel oil and marine diesel oil 
installations, and it can also be blended with fossil diesel and LNG reducing the 
carbon footprint compared to 100% fossil diesel or LNG. 

Bioenergy 
Biofuels are not extensively used in the shipping industry but they could play a part 
in reducing shipping’s CO2 emissions. They can be blended with conventional fuels 
and some types of biofuels can also be used as ‘drop-in’ fuels. A drop-in fuel can be 
used in existing installations without any major technical modifications. For this 
reason, biofuels are well suited to replace conventional petroleum-based fuels used 
currently in different vessels. In addition to bio-methanol there are a number of 
biofuels that can be used for the shipping industry, illustrated in Figure 41. The 
limiting issues with biofuels include the availability of feedstocks, whether they could 
be scaled up, and whether they could be considered a zero carbon fuel. (See the 
section on GHG emissions below.) 

Figure 41. Biofuels and their Applications 

Biofuel Applicability 
Biodiesels (HVO, FAME) Tugboats, small carriers/cargo ships, replacing MDO/MG 
Bio dimethly ether (bio-DME) Carriers and cargo ships (all sizes) replacing MDO/MG) 
SVO Carriers and cargo ships (all sizes) replacing IFO/HFO) 
Bio-LNG Tugboats, LNG carriers, ferries, cruise ships, support vessels, replacing 

conventional LNG in gas or dual fuel engines 
Bio-alcohols Tankers, cruise ships, passenger ships, blended with distilled fuels or in 

dual fuel engines 
Pyrolysis oil Carriers and cargo ships (all sizes) replacing IFO/HFO) 
 

Note: FAME refers to Fatty Acid Methyl Esters. This process uses renewable feedstocks like vegetable oil, animal 
fats, or tallow to produce diesel. HVO stands for hydrotreated vegetable oil; SVO stands for straight vegetable oil. 
Source: Citi Global Insights, adapted from IRENA (2019) 

 
Comparison of GHG Emissions of Alternative Fuels 
Figure 42 below shows the upstream and downstream GHG emissions of different 
alternative fuels. Hydrogen-derived fuels such as e-methanol, e-LNG, e-diesel 
(assuming these fuels use CO2 captured from CO2-neutral sources), e-hydrogen, 
and e-ammonia are considered to be zero carbon fuels. Other alternative fuels such 
as blue ammonia and blue hydrogen have no operational emissions associated with 
them, but produce some emissions when produced. While biofuels such as bio-
methanol from wood and bio-methanol produced from waste have operational CO2 
emissions based on CO2 emissions released through combustion, they have 
negative CO2 emissions from their production. On balance they emit some CO2 but 
less than low sulfur heavy fuel oil (LSHFO) and marine diesel oil (MDO).  
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There is currently a debate as to who is responsible for upstream and downstream 
CO2 emissions. Taking the example of blue ammonia, when combusted it does not 
release CO2 emissions, however it has some emissions associated with production. 
Is the shipping industry only responsible for the CO2 emissions that are associated 
with the use of ships, or are they responsible for the CO2 emissions emitted 
upstream? The same argument lies in the materials used to build new ships. Who is 
responsible for the upstream emissions from the production of these materials? 
Should these be included in assessing whether the shipping industry is truly net 
zero? These examples show how decarbonizing one sector leads to benefits in 
other sectors and how every industry is truly connected. 

Figure 42. Upstream, Operational, and Net CO2 Emissions for Alternative Fuels 

 
Source: UMAS 

 
Costs of Alternative Fuels  
Figure 43 below shows the additional cost premium needed for new alternative fuels 
for shipping in 2020 and 2050. The dark blue lines show the cost of LSHFO and the 
light blue line shows the additional premium needed for various low carbon fuels. 
These projections are based on a study undertaken by Lloyd’s Register and the 
University Maritime Advisory Services (UMAS) and conducted for an 82,000 
deadweight tonnage (DWT) bulk carrier, so the cost may be different for other types 
of ships. Several assumptions have been taken to calculate these fuel projections 
including electricity prices and natural gas prices from 2020 to 2050.  

The authors have also assumed that ammonia and methanol are produced in new 
plants rather than existing plants which could be retrofitted with new technology to 
decarbonize production. They assume this because most ammonia and methanol 
plants are currently located in places with low cost fossil fuels. But if they are 
producing e-methanol and green ammonia, it would make sense to build new plants 
where green electricity is relatively cheap and therefore building new facilities in 
these places also makes sense. There are some locations — such as the UAE and 
Australia — where there is the availability of both low cost fuels and cheap green 
electricity, and there it would make more sense to retrofit plants. Retrofitting existing 
plants may bring down the costs of the production of low carbon fuels and could be 
a good way to trial new technologies. The authors have also assumed that all the 
electric fuels — e-methanol, e-LNG, and e-diesel are produced from CO2 captured 
from direct air capture (DAC).  
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Bio-methanol produced from waste and wood seem to be cheapest option in 2020; 
however, the costs increase in 2050 as it is assumed the cost of bio-methanol 
increases over time due to the lack of supply of feedstocks. Future biofuel prices 
are extremely uncertain, and data is extremely limited (as discussed in the section 
of bioenergy in the previous chapter). In 2050 new fuels such as hydrogen and 
ammonia become more competitive, however they are expected to be still more 
expensive than LSHFO. It is important to note the cost of fossil fuel-derived 
products does not include the cost of externalities such as emissions and pollution, 
hence why they are so cheap.  

There are several studies that estimate the cost per tonne of CO2, whose results 
vary based on electricity prices. According to the Energy Transitions Commission, 
low-carbon ammonia would be cheaper than current fossil fuel if electricity was 
priced at less than $0.06 with a carbon price of $300 per tonne of CO2 — this 
reduces to $150 per tonne of CO2 if electricity is priced at $0.02-$0.03 per kWh.76 
These costs would have a significant implications for freight costs but the impact on 
the end consumer product would be minimal — an estimated increase of less than 
1%.   

Figure 43. Additional Cost Premium for New Alternative Fuels in 2020 and 2050  

 
Note: Blue hydrogen and blue ammonia are assumed to be made with natural gas and CCUS 
Source: Lloyds Register and UMAS, Citi Global Insights  

 
The cost reductions for various fuels ultimately depend on how the supply for 
alternative fuels is ramped up over time. The Global Maritime Forum believes the 
adoption of zero emission fuels will follow an S-curve with three phases: (1) 
alternative fuels will slowly start to emerge and costs start to fall; (2) a rapid 
adoption phase increases demand and investment; and (3) widespread adoption of 
alternative fuels becomes the new normal. They estimate for the shipping industry 
to have any chance of decarbonizing by 2050, zero emissions fuel would need to 
represent at least 27% of total energy used by the sector in 2036 and 93% by 2046. 
By 2030, they estimate there needs to be a 5% adoption rate of zero emissions fuel. 
They assume that four sub-segments of shipping could be the first movers, 
including: 

                                                           
76 Energy Transition Commission, Mission Possible, Shipping. 
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1. Container shipping would start to decarbonize as few ports/routes account for a 
large share of the volume — 0.8% adoption rate. 

2. If ammonia is used, then ammonia and LPG tankers are also ideal to start 
decarbonizing — 0.2-2.0% adoption rate with 2.0% considered the upper 
bound, requiring high rates of transport demand growth. 

3. Niche international routes (non-container shipping) — for example, Chile-
Australia, Japan-Australia, Dubai-Singapore, Australia-Singapore, Denmark-
Norway — 2% adoption rate. 

4. Domestic shipping could also account for another 2-3% adoption. Thirty-two 
nations make up 50% of domestic shipping emissions. If they achieve 30% of 
energy from zero emissions, this would equate to 15% of domestic shipping 
energy and 2-3% of total shipping energy.  

Will there be enough alternative fuel supply available to meet this 5% adoption rate? 
The authors believe if hydrogen and hydrogen-derived fuels are chosen as 
alternative fuels, reaching this target would be feasible given the increased interest 
in this technology in areas such as Australia, Chile, China, the EU, and Japan. 
However, it is unclear whether this analysis assumes competition for hydrogen-
derived fuels from other sectors.  

In the shipping market, we are also seeing the industry itself form alliances for the 
production of green hydrogen. One alliance has signed a memorandum of 
understanding committed to work towards building one of Europe’s largest 
production facilities of green ammonia using wind power. The facility is scheduled to 
begin operations in 2026 and could potentially reduce CO2 emissions by about 1.5 
Mt, which is equivalent to removing 730,000 cars from the road permanently.77  

Besides suppliers of alternative fuels, other actors also need to come together. 
These include vessel owners, vessel operators, cargo owners, bunkering suppliers, 
regulators, governments, and financial institutions. Bunkering suppliers need to 
ensure the supply of carbon-neutral fuels is stored and readily available when 
needed, while regulators have to ensure safety standards, among other measures. 
Only seven ports are today responsible for nearly 60% of all bunkering sales 
globally. Potential solutions for overcoming the lack of infrastructure for alternative 
fuels could include developing specific point-to-point sources between highly 
developed ports such as Rotterdam and Singapore. Companies are working 
together to conduct a feasibility study with the aim of establishing a competitive 
supply chain for the provision of green ammonia ship-to-ship bunkering at the Port 
of Singapore, which is the largest bunkering port in the world. Decarbonization of 
the shipping industry will also need the support of governments and financial 
institutions. 

                                                           
77 www.maersk.com. 
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Figure 44. International Shipping Bunkering by Country, 2017 

 
Source: IRENA (2019) 

 

It is extremely difficult to calculate the total investment needed to decarbonize 
shipping. A study done by the Global Maritime Forum estimates that shipping would 
need a total investment of $1.4t trillion to $1.9 trillion to fully decarbonize in 2050.78 
This is based on the assumption that ammonia would be used as an alternative fuel. 
The investment can be broken down into ship-related investments (e.g., engines, 
on-board storage, energy efficiency improvements, and technologies), and land-
based investments (e.g., investments in hydrogen production, ammonia synthesis, 
land-based storage, and bunkering facilities). Over 87% of the investment relates to 
land-based infrastructure and production facilities with the remainder (13%) relating 
to the ships themselves.  

Conclusion 
Each alternative fuel option has advantages and disadvantages and there is 
currently no clear way forward. Given this uncertainty, dual fuel technology is the 
best hedging option. Despite the higher upfront cost of dual-fueled vessels, the cost 
of being redundant or stranded in a low-carbon world would ultimately be more 
expensive. Although ships and engines need to be flexible, this part of the challenge 
is insignificant compared with ensuring the right fuel is available. Shipping choices 
for alternative fuels might also depend on what other industries do — scaling up the 
production of hydrogen for other sectors could accelerate the cost reduction, or the 
aviation industry could rely more heavily on sustainable aviation fuels, which would 
drive the bulk of available biofuels to this sector.  

Decarbonization of shipping will take a long time to happen. There are many 
elements that need to come together, so cooperation among the key players is 
essential. Investing in zero carbon vessels is a start; however, most of the needed 
investment lies in upstream fuel production and land-based infrastructure (such as 
bunkering facilities) which have longer timelines. In the meantime, the industry can 
help reduce emissions over the coming years by improving energy efficiency, using 
LNG, investing in carbon offsets where justified, and investing in new technologies 
and projects that will help scale up new alternative fuels and technologies.   

                                                           
78 `Global Maritime Forum. 
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Figure 45. Summary of Shipping Supply-side Solutions 

 
Source: Citi Global Insights 
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Aviation 
The aviation sector currently is responsible for ~12% of transport sector CO2 
emissions and ~3% of global CO2 emissions. Expectations are that aviation demand 
will increase from an estimated 7.6 trillion passengers-km in 2017 to approximately 
22 trillion passenger-km in 2050, as illustrated in Figure 46. This increase is the 
result of population growth, economic growth, an increase in wealth, and an 
improvement in air connectivity.79 This analysis by the International Transport Forum 
(ITF) was done pre-COVID-19 and does not take into consideration drops in 
passenger numbers in 2020 and 2021. 

Figure 46. Projected Aviation Demand (Billion Passenger-km) 

 
Source: ITF (2019) 

 
Predictions are that most of the increase in both domestic and international aviation 
demand will come from China and India (see Figure 47 & Figure 48). In fact, 
international travel in China and India alone is expected to increase more than 
threefold by 2030 and nearly seven-fold by 2050. International travel in Africa is 
expected to increase from 137 billion passenger-km to over 1,300 billion passenger-
km in 2050. Demand for aircraft fuel could increase by more than 50% by 2050 
compared to pre-COVID-19 levels. Under a business-as-usual scenario and 
assuming fuel efficiency improves by 1% annually through to 2050, this would 
translate into an increase of CO2 emissions from 0.7 Gt of CO2 (pre-COVID-19) to 
1.7 Gt of CO2 in 2050 —equivalent to Russia’s current CO2 emissions. Every metric 
tonne of jet fuel burned produces approximately 3.15 tonnes of CO2.80 

                                                           
79 ITF (2019), ITF Transport Outlook 2019, OECD Publishing, Paris, 
https://doi.org/10.1787/transp_outlook-en-2019.en. 
80 World Economic Forum in collaboration with McKinsey and Company (2020), Clean 
Skies for Tomorrow, Sustainable Aviation Fuels as a Pathway to Net-Zero Aviation, 
Insight Report, November 2020. 
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Figure 47. Domestic Aviation Projected Demand   Figure 48. International Aviation Projected Demand  

 

 

 
Source: ITF (2019)  Source: ITF (2019) 

 
The aviation industry is under pressure to reduce its CO2 emissions, however like 
the shipping industry, technology to completely decarbonize this sector is still far 
away. Domestic aviation emissions (including airport emissions and emissions from 
ground service equipment) are already covered in the Paris Agreement in national 
pledges, but international flights, which represent 65% of the aviation’s CO2 
emissions, are instead covered by the UN’s International Civil Aviation Organisation 
(ICAO). The ICAO Assembly at its 40th Session in 2019 reiterated two global 
aspiration goals for the international aviation sector: 2% annual efficiency 
improvement through 2050 and carbon neutral growth from 2020 onwards.  

Decarbonizing the Aviation Industry 
So how can the aviation industry reduce its CO2 emissions? There are a number of 
solutions including:  

 aircraft technological improvements; 

 operational improvements (air operations and ground operations); 

 sustainable aviation fuels, hydrogen (medium and short haul), and electric planes 
(short haul); and 

 market-based measures such as offsets.  

