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PREFACE

This report has been produced by thelnternational Centre for Sustainable Carbon [CSQ) for the
louf sobuj pobm! FBA GoaldnduBtly fAdvidaryBoatd CIAB). It is based on a survey and
analysis of published literature, and on information gathered in discussions with interested organisations
and individuals. Their assistance is gratefully acknowledged. It should be understood that the views
expressed in this report are our own, and are not necessarily shared by those who supplied the information,
nor by our