It is extremely difficult to decarbonize the aviation industry. To reduce its emissions 
in line with a 1°C or 2°C world, the industry would have to deploy all of the above 
measures.  

Aircraft Technological Improvements and Operational 
Improvements 
Operational and infrastructure improvements can help reduce CO2 emissions. 
Aircraft operation improvements include measures such as a reduction in weight, 
improvements in the aerodynamics of in-service aircraft, and use of systems to 
improve efficiency during the operation of the aircraft. Aircraft manufacturers have 
committed to producing more efficient aircrafts that improve fuel burn and emissions 
performance of the aircraft. 
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Infrastructure improvements include measures such as structural changes in air 
traffic management, energy savings at airports, single engine taxi, and reduced taxi 
times. There are also a number of programs being developed aiming to improve 
infrastructure. In Europe, the Single European Sky Initiative aims to increase the 
efficiency of air traffic management and air navigation services by reducing the 
fragmentation of European airspace. In the U.S., the NextGen program aims to 
replace ground-based technologies with new and more dynamic satellite-based 
technology.81 The science is clear, but taken together, improvements to aircrafts and 
infrastructure will not be enough to meet the goals of the aviation sector. 

Sustainable Aviation Fuels 
Sustainable aviation fuels (SAFs) are characterized as non-fossil derived aviation 
fuel. They can be produced from biological sources such as plant or animal material 
or non-biological sources such vegetable or waste oils, municipal waste, and 
through waste CO2 (e-fuels). Aviation is a costly business — aircraft are high value 
assets that take a long time to build, take a long time to pay off, and on average 
remain in operation for 25+ years. This why sustainable aviation fuels, which are 
considered to be drop-in fuels, are proving to be attractive to the industry as they 
can make use of the existing fuel systems in the aircraft.  

Currently the aviation industry uses jet fuel, which is specifically made for use in an 
aircraft. Fuels for aviation need to have the right energy density, low freezing point 
and low viscosity in cold temperatures, high thermal stability, good lubrication 
properties to ensure the proper functioning of fuel pumps, and sufficient aromatic 
compounds to ensure seals and O-rings function and prevent fuel leakage.82 Due to 
the interest in sustainable aviation fuels, ASTM International (formerly known as 
American Society for Testing and Materials) created a new specification — the 
ASTM D7566 — which outlines the standard required for synthetic hydrocarbons. 
There are currently five approved pathways for alternative jet with a 50% maximum 
blend on most of the authorized sustainable aviation fuels (due to the lack of 
aromatic compounds in these fuels).  

1. Hydroprocessed esters and fatty acids (HEFA) from vegetable oils and 
animal fat — up to 50% blend approved. Feedstocks for this are safe, 
proven, and scalable technology include waste and residual lipids such as 
cooking oil, as well as oil trees such as jatropha grown on degraded land, and 
oilseed bearing herbs such as camelina. Compared to jet fuel, HEFA provides 
GHG emissions savings of approximately 73-84% with additional reduction 
potential if produced using green hydrogen in the hydroprocessing step.  

2. Alcohol to Jet — up to 50% blend approved. Feedstocks to produce this 
include ethanol, isobutanol, or methanol. Fuels produced via the methanol 
route are not yet approved. Sustainable feedstocks for the ethanol production 
route include forestry residues, wood-processing, agriculture residues, and 
purposely grown energy cover crops such as miscanthus.  

                                                           
81 Air Transport Action Group (2020), Waypoint 2050, an Air Transport Action Group 
Project, Balancing growth connectivity with comprehensive global air transport response 
to climate emergency, September 2020. 
82 Gray et al. (2021), Decarbonising ships, planes and trucks: An analysis of suitable 
low-carbon fuels for the maritime, aviation and haulage sectors, Advances in Applied 
Energy, Vol 1, 23 February 2021. 
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Industrial waste gas can also be used. GHG savings are estimated at 85-94% 
compared with jet fuel.83  

3. Fischer-Tropsch synthesis through the catalytic conversion of syngas — 
up to 50% blend approved. To produce this, similar feedstocks are used for 
the alcohol to jet SAF plus municipal waste. The feedstock is gasified to 
produce syngas (which is a mixture of carbon monoxide and hydrogen) then 
fed into a Fischer-Tropsch reactor, where it is combined into a mix of 
hydrocarbons in the presence of a catalyst. CO2 emission reductions are 
estimated at 85-94%. The approval of Fischer-Tropsch synthesis is not 
restricted to certain feedstocks, therefore Fischer-Tropsch fuels produced via 
power-to-liquids are also approved. It is important to note that carbon reduction 
savings from using CO2 to produce these fuels depends on whether the CO2 is 
captured from an industrial site or from direct air capture (DAC). 

4. Synthetic isoparaffins from hydroprocessed fermented carbohydrates — 
only 10% blend approved. 

Others fuels are waiting to be ASTM-approved, such as power-to-liquid jet fuels 
produced by methanol-to-gasoline. There are also current trials of alternate fuels 
blended up to 100% but substantial testing is needed to prove their safety and 
reliability.84 In 2019, less than 200,000 tons of SAF were produced, which is a small 
fraction compared to the 300 million tons of jet fuel used in commercial airlines.85  

When burned, SAF produces largely the same CO2 as jet fuel, however the 
reductions in CO2 come from the production process absorbing CO2, leading to a 
reduction of 70% to 100% on a life-cycle basis.86 This obviously depends on the 
type of SAF used and how the SAF is produced. The advantage of using SAFs is 
that they do not require any changes to airport infrastructure or to the aircraft. 
However, one of the major challenges in scaling up SAFs is obtaining reliable 
quantities of sustainable feedstock to meet future demand. There are many 
feedstocks that can be used but there is still disagreement as to which feedstocks 
are considered to sustainable. Figure 49 shows feedstocks for the different SAF 
pathways and their potential emission reduction. E-fuels can potentially reach 100% 
reduction in emissions, if the CO2 used to produce them is captured from DAC and 
renewable energy is used for production. 

                                                           
83 World Economic Forum in collaboration with McKinsey and Company (2020), Clean 
Skies for Tomorrow, Sustainable Aviation Fuels as a Pathway to Net-Zero Aviation, 
Insight Report, November 2020. 
84 Gray et al. (2021), Decarbonising ships, planes and trucks: An analysis of suitable 
low-carbon fuels for the maritime, aviation and haulage sectors, Advances in Applied 
Energy, Vol 1, 23 February 2021. 
85 World Economic Forum in collaboration with McKinsey and Company (2020), Clean 
Skies for Tomorrow, Sustainable Aviation Fuels as a Pathway to Net-Zero Aviation, 
Insight Report, November 2020. 
86 Ibid. 
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Figure 49. Sustainable Feedstocks and Their Emission Savings 

 
Source: van der Sman et al. (2021)  

 
To calculate GHG emission reduction it is important to understand the lifecycle 
analysis of the feedstock in question — this involves understanding the impacts on 
indirect land-use change (ILUC) such as changes in soil carbon stock and 
emissions equivalent to foregone carbon sequestration. Figure 50 shows the ILUC 
emission values for a number of feedstocks used for different SAF pathways. 
Negative values suggest that high soil carbon sequestration and biomass carbon 
from producing these feedstock crops will be larger than the overall association 
emissions from land-use change.  
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Figure 50. Default ILUC Emission Values for SAF Pathways (gCO2e/MJ) 

Region Feedstock Conversion Process Default ILUC Value 
U.S. Corn Alcohol (isobutanol)-to-Jet (ATJ) 22.1 
U.S. Corn Alcohol (ethanol)-to-Jet (ATJ) 25.1 
Brazil Sugarcane  Alcohol (isobutanol)-to-Jet (ATJ) 7.3 
Brazil Sugarcane  Alcohol (ethanol)-to-Jet (ATJ) 8.7 
Brazil Sugarcane  Synthesized Iso-Paraffins 11.3 
EU Sugar beet Synthesized Iso-Paraffins 20.2 
U.S. Soy Oil HEFA 24.5 
Brazil Soy Oil HEFA 27 
EU Rapeseed Oil HEFA 24.1 
Malaysia and Indonesia Palm Oil  HEFA 39.1 
U.S. Miscanthus Fischer-Tropsch  -32.9 
U.S. Miscanthus Miscantus Alcohol (isobutanol)-to-Jet  -54.1 
U.S. Switchgrass Fischer-Tropsch  -3.8 
U.S. Switchgrass Alcohol (isobutanol)-to-Jet (ATJ) -14.5 
U.S. Poplar Fischer-Tropsch  -5.2 
EU Miscanthus Fischer-Tropsch  -22 
EU Miscanthus Alcohol (isobutanol)-to-Jet (ATJ) -31 

 

Source: van der Sman et al. (2021) 

 
Costs of SAF 
Sustainable aviation fuel is estimated to cost between 1 and 8 times that of fossil 
kerosene. The cost is influenced by a number of factors such as feedstock, 
installation of equipment, and production. Currently HEFA produced from used 
cooking oil seems to be the cheapest option (Figure 52) but it is still approximately 
2.3-2.8 times the cost of jet fuel. According to van der Sman et al. (2021), the price 
for HEFA is not expected to decrease over time, as the cost primarily depends on 
available feedstocks, which are not expected to decrease due to increased 
competition with other sectors. Fischer-Tropsch pathways are estimated to cost on 
average between $1.60 and $3 per liter depending on the process used. The 
demand for Fischer-Tropsch power-to-liquids are expected to increase over the long 
term. The cost for power-to-liquids from CO2 point sources could be as low as $1.10 
per liter ($1,380/tonne) but again this will depend on the cost of renewable 
electricity which has a huge impact on the price.  

To be considered carbon neutral, the CO2 used in the production of power-to-liquids 
needs to come from CO2-neutral sources such as DAC. Using DAC technology to 
capture the CO2 would increase the cost compared to CO2 captured from industrial 
applications. CO2 abatement costs differ according to the type of SAF (Figure 51 
and Figure 52). The figures are in presented in U.S. dollars and reflect the lower 
bound cost trajectories and are based on European prices, therefore it might be 
cheaper in other regions. The darker blue lines show the cost of jet fuel and the light 
blue line shows the additional premium needed for various SAFs. Costs for some 
SAFs are forecast to reduce over time — for example SAF from power-to-liquid 
could decrease by 67% in 2050 compared to today’s prices.87 CO2 abatement costs 
differ according to the type of SAF as shown in Figure 52. 

                                                           
87 World Economic Forum in collaboration with McKinsey and Company (2020), Clean 
Skies for Tomorrow, Sustainable Aviation Fuels as a Pathway to Net-Zero Aviation, 
Insight Report, November 2020. 



 Citi GPS: Global Perspectives & Solutions May 2021   

 

© 2021 Citigroup 

70 

Figure 51. Cost Premiums for SAF’s   Figure 52. Pathways, Feedstocks, and CO2 Abatement Costs 

 

 

 
Note: Costs refer to the minimum viable selling price which may differ from the final 
sales price which suppliers may ask for. The costs are based on providing SAF in the 
EU, and they will potentially be different in other regions. The CO2 abatement costs for 
HEFA depend on the assumed life-cycle CO2 reductions (60. 75 &10) and assume a 
price of EUR1,176/tonne compared to 2018 jet fuel prices.  
Source: Pavlenko et al. (21019), EASA EEA & Eurocontrol (2019), van der Sman et al. 
(2021) 

 Source: Pavlenko et al. (21019), EASA EEA & Eurocontrol (2019), van der Sman et al. 
(2021) 

 
Barriers to Adoption of SAF 
In addition to costs, the availability of supply could also be an issue. According to 
the World Economic Forum (WEF), advanced and waste feedstock could in theory 
alone supply almost 500 million tonnes (Mt) of SAF per year — the equivalent of 
120% of projected 2030 jet fuel demand estimated at 410 Mt.88 This does not 
include SAF produced from power-to-liquids which could be unlimited in its supply. It 
also does not consider the potential demand for waste feedstock from other sectors.  

HEFA fuels are today produced by a number of companies and based on their 
declarations, production capacity could increase from 200,000 tonnes of SAF to 
approximately 16 Mt of SAF in 2025, which falls short of what is needed for the 
industry. However, there are a number of barriers that need to be overcome to 
reach such targets: (1) scaling up of feedstocks; (2) scaling up the production of 
SAF; (3) putting in place adequate distribution networks; and (4) reducing the costs 
of SAF. These are all connected — for example scaling up production of SAF would 
undoubtedly reduce the production costs of SAF. The barriers to producing SAF 
from e-fuels include the availability of low-carbon hydrogen and captured CO2 at 
reasonable prices. All these options require significant investment.  

To help with investment, we are seeing collaborations within the industry as 
corporates look to develop and test SAFs. In addition, Governments are currently 
setting out policies for the aviation industry, which could move the dial and increase 
adoption of SAF. Norway has mandated that 0.5% of aviation fuel in the country be 
sustainable this year, increasing to 30% by 2030. It also wants all short-haul flights 
to be electric by 2040. Europe is expected to introduce an EU-SAF mandate in 2021 
and domestic aviation in Europe also forms part of the ETS system. The U.S. state 
of California has also set a target of reducing jet fuel by 10% in 2030 compared with 
2010.  

                                                           
88 Ibid. 
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Other Technologies: Hydrogen 
The use of hydrogen as a direct energy source in aircraft is currently being 
researched either through the use of fuel cells to generate electricity for propulsion 
for smaller aircrafts or through directly burning it in aircraft engines either in liquid or 
gaseous form. Hydrogen emits no CO2 emissions, NOx, or SOx when burned. 
However, it is unlikely with current technology that hydrogen would be the best 
option for long-haul flights as there is an issue with the mass and volume required 
to store the fuel, which could negatively impact the payload carrying capacity of the 
aircraft. According to the Air Transport Action Group (ATAG), reduced weight of the 
fuel, coupled with new technology or materials for tanks could change this 
assessment. 

Hydrogen-powered commercial aircraft may not be available for another decade but 
several companies are working to make this happen. An initial set of hydrogen-
powered concept aircraft called ZEROe has been showcased in 2020 and final 
decisions on technological choices and aircraft configuration are expected by 2025 
with a plan to have a hydrogen aircraft ready in 2035. All the three ZEROe concepts 
are hybrid-hydrogen aircraft; they are powered by hydrogen that is combusted 
through modified gas engine turbines. Liquid hydrogen is used as a fuel for 
combustion with oxygen. In addition, hydrogen fuel cells create the electric power 
that complements the gas turbine. Corporates are also working with their airport 
partners on investigating the infrastructure requirements for hydrogen deployment.89 

Other Technologies: Electric Aircraft  
There are 230 electric aircraft concepts in development today with around 30 of 
them involving commercial operation. ATAG estimates electric propulsion could start 
entering the market for small aircraft (2-6 people) in 2020-25, followed by commuter 
aircraft for around 10 passengers then larger 19 seat-size aircraft.90 ATAG notes the 
significant opportunity for electrification for aircraft servicing short-haul routes (up to 
90 minutes) and expects fully electric or hybrid planes to reasonably enter that 
market by 2035-40.  

However, there are a number of barriers to electric aircraft including the energy 
density of batteries and the fact that batteries do not get lighter as the energy is 
used, meaning take-off weight would be the same as landing weight.91 Electrifying 
longer routes is very difficult. Gray et al. (2021) estimate that electrifying a typical 
twin-engine narrow body aircraft, such as a Boeing 737 with a range of 600 miles, 
would require 800 Wh/kg of specific energy from a battery pack, which is four to five 
times the specific energy of current battery technology.  

Market-based Instruments: Offsets 
In 2016 the International Civil Aviation Organization (ICAO) introduced the Carbon 
Offsetting and Reduction Scheme for International Aviation (CORSIA) with the aim 
to address any annual increase in total CO2 emissions from the international civil 
aviation above 2020 levels and contribute to the industry’s commitment to carbon 
neutral growth from 2020. It was the first time a single industrial sector agreed to a 
global market-based mechanism to tackle climate change.   

                                                           
89 Airbus, Hydrogen, an energy carrier to fuel the climate-neutral aviation for tomorrow 
90 Air Transport Action Group (2020), Waypoint 2050, an Air Transport Action Group 
Project, Balancing growth connectivity with comprehensive global air transport response 
to climate emergency, September 2020. 
91 Ibid. 
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The scheme started operating in January 2021, with the voluntary phase expected 
to last until 2023. Seventy-eight countries representing three-quarters of 
international flights have volunteered to take part in the initial phase. The first formal 
phase of CORSIA is expected to run from 2027 to the end of 2035 and will be 
mandatory for all ICAO members, except those with less than 0.5% of international 
aviation and some of the world’s poorest nations.  

Airlines traveling to and from CORSIA countries would be required to offset their 
CO2 emissions from 2020 levels. Under the rules agreed by ICAO, the baseline 
level for CORSIA is calculated by taking the average emissions for 2019 (previously 
2019 and 2020, then subsequently changed given the marked reduction in air travel 
due to COVID-19 in 2020). 92 Airlines are expected to buy offsets to cover any 
growth above this level. Pre-COVID-19, the International Air Transport Association 
(IATA), forecast CORSIA would offset around 2.5 billion tonnes of CO2 (~1.6 to 3.7 
GtCO2e93) between 2021 and 2035 — an average of 165 Mt of CO2 per year and 
equivalent to the annual CO2 emissions from the Netherlands. The scheme was 
estimated by the IATA to generate over $40 billion in climate finance between 2021 
and 2035. 

Figure 53. Timeline for CORSIA 

 
Source: Citi Global Insights 

 
The IATA Technical Advisory Body, which is the responsible for developing and 
finalizing CORSIA offset criteria, agreed that offset projects that began before 2016 
would be excluded from the program. Developing countries, in particular Brazil, 
China, and India, were hoping that airlines would be able to include old carbon 
credits awarded under earlier climate initiatives.94 This is an interesting 
development because without this ruling, all the demand from CORSIA could have 
been met from emission reductions that occurred from projects started more than 8 
years ago.95 According to Carbon Watch, existing projects under the Clean 
Development Mechanism (CDM) could supply 4.6 billion carbon credits until 2020 
but most of these projects started years before CORSIA actually began. They 
estimate that 3.8 billion of these credits are classified as ‘junk credits’ which could 
be sold for as low as one Euro per credit.  

  
                                                           
92 https://www.icao.int/environmental-protection/CORSIA/Pages/CORSIA-and-Covid-
19.aspx 
93 Warnecke et al. (2019), Robust eligibility criteria essential for new global scheme to 
offset aviation emissions, Nature Climate Change, February 25, 2019. 
94 Lampert Allison, UN aviation agency agrees to restrict carbon credits denounced by 
climate activists, Reuters, March 13, 2020. 
95 Dufrasne G (2019), Existing UN Carbon credits will do nothing to offset aviation 
industry pollution, new Nature finds, Carbon Market Watch, February 26, 2019. 
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This would have meant projects issuing junk credits would set prices lower than 
those needed for higher-value projects, and hence the airlines looking to buy the 
cheapest credits on the market would buy the junk ones first.  

There has been a mixed reaction for this ruling, with many praising it, while others 
believing it could have gone even further if CORSIA only accepted new projects 
started from 2020 rather than 2016. CORSIA in its ruling stated it will not only be 
using CDM to buy offsets, it will also use other schemes such as the American 
Carbon Registry, the China GHG Voluntary Emission Reduction Program, the 
Climate Action Reserve, the Gold Standard, and the Verified Carbon Standard 
(Verra). Most of these schemes are currently being used mostly in the voluntary 
market.   

Conclusion 
It is likely the aviation industry will deploy every possible solution to help reduce 
CO2 emissions over time. In fact, the European airline industry launched a report 
called Destination 2050: A Route to Net Zero European Aviation, which maps out a 
route for the sector to become net zero by 2050. The report includes all the 
suggestions mentioned in this report, including both demand and supply options, 
new alternative fuels such as SAF, hydrogen, and electric planes.  

Figure 55 below maps out the potential time-scale and adoption of different 
solutions to help reduce aviation sector emissions. As shown below, sustainable 
aviation will undoubtedly play an important part in decarbonizing the aviation 
industry. However as of now, SAF technology does not fully decarbonize the sector 
especially if requires being blended with jet fuel. Given it will take some time before 
SAF and other solutions are scaled up, other options such as carbon offsets under 
CORSIA will need to be used. 

Figure 54. Potential Time Scale and Adoption of Different Fuel Options in Aviation 

 
Source: Citi Global Insights 
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Figure 55 below summarizes the GHG reductions, cost premiums, and carbon 
abatement costs per tonne of CO2 of supply-side solutions. 

Figure 55. Summary of Aviation Supply-Side Solutions 

 
Source: Citi Global Insights 
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Industry 
The industrial sector is currently responsible for ~20% of global energy-related CO2 
emissions, and while the majority of direct emissions (produced on-site) come from 
energy production of fossil-fuels, CO2 emissions can also result from leaks and 
chemical transformations. The industrial sector encompasses a wide range of 
processes and product manufacturing, including some of the most energy- and 
emission-intensive sub-sectors such as iron and steel, and cement, as shown in 
Figure 56 and Figure 57 below. 

Figure 56. Industry’s Direct Emissions (including Process Emissions) u Figure 57. Total CO2 Emissions by Sector 

 

 

 
Source: IEA (2020), Tracking Industry   Source: IEA (2020), Tracking Industry 

 
The industrial sector accounted for 37% of total global final energy use in 2018 
(including energy use for blast furnaces and coke ovens and feedstocks). The 
industry’s energy mix remained relatively unchanged overall from 2010 to 2018, 
with coal still playing an important role, as shown in Figure 58. Energy consumption 
increased an average of 0.9% during this time period, mainly due to the ongoing 
long-term trend of rising production in energy-intensive industries such as iron and 
steel, and cement. In fact, the demand for materials, which is closely linked to 
population growth and economic development, is a major determinant of industry’s 
total energy consumption and related CO2 emissions. 

Figure 58. Industrial Sector Energy Mix 

 
Source: IEA (2020), Tracking Industry  
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According to the Intergovernmental Panel on Climate Change (IPCC), limiting global 
warming to 1.5°C, would require the industrial sector to reduce its direct and indirect 
emissions by 75% to 90% by 2050. Some industries, which use electricity as their 
main energy source, can easily decarbonize by investing in low-carbon electricity 
sources such as renewables. Other industries have harder-to-abate emissions 
mainly because they use fossil fuels as both an energy source and a feedstock, 
require high temperature industrial heat, or their emissions result from chemical 
reactions occurring in industrial processes rather than from the combustion of fossil 
fuels (process emissions). Twenty-five percent of industrial emissions are estimated 
to be process emissions.  

There are a number of potential solutions to reducing CO2 emissions from these 
hard-to-abate sectors including: (1) material and energy efficiency improvements; 
(2) fuel and feedstock switching such as the use of hydrogen; (3) process 
innovation; and (4) carbon capture, utilization & storage (CCUS). We believe the 
industrial sector will invest in multiple strategies to reduce their emissions and these 
strategies will vary depending on the region in which they operate. CCUS is 
important because it can address process emissions as well as emissions related to 
the combustion of fossil fuels, and it can be deployed in already existing facilities. 
Some sub-sectors such as the cement industry will not be able to achieve close to 
net-zero emissions without CCUS as described in more detail below. 
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Deep Dive: The Cement Industry 
The cement industry is the third largest industrial energy consumer and the second 
largest industrial CO2 emitter globally. Cement is primarily used to bind together the 
ingredients to make concrete — it is a glue acting as a hydraulic binder, meaning it 
hardens when water is added to it.  

Cement itself is a fine powder made by first crushing and then heating limestone or 
chalk with a few other natural materials, including clay or shale. The ground base 
materials are heated in a rotating kiln to a temperature of up to 1,450°C, which for 
comparison purposes is the same temperature as volcanic lava. The heating 
process and the resulting chemical reactions lead to the formation of a material 
referred to as clinker. The clinker is then ground with gypsum and other materials to 
produce cement. The final product is then either bagged up to be used in the 
construction sector, or taken to a concrete plant that will mix the cement with 
aggregates to make concrete. Half of the cement produced is currently used to 
make concrete with the rest mostly used to make blocks, mortar, and plaster.96 

Each year more than 4 billion tonnes of cement is produced. Demand is expected to 
increase 12-23% by 2050 compared to 2014, driven by population growth and 
infrastructure development.97 The cement industry is responsible for producing 2.2 
Gt of CO2 today or 7% of global emissions — the equivalent of India’s current CO2 
emissions. Over 50% of cement is produced in China; however, the World Cement 
Association forecasts China’s share of the total market will decline to 18%, while 
India’s will increase to 16%. Fuel sources used to produce cement include coal, 
petroleum coke, gas, and various forms of biomass or waste. Coal is used for 66% 
of current production, but that number varies across regions — from 86% in China 
to less than 25% in the EU.98 

Figure 59. Cement Producing Countries, 2018 

 
Source: World Cement Organization 

 

                                                           
96 Habert et al. (2020), Environmental Impacts and decarbonization strategies in the 
cement and concrete industries, Nature Reviews, Earth and Environment, volume 1, 
November 2020. 
97 IEA.  
98 Energy Transitions Commission, Mission Possible, Reaching Net Zero Carbon 
Emissions from harder-to-abate sectors by mid-century, Sectoral Focus Cement. 
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Figure 60. Global Cement Production (Mt per year, IEA Reference Technology Scenario) 

 
Note: Global and China bar graphs are not on the same scale as other regions/countries. 
Source: Energy Transitions Commission, Mission Possible, Sectoral focus, Cement 

 
Decarbonizing the Cement Industry 
Large amounts of energy are needed to produce cement. It takes about 200kg of 
coal to produce one tonne of cement and about 300-350kg of cement to produce 
one cubic meter of concrete.99 Forty percent of CO2 emissions from the cement 
sector are produced from the burning of fossil fuels (coal, coke or natural gas) to 
heat the kiln. However approximately 50% of the emissions in the cement sector are 
linked to the process of producing the clinker (see Figure 61 below). As a by-
product of a chemical reaction, such emissions cannot be reduced simply by 
changing fuel sources or increasing the efficiency of the cement plants. 

                                                           
99 World Business Council for Sustainable Development, Cement Sustainable Initiative. 
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Figure 61. Stages of Cement Production, Emissions, and Supply-side Solutions to Decarbonize 

 
Source: Citi Global Insights, adapted from Chatham House 

 
There are a number of solutions the cement industry can use to reduce its 
emissions; however, it is important to note that process emissions can only be 
lowered by reducing the demand for cement or by investing in carbon capture, 
utilization & storage (CCUS).  

Demand-side Solutions 
Designing buildings more efficiently, making buildings last longer, reusing and 
recycling concrete for products such as aggregates, and replacing concrete with 
other materials such as timber can all help reduce the demand for concrete and 
hence cement. In Europe, 10-20% of building materials are estimated to be wasted 
in the construction process. There is a widespread tendency to over-specify design 
and the materials needed, in excess of structural requirements. Reusing entire 
structural elements of older buildings in new ones and recycling concrete for reuse 
as aggregates, for example for road-side construction, can also reduce the demand 
for cement. However, these solutions could be less applicable to developing 
countries, which may require new infrastructure and buildings, and may lack a large 
existing stock of buildings from which concrete and hence cement could be reused.  

Another way to reduce the demand for cement is to replace part of the cement 
needed for building materials with carbon dioxide. This is done by replacing water in 
concrete with CO2 in the production of building materials through a process called 
‘CO2 curing’. CO2 is injected into the wet concrete mix and reacts with calcium irons 
from the cement to form calcium carbonate, which becomes embedded into the 
concrete. CO2 increases the strength of the concrete allowing concrete producers to 
optimize their mix design. This could reduce the amount of cement required to 
produce concrete, therefore reducing demand for cement and hence CO2 emissions 
from the industry. Carbon Cure, a company which has commercialized CO2 curing, 
states that a 7% reduction in cement content from the concrete mix is enough to 
affect the strength requirements of the concrete; however, by using CO2 curing, the 
strength of concrete was not affected.  
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Converting CO2 into a solid mineral in concrete offers a permanent storage area for 
CO2. Carbon Cure claims their carbon utilization method reduces the carbon 
footprint of concrete by 17 kg CO2 per cubic meter, meaning a typical commercial 
medium-rise building made with carbon-cured concrete will reduce the equivalent of 
680 tonnes of embodied carbon. According to analysis done by Hepburn et al. 
(2019), using CO2 in building materials costs $56 per tonne of cement, while the 
average selling price of cement is $72 per tonne of cement.100 An estimated of 60 
million tonnes of CO2 could be stored in via carbon-cured concrete.101  

Timber could also, in principle, play a major role in the building sector. Timber has 
zero process emissions associated with its production and the energy input in the 
manufacturing of timber is less than 30% of that of cement.102 The major constraints 
are acquiring timber and ensuring the timber used is provided in a sustainable way 
and does not lead to deforestation.   

Demand-side solutions can never eliminate CO2 emissions from the cement 
industry but they can help the industry transition to net zero emissions. A study by 
Material Economics estimates emissions from cement production in a circular 
economy scenario could be reduced by 34% if demand-side reductions are 
encouraged.103 Other solutions that can be utilized to reduce CO2 emissions in the 
cement industry include improving the energy efficiency of kilns and retrofitting 
existing and less efficient plants to best practices.  

Supply-side Solutions 
From the supply side, the industry could reduce the use of fossil fuels used for 
heating by replacing fossil fuels with bioenergy and/or hydrogen or through 
electrification of the kilns. Technically, a clinker kiln could be fed with 100% 
alternative fuels, although there could be some efficiency losses related to heat 
transfer and increased energy demand, for example, from the drying of biomass.104 
The industry can use a wide range of biomass and waste inputs including old tires, 
municipal waste, effluent sludge from waste water treatment plants, sawdust and 
forestry residues, and lignocellulosic sources. Obviously, CO2 emissions from 
biomass and waste sources used for thermal heat generation would depend on the 
type of biomass used. For certain types of biomass, such as sustainable forestry 
residues, combining this with CCUS could also lead to net negative emissions, as 
CO2 is absorbed during the growth of the biomass.  

  

                                                           
100 Hepburn et al. (2019), The technological and economic prospects for CO2 utilization 
and removal, Nature, 575, pp 87-97. 
101 Thomas Czigler et al. (2020), Laying the foundation for zero carbon cement, 
McKinsey & Co 
102 Energy Transitions Commission (2019), Mission Possible, Reaching net-zero carbon 
emissions from harder-to-abate sectors by mid-century, Sectoral Focus Cement. 
103 Ibid. 
104 New Climate Institute (2020), Decarbonization pathways for the EU cement sector, 
Technology routes and potential ways forward, November 2020. 
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Using gas instead of coal for thermal heating would also reduce CO2 emissions, but 
would not fully decarbonize the thermal heat process. The industry could also use 
electric kilns, but even if this is theoretically possible, industrial-scale cement kilns 
are not commercially available. There are a number of additional barriers with many 
of these solutions: (1) having enough biomass or waste supply available given 
competition from other industries; (2) needing to significant re-design furnaces if 
hydrogen is used; and (3) ensuring electricity used in electric kilns is provided from 
zero carbon sources.  

In the absence of novel cements (see box below), the only solution to reduce CO2 
emissions from both direct thermal emissions and from process emissions is 
through the deployment of CCUS technologies. CCUS could be used as a single 
route for all emissions produced by the cement industry or in combination with 
alternative fuels and technologies as described above. Cement clinker emissions 
could also be mitigated by reducing the share of clinker in cement. However, there 
is a limit to how low the clinker percentage can fall before it affects the structural 
properties of cement. It is estimated that the clinker percentage can be reduced to 
as little as 70%; however, this would not allow the cement industry to fully 
decarbonize its emissions.  

The decarbonization solutions used by the sector could ultimately depend on the 
location of the plant, and the local availability of alternative solutions and CCS 
storage facilities or utilization possibilities.  

Innovations in the Cement Industry  

Novel cements (also known as low-carbon cements) are substances made from alternatives to traditional Portland 
clinker (clinker made up of limestone and clay materials that make the most common type of cement, known as 
Portland cement). Examples of these include belite-ye’elimite-ferrite clinker, calcium aluminate clinker, and 
geoploymers.105 These clinker varieties are chemically different to conventional Portland clinker and can result in 
20-30% CO2 savings through the reduction of limestone and reduced energy requirements during production. 
Geopolymers, for example, use by-products from the power, steel, and concrete industries (such as fly ash, bottom 
ash, and blast furnace slag) to make alkali-activated cements. According to Chatham House, alkali-activated 
cements can have carbon footprints that are up to 80-90% smaller than those of Portland cement. 106 This type of 
cement has been commercialized in small-scale facilities, but it has not yet been use in large-scale operations.  

CO2-curing is another process receiving media attention. Traditional concrete is made by combining cement, water, 
inert aggregate such as sand, gravel or crushed stone, and chemical additives. CO2-curing allows part of the 
cement needed to produce concrete to be replaced by CO2, without affecting the strength of the concrete. This 
ultimately reduces the demand for cement, thereby reducing CO2 emissions in the process. This CO2 used in 
producing the concrete is then stored permanently in buildings where the concrete is used.  

Another innovation tested in the U.K. by the University of Bath, Cambridge, Bradford and Cardiff University is self-
healing concrete. The RM4L program, as it is called, aims to produce construction materials capable of self-
diagnosing the onset of deterioration and self-heal when damaged.107 If commercialized, self-healing concrete will 
not only reduce the millions spent on infrastructure maintenance, but will extend the life of concrete structures. The 
longer the structures last, the less concrete is needed for replacement and therefore less CO2 emissions associated 
with the production of both cement and concrete.  

                                                           
105 Cemburea, Cementing the European Green Deal, reaching climate neutrality along 
the cement and concrete value chain by 2050. 
106 Johanna Lehne and Felix Preston (2018), Making Concrete Change, Innovation in 
Low-carbon Cement and Concrete, Chatham House. 
107 University of Cambridge, Department of Engineering, Making a global impact: self-
healing concrete.  
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It will take a while to commercialize many of these new products, and to scale up production to meet the global 
construction demand for cement and concrete. However, given the extraordinary need for emissions reduction in 
the cement sector, investment should be scaled up in some of these promising new materials. We are already 
seeing this happen — for example, LafargeHolcim has partnered with Solidia Technologies to produce-low carbon 
cement and concrete. The company is also working with 40 leading university departments around the world 
focusing on material science, civil engineering, and sustainable construction.108 

Comparison of Costings for the Cement Industry 
The cost of decarbonizing the cement industry will depend on future technological 
developments and the solutions adopted which will vary by region. Demand-side 
reductions are estimated at approximately $48 per tonne CO2 and include solutions 
such as recycling, reducing waste, sharing (for example reducing floor space), and 
reusing building components. Demand-side solutions are expensive, but they would 
decrease the cost of alternative fuels or technologies needed to reduce CO2 
emissions.  

From the supply side, the cost of hydrogen used for thermal heat generation would 
be a function of the cost of producing green and blue hydrogen together with the 
cost distributing of that hydrogen for end use. Figure 62 and Figure 63 compare the 
cost of green hydrogen and the cost of current existing fossil fuels used to produce 
the clinker for both a wet process (considered to be inefficient) and a dry process 
which is considered state of the art. The cost of green hydrogen is forecast to reach 
$2 per kg in 2030 and $1 per kg in 2050 (it could be lower in certain regions as 
described in the section on hydrogen). Substituting coal, petroleum coke, and other 
cheap fuels would require a hydrogen price of between $0.15 to $0.55 per kg which 
is unrealistic in many regions (although $0.55 per kg of hydrogen could be reached 
in Brazil — see the section on hydrogen), while substituting natural gas would 
require a hydrogen price of just over $1 per kg, which should be reached in 2050.  

It is important to note this analysis assumes no carbon price is placed on fossil fuel 
use. In our Sustainable Tipping Point Series, we estimate a carbon price of $60 per 
tonne of CO2 in 2050 would be needed for hydrogen to compete with the cheapest 
fuels. However, as pointed out earlier, the use of green hydrogen will only be able to 
decarbonize part of the cement process. 

Figure 62. Cost of Fuel to Produce a Tonne of Clinker (Wet Process)  Figure 63. Cost of Fuel to Product a Tonne of Clinker (Dry Process) 

 

 

 
Source: BNEF  Source: BNEF 

 
  

                                                           
108 www.lafargeholcim.com. 
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Location permitting, we believe CCUS offers the best solution to decarbonize both 
thermal and process emissions in the cement industry. The cost for CCUS differs 
according to the CO2 separation technology used, as shown in Figure 64. These 
cost forecasts are based on a number of academic studies and show the cost of the 
Nth-of-a-kind project (NOAK). NOAK values are based on the potential achievable 
costs and not currently on commissioned projects — therefore the costs are 
cheaper because they assume that equipment, instrumentation, and materials 
needed for CO2 capture costs have been optimized. They do not include 
transportation and storage costs, or the additional revenue that can be obtained 
from the utilization of CO2 in various products such as for cement curing in 
concrete.  

It is important to note that calcium (CaO) looping technologies are still in the 
demonstration phase, and in order for high concentrations of CO2 to work, the 
industry might need to invest in innovative kiln design that separates exhaust gases 
from fuel combustion (low in CO2) from the exhaust gases of calcination (almost 
pure CO2).  

 Figure 64. CCUS Cost Based on CO2 Separation Technology  

 
Source: BNEF, Citi Global Insights 

 
So what does this mean for the cost of cement itself and its products? If we assume 
an average cost of CCUS of $100 per tonne of CO2 this would more than double the 
average price of cement, which will increase the cost of concrete by 30%. A 30% 
increase in the price of concrete will have a material impact on the construction 
sector (assuming the cement industry produces 1 tonne of CO2 per tonne of 
cement).  

Conclusion  
It is extremely difficult to calculate the total cost of investment needed to 
decarbonize the cement industry as it depends on which solutions are used and 
these will differ in many regions. For example, although we argue that CCUS is the 
only solution available to reduce all CO2 emissions (thermal and process 
emissions), the deployment of this technology is dependent on the location of the 
cement plant and the availability of either geological sites nearby to store the 
captured CO2 or a market to sell off its captured CO2 for use elsewhere. If these 
don’t exist, other solutions would need to be deployed including the use of biomass 
and hydrogen or the electrification of kilns, which also depend on the availability of 
items like renewables and feedstock supply. Realistically, the industry will most 
probably combine many of these solutions.  
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The European Cement Association (CEMBUREAU) has put together a road map to 
achieve carbon neutrality by 2050. The solutions they propose include the 
deployment of CCUS, CO2 capture in building materials, clinker substitutions, 
thermal efficiency improvements, and the use of alternative fuels including hydrogen 
and electrification. The industry could also make use of offsets especially when it is 
extremely difficult to deploy alternative solutions. 

Figure 65. Summary of Cement Industry Supply-side Solutions 

 
Source: Citi Global Insights 
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Deep Dive: The Steel Industry 
Steel is one of the most important materials and is used in many aspects of our 
lives, from erecting buildings, to making tools, ships, cars, trains, electrical 
appliances (washing machines and refrigerators), machines, and weapons. It is also 
one of the most energy-intensive industries and is responsible for 5-7% of global 
energy-related CO2 emissions and 25% of the industrial sector’s direct CO2 
emissions.  

Steel is produced via two main routes: (1) blast furnace-basic oxygen furnaces (BF-
BOFs) that predominately use iron ore, coal, and recycled steel as raw materials 
(71% of steel production); and (2) electric arc furnaces (EAFs) that use recycled 
steel and electricity as raw materials (29% of steel production). Other sources of 
metallic iron such as direct-reduced iron (DRI) or hot metal can also be used in the 
EAF route.109  

EAFs produce lower CO2 emissions than BF-BOFs. ArcelorMittal estimates that 
EAFs generate 0.4 to 0.7 tonnes of CO2 for each tonne of steel produced 
depending on the electricity used, while BF-BOFs produce approximately 2.3 
tonnes of CO2 per tonne of steel produced. However, if EAFs use DRI Feed, CO2 
emissions increase compared to scrap feed, bringing EAF production to 65% of the 
typical emissions intensity of a BF-BOF plant estimated at approximately 1.5 to 1.8 
tonnes of CO2 per tonne of steel produced.110  Using recycled steel (also known as 
scrap-based production) tends to be cheaper than primary production. However, 
there is currently not enough recycled steel to go around and therefore not enough 
to meet the ever growing demand of steel makers for investing in the EAF route. 
Importantly, the quality of steel produced by the EAF route is influenced by the 
quality of the scrap steel but steel made using the DRI route can reach the same 
qualities obtained using the BF-BOF system. 

Figure 66. BF-BOF Steel Production 

 
Source: Citi Global Insights(adapted from Energy Transitions Commission)-  

 

                                                           
109 World Steel Association. 
110 Citi Research, Decarbonizing Without Boundaries. 
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Figure 67. EAF Steel Production Using Scrap or DRI 

 
Source: Citi Global Insights(adapted from Energy Transitions Commission) 

 
Unsurprisingly, coal is the primary energy source used by the steel industry and, as 
shown in Figure 68, its use has increased over the years even as the energy 
intensity of steel production has decreased in the same time period. On a global 
scale, the steel and iron industry accounted for approximately 15% of coal demand 
in 2018 as shown in Figure 69. 

Figure 68. Energy Sources and Energy Intensity of the Steel Industry  Figure 69. Primary Coal Demand by Activity 

 

 

 
Source: IEA  Source: IEA 

 
In 2019, approximately 1.87 billion tonnes of crude steel were produced. Figure 70 
shows crude steel production has steadily increased since the 1950s and global 
steel demand is expected to increase to over 2.1 billion tonnes by 2050 under 
current consumption patterns, driven by growth and development in the developing 
world.  

Over 53% of steel is produced in China, with the EU28, India, and Japan 
responsible for approximately 9%, 6%, and 5% shares, respectively. Excluding 
China, EAF production is now around 48% of steel production, the majority of which 
is used for long production such in construction. In China, blast furnaces accounted 
for approximately 88% of steel production in 2018.  
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Figure 70. Current Crude Steel Production  Figure 71. Countries Where Steel is Produced 

 

 

 
Source: World Steel Association  Source: World Steel Association 

 
Figure 72. Global Steel Production 

 
Note: Global, regional, and country bar graphs are on different scales. 
Source: Energy Transition Commission, Mission Possible, Sectoral Focus, Steel 
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Decarbonizing the Steel Industry  
There are a number of ways the steel industry could reduce its CO2 emissions as 
described below: 

Demand-side Solutions  

Solutions for reducing the demand for steel include: 

 Lightweight design, greater direct reuse of building components, and 
greater efficiency in building construction. A team of experts at the 
Engineering Department at Cambridge estimated we could use 30% less metal 
than we do at present, with no change to the level of material service provided, 
simply by optimizing product designs and controlling the loads buildings 
experience during use.111 Another solution is to reuse building components. For 
example, about 16 tonnes of structural steel were recovered from the 
deconstruction of the nearby Royal Ontario Museum and used in one wing of the 
student center.  

 Energy efficiency improvements through (1) coke dry quenching — a heat 
recovery system in which heat from the coke oven is reused for power generation 
and is capable of delivering energy consumption reduction of up to 40% and (2) 
reusing production gases such as coke gas, blast furnace gas, and furnace gas 
to create hot water, steam, and electricity, potentially achieving 37% higher 
energy efficiency.112 There is a limit to the scale of achievable energy efficiency 
improvements on a global scale — estimated at 15-20% of present energy 
consumption — because a retrofit is not always feasible and there is a high 
upfront capital costs.  

 Increasing the use of recycled steel could enable more steel makers to invest 
in the production of steel using the cleaner EAF route; however, it is important to 
note there are limits to the availability of recycled steel. 

Demand-side solutions would definitely reduce CO2 emissions — Material 
Economics estimates total emissions from steel production could decrease by 21% 
if recycling opportunities were maximized and steel demand reduced across 
multiple sectors. However, demand-side solutions alone are not sufficient enough to 
decarbonize the steel industry.  

Supply-side Solutions 

From the supply side, there are a number of options that can help reduce steel 
industry CO2 emissions, including the use of green or blue hydrogen, bioenergy, 
electrification, and carbon capture, utilization & storage (CCUS). The solutions differ 
according to whether steel is made using the BF-BOF route or the EAF route. It is 
more difficult to decarbonize the BF-BOF route as described in more detail below. 
There are also some novel approaches that are currently being pilot tested, 
including molten oxide electrolysis (MOE) and the Hlsarna smelting ironmaking 
process. Both of these methods can also reduce CO2 emissions from the steel 
industry.  

                                                           
111 Allwood and Cullen (2012) Sustainable Materials, With Both eyes wide open. 
112 Energy Transitions Commission (2019), Mission Possible, Reaching net-zero carbon 
emissions from harder-to-abate sectors by mid-century, Sectoral Focus Steel. 
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Swapping Coal Use for Natural Gas as a Reducing Agent  

Even though the use of natural gas does not decarbonize fully the steel industry, it 
does emit approximately 20% less direct emissions when compared to coal. Natural 
gas can provide a useful role as a transition fuel, for example in using natural gas 
DRI in the short term, with a longer-term objective of either using CCUS or 
hydrogen.   

Bioenergy 

Bioenergy can be used throughout the steelmaking process (1) as a source of fuel 
or reductant; (2) as a substitute for coal and other fuels in the sintering process; (3) 
as a blend component in the production of coke; (4) or as a source of carbon in the 
steelmaking process. It can be used in both DRI and BF-BOF steelmaking plants. 
Bioenergy can reduce emissions intensity by more than 50% depending on the 
source of biomass used but due to potential supply constraints of sustainable 
biomass and competition from other sectors, bioenergy is not seen as the main 
solution to decarbonize the sector. However, it could be a solution in regions where 
supply is not an issue. Charcoal is the most common biomass feedstock used for 
steelmaking. Wood pellets and torrefied fuels, or hydrochar produced by 
hydrothermal carbonization (HTC) from organic waste-based feedstocks can also 
be used, but these offer a smaller substitution in the process of steelmaking.113 It is 
estimated that pre-processed biomass such as charcoal could offset CO2 emissions 
by 57%.  

Figure 73 below shows how a typical integrated steelmaking operation can use 
charcoal in different processes. Bioenergy is already being used in BF-BOF plants 
— for example, small blast furnaces in Brazil have completely substituted the use of 
coke and coal with bio-charcoal. Brazil is the largest producer of bio-charcoal with 
the production of nearly 10 million tonnes (Mt), followed by India (1.7 Mt), the U.S. 
(950,000 tonnes), and China (120,000 tonnes). In these countries, bio charcoal 
could form part of the solution to reducing CO2 emissions from steel plants. 
Bioenergy alone does not achieve full decarbonization; however, in combination 
with CCUS it can enable the industry to produce carbon-neutral steel. This will 
undoubtedly be costly and not applicable in many regions where biomass resources 
are scarce. 

Figure 73. Expected Reduction in CO2 Emission from the Use of Charcoal 

Application and Replaced 
Carbon Source 

Typical 
Addition kg/T 

hm 

Charcoal 
Substitution 

Rate (%) 

Charcoal 
Substitution 

Amount  
(kg/T hm) 

Net Emissions  
Reduction 

    t CO₂/-
Crude steel 

% of CO₂ 
emissions 

Sintering solid fuel 765-102 50- 100% 38.3- 102 0.12-0.32 5- 15% 
Cokemaking (coking coal) 480-560 2- 10% 9.6- 56 0.02-0.11 1- 5% 
BF: Tuyere Fuel Injection (PC) 150-200 0- 100% 0 -200 0.41-0.55 19- 25% 
BF: Nut Coke Replacement 45 50- 100% 22.5- 45 0.08-0.16 3- 7% 
BF: Carbon/ Ore Briquette 10- 12 0- 100% 0- 12 0.06-0.12 3- 5% 
Steelmaking Recarburizer 0.25 0- 100% 0- 0.025 0.001 0.04% 
Totals 761.75-919.25 0- 100% 70.4- 415.25 0.69-1.25 31- 57% 
 

Source: Mousa et al. (2016) Biomass applications in iron and steel industry: An overview of challenges and 
opportunities, Renewable and Sustainable Energy Reviews, 65, pp 1247-1266 

 
  

                                                           
113 Mandova et al. (2018), Possibilities for CO2 emission reduction using biomass in 
European integrated steel plants, Biomass and Bioenergy 115 (2018)pp 231-243 
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The cost of bioenergy really depends on where the plant is located. Feliciano-
Bruzual and Matthews (2013) assessed the feasibility of using charcoal in a blast 
furnace in a number of different countries.114 As shown in Figure 74, the cost of bio-
charcoal is much higher than the cost of coal; however, the prices differ immensely 
in different countries. Brazil seems to have the lowest cost of bio-charcoal and 
requires a carbon tax of $47 per tonne of CO2 to be economically feasible, while 
Russia and Germany have the highest costs for bio-charcoal and require a carbon 
tax of $198 and $125 per tonne of CO2, respectively.  

Figure 74. Feasibility of Using Charcoal in a Blast Furnace by Country 

 China Japan Russia South Korea India Brazil U.S. Ukraine Germany 
Cost of coal (US$/tonne) 134 135 121 134 120 117 124 121 125 
Cost of biochar 330 510 570 375 320 270 360 370 480 
Estimated biochar prices to be competitive 
with coal (US$/ tonne) 

134.6 207.8 151.7 236.4 133.5 147.9 130.1 140.2 189.3 

Carbon tax needed for biochar to be 
economically feasible (US$/ tonne of CO₂) 

69.7 132.9 198.7 85.3 70.8 47.1 69.7 96.3 125.4 
 

Source: Feliciano-Bruzual and Matthews (2013) 

 
Hydrogen 

Hydrogen is already used today as a reducing agent to produce DRI. However, 
virtually all hydrogen used today in the steel industry is produced from fossil fuels. 
Existing DRI facilities could be converted to use low carbon pure hydrogen which is 
produced from either fossil fuels with CCS (blue hydrogen) or through low-carbon 
electricity (green hydrogen). In a gas-based DRI production process, hydrogen can 
substitute for up to 30% of natural gas without changing the process; however, with 
some minor equipment retrofitting the plant can be adapted to use 100% hydrogen. 
The hydrogen-based solution can emerge as a viable option to CCUS in a DRI 
process but this will only be possible in regions where there is cheap low-carbon 
electricity.  

EU steel makers are currently studying the feasibility of using green and blue 
hydrogen for steelmaking. Hybrit (Hydrogen Breakthrough Ironmaking Technology), 
which is a collaboration between SSAB, LKAB and Vattenfall, aims to use hydrogen 
instead of coking coal for steelmaking, and bring fossil-free steel to market by 2026. 
The project is currently in its pilot phase with one plant in Sweden, and is planned to 
finish around 2024, after which the demonstration phase will run from 2025 to 2035.  

In a BF-BOF plant, the use of hydrogen is somewhat limited as hydrogen can only 
replace part of the process. Hydrogen injection can only reduce CO2 emissions by 
about 20% in these plants, which falls short of full decarbonization.115  

The cost of blue and green hydrogen depend on a number of factors including cost 
of electricity and CCS as described earlier in the section on hydrogen. The 
diagrams below show that for green hydrogen to be competitive with the highest 
price for coal and gas steelmaking, it needs to be priced at $2/kg and $2.5/kg 
respectively. BNEF estimates that hydrogen would reach $2/kg in 2030, and $1/kg 
in 2050. 

                                                           
114 Feliciano-Bruzual C, Matthews JA, Bio-PCI charcoal injection in blast furnaces: State 
of the art and economic perspectives. Rev Metal, 49 (6): 458-68 
115 Fan Z and S.Julio Friedmann (2021), Low-Carbon Production of Iron and Steel: 
Technology Options, Economic Assessment, and Policy, Joule 2021. 
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Figure 75. Cost Range of Steel Made Using Coal  Figure 76. Cost Range of Steel Made Using Gas 

 

 

 
Source: BNEF  Source: BNEF 

 
Currently green hydrogen is not economically feasible. At $4/kg of hydrogen the 
cost of 1 tonne of steel made from coal would increase by 33%, and by 24% for a 
steelmaking plant that uses gas assuming there is a straight swap between 
hydrogen and fossil fuels, which can only be achievable in EAF systems. This 
assumes an average steel cost per tonne of $573 and $614 with the use of coal and 
gas, respectively.   

CCUS 

The use of CCUS could help decarbonize both BF-BOF systems and EAF 
steelmaking processes. Capture rates of CCUS vary significantly and none reach 
100%; however, they can definitely be used to reduce CO2 emissions significantly 
from both steelmaking processes. CCUS could be applied to current manufacturing 
plants but the decarbonization process differs between the two steelmaking 
systems as it really depends where CO2 emissions are emitted in the particular 
process.  

Most emissions in the BF-BOF process exit directly with small amounts of CO2 
volumes coming from the coking and sintering units of the plants. CCUS would 
need to be applied to the various CO2 sources to achieve high capture levels. 
Another difference is the CO2 emitted from a BOF-BF plant is not pure — in fact 
typically exhaust gases emitted will contain a mixture of CO2, CO, H2, and N2. 
Separation of CO2 from the other gases could significantly increase the rate of 
carbon capture and ultimately reduce the cost. In a DRI plant, most of the CO2 exits 
the DRI unit and would require post-combustion CCS application there. Separation 
of gases in this system are easier compared to a BF-BOF plant.  

To date, no BF-BOF plants have been retrofitted with CCS and there is only one 
DRI plant in Abu Dhabi currently capturing CO2 from its facility. However, there are 
other projects currently coming online. ArcelorMittal, together with LanzaTech, are 
building a CCUS plant that will capture waste gas and biologically convert it to bio-
ethanol in Ghent, Belgium. It is estimated that 15% of total CO2 will be captured at 
the plant, resulting in the production of 80 million liters of ethanol per year. 
Estimates are this will result in a CO2 reduction equivalent to 600 transatlantic 
flights.116  

                                                           
116 https://storagearcelormittalprod.blob.core.windows.net/media/mkhfx2ft/carbalyst-
content-final.pdf. 
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Cost of CCUS for the steel industry differs according to the type of CO2 separation 
technology used as shown in Figure 77 below. The costs do not include 
transportation or storage costs or any revenue that can be generated from selling 
CO2 captured for other uses. Similar to the cement industry, the costs assume 
efficiency improvements and are calculated for Nth-of-a-kind project (NOAK). If we 
assume a cost of $60 per tonne of CO2, this would translate into an increase of 24% 
and 16% for 1 tonne of steel produced from coal and gas, respectively, assuming 
2.3 tonnes of CO2 are emitted per tonne of steel (which is the equivalent for a BF-
BOF plant). 

Figure 77. Cost of CCUS Based on Separation Technology , Steel  Figure 78. Cost Difference Producing Steel using Coal and Gas 

 

 

 
Source: BNEF  Source: Citi Global Insights 

 
Other Solutions: Electrification and Direct Electrolysis 
One of the easiest ways to reduce CO2 emissions is to ensure the electricity used in 
the steelmaking process in an EAF plant comes from renewable sources. Doing this 
could reduce CO2 emissions by 13% globally but it is not really applicable to BF-
BOF plants. A new steelmaking process called molten oxide electrolysis (MOE), 
currently in testing, only uses electricity as an energy source in the production 
process, therefore the carbon footprint of this process would only depend on the 
carbon footprint of electricity. Boston Metal has successfully demonstrated this 
technology works, and on average this system requires about 4 MWh to produce 1 
tonne of steel. However, the system requires constant electricity supply which is 
ideally at low cost. A study done by Fan and Friedmann (2021) estimate that 
replacing all BF-BOF plants with an MOE process would require 5,116 TWh in 
electricity consumption, which is about 20% of 2018’s total global electricity 
consumption. The authors state that hydropower would be well-suited to use for this 
production; however, hydropower would have to increase by 120%, which is highly 
dependent on geography.  

Electrolyzers 

It is theoretically possible to reduce iron ore via direct electrolysis. Electrolysis is 
able to transform iron ore at approximately 1,550°C into liquid steel using electricity 
as a reductant. Electrotwinning is another process which can be used — iron ore is 
ground into an ultrafine concentrate, leached, and then reduced into an electrolyzer.  
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The iron plates are then fed into an EAF system, which turns it into steel. Both these 
processes do not require coke or hydrogen as reductants and they have the 
potential to become the most efficient making steel process. However, these 
processes are still being tested and are not yet commercially feasible117. 

Conclusion  
Steel is traded regionally and globally and has very low profit margins. Currently 
there are issues of overcapacity in the market, which is pushing down the price of 
steel. The industry is also very much associated with national growth strategies for 
particular countries and therefore is of political importance. An uneven transition to 
reducing CO2 on a global scale could also create competitiveness issues. This is 
why the EU steel industry is lobbying for a carbon trading adjustment border, which 
will ultimately allow it to invest in decarbonization solutions that will increase the 
price of steel but allow it to remain competitive in the EU market. We discuss carbon 
border adjustment issues at a later stage.  

The steel industry has multiple solutions to reduce its CO2 emissions but it is easier 
to do so in an EAF plant rather than a BOF-BF plant. The only solution to fully 
decarbonize a BOF-BF plant is to use CCUS, and this option might not be feasible 
in many locations. The majority of steel is produced using a BOF-BF plant and this 
is set to continue over the years, even though EAF using scrap metal and EAF-DRI 
plants are set to increase. The lifetime of a steel plant is approximately 30-40 years 
so any new plants that are to be built over the years need to consider the cost 
options available for reducing emissions over time, otherwise they risk being 
stranded. 

Figure 79. Summary of Steel Industry Supply-side Solutions 

 
Source: Citi Global Insights 

 
  

                                                           
117 Roland Berger, The future of steelmaking- How the European Steel Industry can 
achieve carbon neutrality, May 2020. 
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Comparison of Decarbonization Solutions of 
Transport and Industrial Sectors 
Figure 80 and Figure 81 summarize the results of our analysis across the different 
sectors. The results show the technologies and available fuels that we believe are 
most likely to be used to decarbonize these sectors. Oher solutions exist, including 
the use of biofuels for the shipping industry, plus hydrogen and battery-operated 
flights for aviation. For a detailed analysis of the different solutions available, please 
refer to the sections on each of the particular sectors.  

Demand-side solutions can reduce greenhouse gas (GHG) emissions from all 
sectors, and can be instrumental in reducing the overall costs. The aviation and 
shipping industry have the highest carbon abatement costs per tonne of CO2 while 
additional costs, which we term ‘cost premiums’, are highest for the shipping 
industry, followed by the cement industry, where the use of carbon capture, 
utilization & storage (CCUS) could double the cost of cement. 

Figure 80. Decarbonization Solutions for Transport  

 
Source: Citi Global Insights 
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Figure 81. Decarbonization Solutions for Industry  

 
Source: Citi Global Insights 
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there might be an issue with the supply of feedstocks and bioenergy does not fully 
decarbonize the sector. Ammonia is being promoted by many as the preferred 
option to fully decarbonize the sector; however, it brings additional costs and clean 
ammonia production would need to be scaled up upstream. Batteries could also be 
used to decarbonize short voyages. Road freight has a number of solutions 
available, including using biofuels to help transition to new alternative fuels such as 
fuel cell or electric trucks. The latter two would need investment in infrastructure.   

What is striking about Figure 82 is the importance of scaling up low-carbon 
hydrogen production, whether it is for synthetic fuels for the aviation industry, the 
production of ammonia for shipping, or fuel cells for trucks. Hydrogen is also 
important to help decarbonize the industrial sector, so there will also be competition 
for resources. LNG and CNG could also be used as transition fuels, but neither fully 
decarbonize the sector.  
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Figure 82. Alternative Fuels to Reduce GHG in Transport  

 
Source: Citi Global Insights 
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uses electricity and electric kilns for the cement industry, are still in demonstration 
phases. MOE has an opportunity to revolutionize the steel industry, however costs 
are expected to be high at least until the technology is scaled up. Costs will also be 
dependent on a stable and reliable source of renewable energy. Bioenergy will play 
an important part in locations where reliable feedstocks are plentiful. The cost 
premiums for some of these alternative fuels though would be expensive compared 
to fossil fuels, which could have a material impact on the price of steel and cement 
at least until these alternative fuels and technologies are ramped up.  

All new disruptive solutions take some time to become economically and 
commercially viable, but once they are, they typically take off and become 
mainstream. Sectors such as steel and cement that have asset replacement times 
of 30 to 40 years need to be careful they do not invest in an asset which is not able 
to comply with a new low-carbon economy and instead becomes stranded over 
time.  
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Figure 83. Alternative Fuels to Reduce GHG in Industry  

 
Source: Citi Global Insights 
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To put our results into some perspective, $1.6 trillion is approximately 1.9% of global 
GDP in 2019. Governments spent approximately $468 billion in 2019 on support for 
the production and consumption of fossil fuels, which is approximately half of what 
is needed for our low-cost scenario. So this is all doable. It is important to note that 
cost premiums associated with decarbonizing hard-to-abate sectors might be 
affordable in rich nations, but they might have a material impact on developing 
nations, especially in relation to the increase in prices on steel and cement.  

Figure 84. Estimated Cost to Decarbonize Hard-to-Abate Sectors (High & Low Scenario) 

 
Source: Citi Global Insights 
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There has been limited discussion on the impact a cost increase from new green 
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developing and emerging markets.  

In fact, the Global Commission on the Economy and Climate estimates that $90 
trillion will be invested in infrastructure through 2030, and nearly two-thirds of this 
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Infrastructure not only enables people to move out of poverty but also leads to GDP 
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for materials such as steel and cement, will potentially have an economic growth 
effect on developing countries that are already struggling to raise capital for some of 
these infrastructure projects. Many of these hard-to-abate sectors will take some 
time to decarbonize, so prices may rise slowly at first, before falling once the 
technologies become mainstream. In many cases, however, costs may still be 
higher than products and services produced by fossil fuels. 

Costs aren’t the only thing we should consider. Building the infrastructure needed in 
many of these developing countries would also increase CO2 emissions if current 
technology is used. In fact the Intergovernmental Panel on Climate Change (IPCC) 
estimates the production of materials alone to build the needed infrastructure 
globally would cumulatively generate ~470 Gt of CO2 emissions versus our current 
emissions of ~42 Gt of CO2 each year.119   

                                                           
118 Citi GPS: Infrastructure for Growth 
119 Seto K.C., S. Dhakal, A. Bigio, H. Blanco, G.C. Delgado, D. Dewar, L. Huang, A. 
Inaba, A. Kansal, S. Lwasa, J.E. McMahon, D.B. Müller, J. Murakami, H. Nagendra, and 
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This scenario assumes the global population increases to 9.3 billion by 2050, and 
developing countries expand their infrastructure and built environment to current 
global average levels using today’s technology. This means it is important that 
developing countries invest in projects that are compatible with a net zero world, 
and ensure they are not locked into projects that are highly CO2-intensive for 
decades to come. 

In addition to infrastructure, agriculture and the use of fertilizers is also very 
important for many developing countries. In fact, agriculture accounts for 4% of 
global GDP, and in some developing countries it can account for more than 25% of 
GDP. Current methods to produce fertilizers are carbon intensive and decarbonizing 
the fertilizer industry would require production using green and blue ammonia. 
However, as we have shown in this report, using green and blue ammonia would 
increase costs and have a significant impact on the agriculture sector.  

For emerging markets and developing markets, infrastructure needs have always 
been high and many don’t have the adequate means to finance infrastructure, since 
there are more binding limits on their fiscal capacity. In other words, if the world 
needs emerging market and developing nations to adjust to a carbon-free world, it 
cannot rely on EMs and developing countries to finance it alone. This is where the 
$100 billion pledge comes in. As part of the Paris Agreement, developed countries 
agreed to scale up their level of support to mobilize $100 billion per year for climate 
action (mitigation and adaptation projects) in developing countries. Article 2.1c of 
the Paris Agreement, which outlines this commitment, is very short but extremely 
important.  

There has been much discussion as to whether this target can been achieved, with 
the OECD claiming that almost $79 billion was made available in 2018, up from 
$71.2 billion the year before. However, others have criticized the accounting 
mechanisms used, which make it extremely difficult to accurately account what has 
been financed.120 They also argue there is a lack of definition of what type of 
finance should be accounted towards this goal. Final official goals data on 2020 
climate finance flows to developing countries will be announced in 2022. The 
climate finance goal is expected to be one of the items discussed in detail during 
the COP26 meeting in Glasgow in November 2021 and new targets for climate 
finance will be part of the negotiations.  

There is no question these funds are crucial in helping emerging and developing 
countries but more capital needs to be deployed over time — we need to turn the 
billions into trillions. COVID-19 could unfortunately impede this work, as many 
countries in the world would prioritize the need to finance recoveries in their own 
countries.  

  

                                                           
A. Ramaswami, 2014: Human Settlements, Infrastructure and Spatial Planning. In: 
Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 
[Edenhofer, O., R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. 
Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer, C. 
von Stechow, T. Zwickel and J.C. Minx (eds.)]. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA. 
120 Weikmans et al. (2017), The international climate finance accounting muddle: is there 
hope on the horizon, Climate and Development, Vol 11, 2019-issue 2; Sophie Yeo 
(2019), Where climate cash is flowing and why it’s not enough, Nature, September 17m 
2019. 
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As we discuss in the next section, Multilateral Development Banks have a huge role 
in providing finance to emerging and developing nations — they have the right 
mandates, instruments, and financial structure available.  

In addition to the importance of providing financial support in developing and 
emerging countries, developed nations also need to invest in new technologies and 
alternative fuels, to scale up this technology and to drive down the costs so that 
they become feasible for other nations to adopt. 
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A Note on Carbon Offsets 
Carbon offsets have been criticized by many over the last few years as being the 
‘get out of jail free’ card for companies to reduce their emissions. Critics argue that 
offsets could potentially discourage companies from solving their emission problem 
and discourage investment needed to reduce their emissions over time. Other 
criticisms focus on the quality of offsets and argue it is important that offsets provide 
additionality, permanence, and are easily enforceable (refer to Sustainable Tipping 
Point: Carbon offsets, ready, offset, go)  

Others still think that offsets can really make a difference to climate change. Offsets 
can steer capital into sustainable infrastructure, better forestry management, 
renewable energy sources, and other projects that might not have occurred without 
such mechanisms. They can also have additional social benefits, such as improving 
economic development or health, and promoting the transition to renewable 
sources.121   

So what are carbon offsets? A carbon offset compensates for emissions in one 
place by funding an equivalent carbon dioxide saving elsewhere. In its essence it is 
an accounting mechanism —- a way of balancing the scales on pollution 
greenhouse gas emissions. In the past, offset schemes have been particularly 
successful in solving things like air pollution — the difference is that to reduce local 
air pollution you need to offset in the vicinity of the pollution. Since greenhouse gas 
emissions are a global problem, it doesn’t matter where you reduce emissions.  

The concept of carbon offsetting began in the late 1980s and the first 
demonstrations of carbon offsets were mostly voluntary and done on a small scale. 
Offsets really started to take off after the Kyoto Protocol in 1997. The Kyoto Protocol 
was one of the most complex multilateral environmental agreements ever 
negotiated. At its core was a bargain between developed countries and developing 
nations. The protocol was a compliance mechanism involving carbon offsets 
generated in either Annex 1 countries called the Joint Implementation, or offsets 
generated in the developing world known as the Clean Development Mechanism 
(CDM).122 The CDM became the largest offset market ever created.123  

Offsets are measured in tonnes of carbon-dioxide equivalent (CO2e). One tonne of 
carbon offsets represents the reduction of one tonne of carbon dioxide or its 
equivalent in other greenhouse gas emissions. To put it into perspective, one tonne 
of CO2 is equivalent to 1 return trip from Paris to New York or driving 6,000 km with 
a Citroen Picasso. The average person in the U.K. emits approximately 5 tonnes of 
CO2 per year, while the average U.K. household emits 2.5 tonnes of CO2 per year 
just from heating their home. 

                                                           
121 Banjamin C. Pierce (2018), Carbon offsets- An overview for scientific societies. 
122 Annex 1 Parties include the industrialized countries that were members of the OECD 
(Organisation for Economic Co-operation and Development) in 1992, plus countries with 
economies in transition (the EIT Parties), including the Russian Federation, the Baltic 
States, and several Central and Eastern European States. 
123 Wara M.W and David G. Victor (2008), A Realistic Policy on International Carbon 
Offsets. 

https://www.citivelocity.com/cv2/go/CV_Search_Result/X19GUl9fpvj7waalcp0k/X19OQVZJR0FUSU9OX0JBU0U2NF9fY3YtY29udGVudC1zdGF0aWMvcmVzb3VyY2VzL2FrcHVibGljL3NjcHVibGljL2N2LWRvYy12aWV3ZXIvaW5kZXguaHRtbD9jdXJyZW50Q29tbWVudGFyeUlEPVBERjEwMTkxNjY1NzU0Mjg2NTA3MDg1JkVORCZ0PTIwMjE1MTg.
https://www.citivelocity.com/cv2/go/CV_Search_Result/X19GUl9fpvj7waalcp0k/X19OQVZJR0FUSU9OX0JBU0U2NF9fY3YtY29udGVudC1zdGF0aWMvcmVzb3VyY2VzL2FrcHVibGljL3NjcHVibGljL2N2LWRvYy12aWV3ZXIvaW5kZXguaHRtbD9jdXJyZW50Q29tbWVudGFyeUlEPVBERjEwMTkxNjY1NzU0Mjg2NTA3MDg1JkVORCZ0PTIwMjE1MTg.
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Figure 85. Equivalence of Tonnes of CO2 

 
Source: Citi Global Insights 

 
How do carbon offsets work? There are currently two main markets for offsets: (1) 
the compliance market, which is created and regulated by mandatory national, 
regional, or international policies/regulation such as the Kyoto Protocol; and (2) the 
voluntary market, which enables companies and individuals to purchase offsets on 
a voluntary basis.  

There are a number of compliance markets all over the world, the oldest being the 
European Emissions Trading Scheme. Many use cap-and-trade systems allow 
companies to offset a proportion of their CO2 emissions, and each system has its 
own specific rules for offsetting. The compliance market is covered in more detail in 
the section called ‘Making it Happen’. 

Figure 86. Compliance and Voluntary Carbon Markets 

 
Source: Citi Global Insights 
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The voluntary market functions outside of the compliance markets and enables 
companies and individuals to purchase offsets on a voluntary basis. This market 
started to really take off after 2005, as demand for offset instrument rose beyond 
just regulated companies and countries. With a carbon offset, a business, a 
company, or an individual can pay someone else to cut or remove a given amount 
of greenhouse gas emissions from the atmosphere. Critically, that offset is counted 
against the entity paying for the offset and not the project itself — therefore if you 
have a limited amount of money at your disposal, it makes sense to reduce 
greenhouse gas emissions where it is cheapest and easiest to do so.  

For example, Norway is cleaning up its remaining carbon-intensive sectors by using 
offsets. It is paying countries like Brazil and South Africa through the Clean 
Development Mechanism to help industrial plants switch to cleaner fuels. Other 
large new offset programs are in the pipeline including the Carbon Offsetting and 
Reduction Scheme for International Aviation (CORSIA), which we described in 
detail in the aviation section earlier in the report.   

According to Ecosystem Marketplace, the market for voluntary offsets came close to 
$300 million and traded almost 100 million metric tonnes of carbon dioxide 
equivalent in 2018. Estimates for the size of the global carbon compliance market 
are much larger and range between $40 billion and $120 billion.124  

There are many companies and organizations offering carbon credits/offsets for the 
voluntary market. The largest offset certifiers with well-regarded standard bodies 
include the American Carbon Registry, the Climate Action Reserve, Gold Standard, 
Plan Vivo, and Verra. These organizations offer many hundreds of carbon offset 
projects in many different parts of the world. The majority of voluntary offsets are 
third-party verified; however, the protocols around which offsets are verified varies 
amongst the different programs. Each organization has different projects listed on 
its website including renewable projects, energy efficiency projects, biogas 
digesters, efficient stoves, and forestry, and each project has a different price per 
tonne of CO2. The variation of pricing between carbon offsets provided by different 
organizations can vary immensely for reasons that are far from transparent.  

A well-functioning carbon market would be needed to accommodate the increase in 
demand for offsets likely to occur over the next few years. The Taskforce on 
Scaling-up Voluntary Carbon Markets was launched by Mark Carney, UN Special 
Envoy for Climate Action and Finance Advisor to the UK Prime Minister for COP26. 
The aim of the taskforce is to develop a blueprint for the infrastructure required to 
ensure the market is scalable, liquid, transparent, and reliable. The blueprint aims 
to: (1) connect carbon credits supply to demand in a cost-effective and transparent 
way; (2) instill confidence and credibility in carbon credits that are being used; and 
(3) ensure the market is scalable to meet the expected increase in demand.  

Carbon offsets will undoubtedly play an important part in reducing CO2 emissions, 
at least in the short term. They can be especially helpful in reducing CO2 emissions 
from hard-to-abate sectors. This does not mean these sectors should not invest in 
decarbonizing solutions — they definitely should. However, as we have shown in 
this report, it will take time and in some cases it will be extremely difficult to 
completely reduce their emissions to zero.  

  

                                                           
124 Irfan U, (2020), Can you really negate your carbon emissions? Carbon offsets 
explained. 
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This is why companies and even countries for that matter use the term ‘net zero’ in 
their plans to decarbonize — it is a term that has become symbolic for meaning 
strong action to mitigate climate change impacts.  

There isn’t really an accepted definition of net zero; put simply, it refers to the 
balance between the amount of greenhouse gas emissions produced and the 
amount removed from the atmosphere. The ‘net’ element implies an entity could still 
be producing significant quantities of CO2, so long as these were in some way 
offset, be it via other activities (e.g., reforestation) or potentially via the purchase of 
carbon offsets. The ultimate aim is to reduce the negative impacts that climate 
change is already having on our planet, and to this end carbon offsets will 
undoubtedly play an important role. 
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Section 3: 
Making It Happen 
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Making It Happen 
How do we get to reduce emissions to reach our climate goals? The good news is 
we are already seeing many countries come out with net zero targets — the latest 
being Japan and South Korea, who have both pledged to become net zero in 2050, 
and China, who has pledged to become net zero by 2060. Under President Biden, 
the U.S. has also re-joined the Paris Agreement and set a target for the U.S. to 
achieve a 50-52% reduction in greenhouse gas emissions from 2005 levels. This 
sets the course for the U.S. to reach net zero by no later than 2050. 

Figure 87. Net Zero Targets 

 
Source: Citi Global Insights 

 
Many countries are also developing policies that will encourage the use of the 
technologies and alternative fuels mentioned in this report. For example, 11 
countries have so far referenced carbon capture utilization & storage (CCUS) in 
meeting their Intended Nationally Determined Contributions (INDCs), while 15 out of 
the 19 countries who proposed strategies for decarbonization submitted by the end 
of 2020 also referenced CCUS. These include Canada, France, Germany, Japan, 
Mexico, Portugal, Singapore, the U.K., and the U.S.125  

  

                                                           
125 IEA (2020), Special Report on Carbon Capture, Utilisation and Storage. 
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During his presidential campaign, now-President Biden announced a $1.7 trillion 
climate plan to take place over the next ten years, leveraging additional private 
sector and state and local investments to total to more than $5 trillion. His plan also 
states he will double down on federal investments and enhance tax incentives for 
CCUS while at the same time continuing to fund carbon capture, research, 
development, and demonstration.126 This plan has still yet to be ironed out but it just 
shows the commitment that the U.S. has to investing in low-carbon technologies. 

Figure 88. Countries Which Have Included CCS in their NDCs and Submitted Long-Term Low GHG Emission Strategies 

 
Source: Citi Global Insights 

 
Many governments are also producing policies with regards to the production and 
use of low-carbon hydrogen, which will be an important part of reducing emissions 
from hard-to-abate sectors. Countries that have access to renewables at low 
levelized cost of energy (LCOE), such as Chile and Australia, have great potential 
for producing renewable hydrogen at minimum costs.  

Australia also has a huge advantage to produce both green and blue hydrogen and 
has a number of established trade agreements with potential future key markets for 
hydrogen including China, Japan, Korea, and Singapore. These nations already 
have strong policy support for hydrogen deployment in place.  

  

                                                           
126 https://joebiden.com/climate-plan/#. 
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Many countries are aiming to become important hubs for the development of these 
alternative fuels — either by producing hydrogen domestically to meet their growing 
demands or else by positioning themselves as big international players (see Figure 
89 below). This will enable them to create new jobs, new wealth, and play an 
important part in the development of the new low-carbon economy.  

Figure 89. Policies on Hydrogen in Various Countries 

Country Hydrogen Policy 
Japan Japan became one of the first countries to set a hydrogen strategy in 2017. The strategy set out some concrete targets for reducing 

the cost of hydrogen production and will also develop commercial-scale supply chains by around 2030 to be able to procure 
300,000 tonnes of hydrogen per year. It has targets for hydrogen use in mobility, power generation, industrial processes, and for 
use in buildings.  

South Korea South Korea set up a roadmap for a hydrogen economy in January 2019, focused on increasing the production and use of 
hydrogen vehicles and establishing an ecosystem for the production and distribution of hydrogen. The government’s vision has the 
backing of key industrial firms. If successful the government expects hydrogen to account for 5% of its projected power 
consumption by 2040, and to see its economy grow by KRW43 trillion, creating 420,000 new jobs and a significant reduction in 
greenhouse gas emissions127 

Australia Australia also has a national hydrogen strategy, which it set up in 2019, which aims to position itself as a major global player by 
2030. The strategy focuses on advancing hydrogen production, developing export and domestic supply chains, establishing 
hydrogen hubs, and supporting domestic projects that can use hydrogen. Australia has the added advantage of having both cheap 
natural gas resources for the production of blue hydrogen and low-cost renewables for the production of green hydrogen. It is also 
well placed to export hydrogen to parts of Asia such as Japan and South Korea.  

EU The EU unveiled its hydrogen strategy in July 2020. The strategy describes a phased approach with goals set for the next 5, 10, 
and 30 years. In phase 1, the EU aims to install at least 6 GW of electrolyzer systems to produce 1 million tonnes of renewable 
hydrogen per year to decarbonize existing hydrogen production. Phase 2 sets out the goal of producing at least 10 million tonnes of 
hydrogen and includes its initial use in new applications such as steel, road freight, and maritime. Phase 3 (from 2030 to 2050) aims 
for hydrogen to be deployed at a large scale to reach all hard-to-abate sectors.  

Germany Germany adopted a national hydrogen strategy, which plans to invest $7.9 billion into new businesses and research as well as an 
additional $2 billion to create new international hydrogen partnerships. The plan is to focus on green hydrogen especially through 
the use of offshore wind farms and aim to increase electrolyzer hydrogen production capacity to 5 GW by 2030 and 10GW by 2040. 

France  France has set up a €7 billion clean hydrogen plan to invest in infrastructure and research by 2030 with €2 billion to be directly 
invested as part of a government recovery economic plan after COVID-19. The first objective is to reach a rate of 10% carbon-free 
hydrogen for industrial use by 2023, increasing to 20-40% by 2028128.  

Chile  Chile produced its hydrogen national strategy in November 2020. It has three main objectives: (1) to have 5GW of electrolysis 
capacity by 2025; (2) to produce cost efficient green hydrogen by 2030; and (3) to be among the top exporters by 2040. Chile has 
the opportunity to become a big player in green hydrogen given its availability of low cost renewables.  

Canada Canada unveiled its hydrogen strategy in December 2020. The government stated it sees hydrogen as a critical part of its goal of 
reaching net zero emissions by 2050. It would like to position itself as a world-leading hydrogen exporter by 2050 and recommends 
the use of many feedstocks including natural gas with CCUS (blue hydrogen), green hydrogen, and the use of biomass to produce 
hydrogen. It is backed by a C$1.5 billion low-carbon and zero-emissions fuels fund as well as other mechanisms such as carbon 
prices and fuel emission standards129.  

 

Source: Citi Global Insights 

 
Government policies are important as they can provide a clear vision of how to 
reach net zero targets. If done well, they help start projects, provide initial capital, 
and could guide businesses into faster action. Many of these decisions around the 
world are done on a national basis; however, in certain countries like the U.S., state 
and local regulations and policies are also important.  

Corporate Initiatives  
In addition to country policy improvements, many companies are investing in new 
technologies and alternative fuels. In total over 2,100 companies have pledged to 
become net zero. Companies from hard-to-abate sectors have pledged to become 
net zero even though decarbonization solutions for these sectors are not yet 
economically viable.  

  

                                                           
127 Stangarone T. (2020), South Korea efforts to transition to a hydrogen economy, 
Clean Technologies and Environmental Policy 23, 509-516 
128 Watson Farey and Williams, The French Hydrogen Strategy, 2021. 
129 Balabuch et al. (2021), Canada’s Hydrogen Strategy: An Ambitious Framework for a 
strong hydrogen economy. 
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In the financial sector, the Net-Zero Banking Alliance has brought together 43 banks 
from 23 countries who have committed to aligning their lending and investment 
portfolios with net zero emissions by 2050. The group represents a total of $28.5 
trillion in assets. There is also the Net Zero Asset Owner Alliance, consisting of 37 
institutional investors that aim to deliver their investment portfolios to net zero 
emissions by 2050. They represent $5.7 trillion in assets under management. The 
Net Zero Asset Management Initiative has the same commitment and includes 87 
signatories and a total of $37 trillion under asset management. This is exceptional 
as banks and investors will have a pioneering role in moving to a low-carbon 
economy.  

Race to Net Zero is an initiative consisting of 509 cities, 23 regions, over 2,000 
businesses, 127 of the biggest investors, and 571 higher educational institutions, 
which is the largest-ever alliance committed to achieving net zero carbon emissions 
by 2050 at the latest. These organizations cover nearly 25% of global CO2 
emissions and over 50% of GDP.130  

Science is also moving at a fast pace. We are seeing new materials emerge such 
as novel cements, new technologies such as synthetic fuels, new ways of producing 
steel through the molten oxide electrolysis (MOE) process, and cheaper CCUS 
technology via Calcum (CaO) looping. This is exciting, as once scaled up, these 
new technologies will enable hard-abate-sectors to decarbonize more easily.  

However, even with good will, reaching net zero and in particular decarbonizing 
hard-to-abate sectors will require a complete change in how countries and 
companies operate.  

First and foremost, we need to overcome the chicken-and-egg conundrum. It is of 
no use for the shipping industry to produce a zero carbon emissions ship if the 
alternative fuel supply companies upstream are not able to supply low-carbon fuel 
such as green ammonia, methanol, or hydrogen at the scale required. And the 
reverse is also true — what happens if you scale up alternative fuels upstream, but 
the demand for it does not yet exist. Who goes first? The fuel suppliers or the 
shipping industry? This is just one example; however, this argument holds true for 
other hard-to-abate sectors.  

In order to overcome this conundrum, industry and governments must work 
together. We are already seeing some elements of this happening with many 
companies setting up low-carbon hubs with the support from government. For 
example, the Zero Carbon Humber project in the U.K. will bring together energy 
producers, industry, leading infrastructure and logistics operators, engineering firms, 
and academic institutions to decarbonize the U.K.’s largest industrial region. They 
will be able to share trans-regional pipelines for low-carbon hydrogen and carbon 
capture with the aim to create a net-zero industrial cluster by 2040.131 This will allow 
economies of scale and improve commercial risks, as the risk is spread across 
different entities.  

More needs to be done and in order for this to happen quickly we need to increase 
investment, and develop and expand economic instruments — such as fuel 
economy standards and carbon taxes — that support decarbonization, and help 
scale up and reduce the costs for alternative fuels and technologies. We discuss 
some of these briefly below. 

                                                           
130 Unfcc.int/climate-action/race-to-zero-campaign. 
131 https://www.zerocarbonhumber.co.uk/the-vision/. 
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Investment 
To reach the goal of net zero for hard-to-abate sectors and others, we need to be 
able to accelerate capital deployment into a net zero transition. This means we 
need business, banks, institutional investors, pension funds, governments, 
development finance institutions, multilateral agencies, and other bodies to work 
together. 

Multilateral Development Banks (MBDs) have a critical role to play in financing a 
low-carbon economy in developing countries as they provide large-volume finance 
under attractive terms. In September 2019, the MDBs announced their climate 
action targets for 2025, including a collective commitment of climate finance of $65 
billion, with $50 billion for low-income countries. They are very close to achieving 
their targets — climate finance by seven of the world’s largest multilateral 
development banks accounted for $61.6 billion in 2019, of which over $40 billion 
was in low to middle income countries.132 Additional funds channeled through MDBs 
from institutions such as the Global Environment Facility (GEF) Trust Fund and the 
Green Climate Fund (GCF) also play an important part. In fact, the MDBs reported a 
further $102.7 billion in net climate co-financing also took place in 2019.  

The public sector needs to develop national financing strategies to support a low 
carbon economy. The government’s role is really to fund research and development 
in times when businesses cannot see how investing in new research could reap a 
profit. This is important and as we have seen in the previous section, many 
governments are providing funds and grants for many decarbonization projects 
such as increasing the production of hydrogen. Companies also need to raise 
adequate capital to deploy these solutions — with the help of governments, 
investments could come early to enable these alternative fuels and technologies to 
scale up quickly and reduce cost premiums.  

As we have seen in the Citi GPS report on Financing a Green Planet there are a 
number of financial tools available that can be used to raise capital, including green 
bonds, key performance indicator-linked (KPI-linked) bonds, Special Purpose 
Acquisition Companies (SPACs), and green municipal bonds. We are seeing an 
increase in the use of these financial tools. For example, according to the report, the 
market for Green, Social and Sustainability bond sales in 2020 totaled $552 billion, 
surpassing 2019 volumes estimated at $313 billion. The report also highlights the 
recent increase in SPACs, which are also being used for green-related companies 
covering anything from passenger cars to trucks, EV charging networks to battery 
systems, and more.  

Economic Instruments: Carbon Taxes, Emission Trading 
Schemes etc. 
Another tool governments can use to help decarbonize hard-to-abate sectors is 
incentives. Subsidies have enabled renewables to be scaled up and helped them to 
reach cost parity in many countries. Fuel economy standards have also worked to 
reduce emissions from the road transport industry and are quite common in many 
countries — 70% of heavy-duty vehicles (HDVs) sold globally are now covered by 
some sort of fuel economy standard, and emission standards for HDVs are being 
rolled out globally.133  

                                                           
132 EBRD (2020), MDB climate finance in low-and-middle income countries in 2019 
reaches $41.5 billion. 
133 IEA (2021) Trucks and buses. 

https://www.citivelocity.com/citigps/financing-a-greener-planet/
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Tax incentives can also help. The U.S. has a tax incentive for geological CO2 
storage, CO2-enhanced oil recovery (EOR) or CO2-utlization called 45Q. The tax 
credits for EOR and other utilization processes are currently $22 per tonne of CO2 
and expected to increase to $35 per tonne of CO2 in 2026. These credits are higher 
for geological storage as shown in Figure 90. All these economic instruments should 
continue and actually be extended even further. 

Figure 90. Tax Credits Based on Type of Carbon Used 

Minimum Size of Eligible Carbon Capture Plant by Type 
(tCO₂/yr) 

Relevant Level of Tax Credit in a Given Operational Year ($/tCO₂) 

Type of Carbon 
Storage/Use 

Power 
Plant 

Other 
Industrial 
Facility 

Direct Air 
Capture 

2018 2019 2020 2021E 2022E 2023E 2024E 2025E 2026E Beyond 
2026 

Dedicated geological storage 500 100 100 28 31 34 36 39 42 45 47 50 Indexed to 
inflation Storage via EOR 500 100 100 17 19 22 24 26 28 31 33 35 

Other utilization processes* 25 25 25 17^ 19 22 24 26 28 31 33 35 
 

Note: Each CO2 sources cannot be greater than 500tCO2/yr 
^ Any credit will only apply to the portion of the converted CO2 that can be shown to reduce overall emissions. 
Source: Energy Futures and Stanford University (2020) 

 
Taxing carbon either through direct carbon taxes or emission trading schemes 
(ETS) have been quoted by many as the preferred mechanism to reduce CO2 
emissions. It is one of the most important things we can do to reduce the cost 
premiums associated with new alternative fuels and technologies. Even though they 
look similar, these two mechanisms actually work differently. A carbon tax is a tax 
that is placed directly on emissions emitted by either defining a tax rate on 
greenhouse gas emissions or on the carbon content of fossil fuels. It is different 
from an ETS in that the emission reduction outcome of a carbon tax is not pre-
defined but the carbon price is. A national carbon tax is currently implemented in 25 
countries and five regions as shown in Figure 91 below. They each have very 
different pricing systems with the highest carbon taxes in Sweden, Switzerland, and 
Liechtenstein. 
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Figure 91. Carbon Tax in Various Countries 

 
Source: https://carbonpricingdashboard.worldbank.org/ 

 
Carbon trading schemes, also known as compliance markets such as the ETS, 
work differently than direct carbon taxes. Compliance markets typically use cap-
and-trade systems, where a cap is placed on the total quantity of CO2 that can be 
emitted by participating firms. A government or a central authority allocates or sells 
a limited number of permits that allow firms to discharge specific quantities of CO2 
emissions. Firms are required to hold permits equal to their allowed CO2 emissions 
and are taxed if they produce CO2 emissions levels higher than their permits allow. 
Companies that reduce their emissions can either sell, or ‘trade’ unused permits to 
other companies.  

Many governments lower the number of permits each year, thereby lowering the 
total emissions cap — this ultimately makes permits more expensive and gives an 
incentive for companies to reduce their emissions by investing in clean technology. 
There are a number of different ETS schemes currently in operation with the largest 
being the European ETS. Different ETS systems have different regulations and 
cover different sectors. 
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Figure 92. ETS Systems in Various Countries 

 
Source: https://carbonpricingdashboard.worldbank.org/ 

 
Both carbon taxes and ETS systems have had some success in reducing CO2 
emissions over time. They have also generated substantial revenue. For example, 
the total revenues generated by EU member states, the U.K., and European 
Economic Area (EEA) countries from the auction of credits between 2012 and June 
2020 exceeded €57 billion. In 2019 alone, total revenues were above €14 billion.  

The ETS Directive states that Member States must use at least 50% of auctioning 
revenues for climate and energy related purposes.134 During the period 2013-2019, 
78% of the auction revenues were estimated to be used for such purposes mostly 
on renewable energy, energy efficiency and sustainable transport. Usually it is the 
lowest hanging fruit which is funded and not the projects that really need deep 
investment such as hard-to-abate sectors. However, in 2019 the ETS Auctioning 
Regulation was amended to establish a framework for the auctioning allowances 
and management of projects under two new funds — the Innovation Fund and the 
Modernization Fund. This means the Commission will auction allowances first on 
behalf of the 25 member states and three European Economic Area- European Free 
Trade Association (EEA-EFTA) members, and then on behalf of these two funds 
whose budget are taken out of the auctioning revenues before allocating it between 
the different parties. The Innovation Fund is of particular interest to hard-to-abate 
sectors as its sole aim is to fund first-time market development and commercial-
scale demonstration of innovative technologies, including innovative renewables, 
energy intensive industries, CCUS, and energy storage. Several economists believe 
revenues from carbon taxes and ETS systems should be directed to consumers and 
businesses to cover increases in energy prices. However, there is a strong 
argument they should actually go towards investing in research and development.  

                                                           
134 European Commission (2020), Report from the commission to the European 
Parliament and the council, Report on the functioning of the European Carbon Market. 
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There has been much discussion on whether a global carbon tax or a global carbon 
market should be established.  

There are several advantages of a global carbon tax but primarily it would: (1) 
generate revenue which could then be used to help decarbonize the economy; (2) 
provide an incentive for companies to move quicker and scale up innovative 
technologies at a faster pace and on a global level. Recently, the global shipping 
industry called for a global carbon tax to be placed on its carbon emissions. The 
group, which represents more than 90% of the global fleet, stated the measure is 
needed to tackle climate change. The tax would indeed create an incentive for the 
shipping owners to invest in new decarbonization solutions, spurring the need to 
encourage development for alternative fuel suppliers to start investing in upscaling 
alternative fuels. They want all governments to impose such a measure.  

There has also been discussion of setting up a global ETS system or linking 
different ETS systems together which, although good in theory, could be difficult to 
administer. Several ETS systems are already currently linked — the EU-ETS 
system is linked to the ETS system in Switzerland and the California ETS system is 
linked with the ETS system in Quebec. However, on a global scale it is difficult to 
ascertain whether such a system would work as several questions arise such as 
alignments between systems, whether there is any political will, and who will 
administer it.   

However, Article 6 of the Paris Agreement, which is yet unresolved, lists three main 
mechanisms that could be used for carbon markets or other forms of international 
cooperation. The first is a mechanism for voluntary cooperation towards climate 
goals, which would allow a country that has surpassed its Paris climate pledge to 
sell any overachievement to a nation that has fallen short of its goals. The second is 
to create an international carbon market, governed by a UN body, for the trading of 
an emissions reduction created by either the public or private sector. The third is a 
non-market approach, which is less defined but would provide a formal framework 
for climate cooperation between countries. It is hoped that countries would agree on 
a mechanism at the COP26 meeting in Glasgow. Studies have shown that if it is 
designed well and easy to administer, Article 6 has the potential to reduce the costs 
to meet the Paris Agreement and encourage the acceleration of innovation. 

Carbon Border Adjustment Policies 

Another policy being discussed and gaining momentum in the EU and U.S. is a 
Carbon Border Adjustment policy. The policy would basically tax imported goods 
based on their carbon footprint with the aim of reducing emissions leakage and 
creating a level playing field. The EU steel industry is particularly keen on such a 
policy. Given the very low profit margins in the steel industry many argue that 
decarbonizing steel in the EU region, for example, would not allow the industry to 
compete on a level playing field, especially since steel is traded on the commodity 
market and the price of green steel would be more expensive that fossil fuel steel. 

In practice, there are a number of issues which need to be ironed out — whether 
the price should be pegged to a domestic price on carbon, which sectors should the 
tax be applied to, whether a tax should be applied to just raw materials or products, 
and how to accurately calculate the carbon footprint of imported goods with any 
certainty. Critics believe such a mechanism could have a negative impact on 
developing nations who lack the investment and technology available to reduce 
their CO2 emissions; however, it could be the case that such very poor countries are 
exempted from such a policy.  
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If the policy works, it could provide incentives not only for companies within a 
country or regional border to reduce their CO2 emissions, but also for other 
companies in other regions that want to export their products to these regions. Such 
a policy could reshape global trading and also raise revenue that could be used for 
climate change-related projects within or even outside the border.  

Green Public Procurement 

Public bodies are major consumers of all hard-to-abate sector products and 
services. Public procurement accounts for 12% of GDP in OECD countries and up 
to 30% of GDP in many developing countries. In the EU, government expenditure 
on works, goods, and services represent around 19% of the EU’s GDP, accounting 
roughly for €2.3 trillion annually.135 The products governments procure (for example, 
infrastructure, energy, buildings, railways, roads etc.) account for a large percentage 
of CO2 emissions. By using their purchasing power to choose environmentally 
sustainable goods, services, and works, public bodies can provide an incentive for 
companies to decarbonize and provide an early market for some of these green 
goods and services — this is termed Green Public Procurement (GPP).  

There are a number of countries already using green public procurement 
procedures. The EU has set up some guidelines for GPP; however, GPP is still a 
voluntary tool and it is up to the member states to implement it. Japan has 
developed policies for GPP since the late 1980s. The law in Japan requires 
government agencies and public institutions to follow green contracting 
requirements when purchasing electric power, automobiles, energy services, or 
building design services. GPP is mandatory for all central government and 
incorporated administrative agencies, but it is voluntary for local governments.136  

There are a number of barriers in implementing GPP program including the lack of 
green products available on the market. This once again is a chicken-and-egg 
problem — if there is a market then greener products would be available. To counter 
this, governments should have a long-term implementation plan for green public 
procurement which could be mandatory, enabling companies to speed up the 
process of decarbonization and invest in more alternative products.  

Conclusion and Summary  
The task ahead to decarbonize our economy is enormous. However, as we have 
demonstrated in the last chapter of this report, the will is there. We are seeing 
countries commit to becoming net zero and companies are publishing 
decarbonization strategies with a view of reaching net zero in 2050. Several 
initiatives are being set up including the new Net-Zero Banking Alliance, which has 
brought together financial institutions all committing to reduce their emissions. This 
is fantastic news. In order to decarbonize our economy we need to quickly deploy 
capital into new alternative energy sources, alternative fuels, and technologies that 
will help decarbonize our society. We need businesses, banks, institutional 
investors, pension funds, governments, development finance institutions, 
multilateral agencies, and other bodies to work together.  

  

                                                           
135 Pouikli K (2021), Towards mandatory Green Public Procurement (GPP) requirements 
under the EU Green Deal: reconsidering the role of public procurement as an 
environmental policy tool, ERA Forum, 21, 699-721. 
136 Hasanbeigi et al. (2019), Curbing Carbon from consumption, The Role of Green 
Public Procurement. 
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There are several tools available — from subsidies to fuel economy polices, carbon 
taxes, and green public procurement. We also have financial tools available such as 
green bonds and social bonds that can help raise capital.  

Hard-to-abate sectors are particular difficult to decarbonize — they are the 
toughest nuts to crack for a net zero future. They require changing the way we 
produce things, the way we fly, and the way we get our goods delivered. We need 
to scale up technologies including hydrogen and hydrogen-derived fuels such as 
ammonia, methanol, and synthetic fuels. We need to increase the use of 
sustainable aviation fuels for the aviation sector and the use of bioenergy for other 
sectors including the steel industry. We need to invest in CCUS technologies, 
especially for the cement industry. Doing this is expensive — the cost premiums for 
some of these green products and services are large, at least until technology and 
alternative fuels are scaled up and costs decrease. However, we have shown that 
ultimately the costs of doing so on a global scale are less than 2% of global GDP.  

On top of realizing that all this is doable, many countries and business are coming 
to the realization that we also don’t really have a choice. Many hard-to-abate 
sectors have long lived capital assets — steel and cement plants can last for more 
than 40 years, while ships and planes stay in operation for 25-30 years. This means 
that any new plants/assets being built today or in the coming years should ensure 
they are able to easily move to low-carbon fuels or can be retrofitted with alternative 
technologies such as CCUS, or risk danger of becoming stranded assets.  

Reaching net zero is a must to avoid the negative impacts from climate change. The 
momentum is there — governments and companies need to embrace this change, 
and invest in technologies to enable the transition to a net zero economy. This will 
generate new jobs, new possibilities, and new income, versus being left with a 
business or an economy that conflicts with a net zero world.   
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NOW / NEXT 
Key Insights regarding the future of Hard-to-Abate Sectors 
 

  

 
SUSTAINABILITY Hard-to-abate sectors currently account for 25% of global emissions and that 

amount could grow by 50% given expected growth trends. / Finding green solutions 
to replace carbon-emitting fuels and processes in transport and industrial sectors 
will be key to meeting global net zero commitments. 

 

 
 
  

 

TECHNOLOGY Advancements in renewable energy and battery storage have provided greener 
options for many sectors to move away from their reliance on carbon-heavy fuels. / 
As new technology solutions are refined and scaled up, costs will continue to fall and 
cost premiums for green solutions will continue to shrink and uptake of green 
solutions will rise. 

 

 
 
  

 

INFRASTRUCTURE A chicken-and-egg scenario is developing with some transport fuels are vehicle 
manufacturers don’t want to commit to a technology until the infrastructure is set 
and infrastructure providers don’t want to commit to building out until demand is 
visible. / Government support and public-private partnerships will be critical in 
infrastructure deployments. 
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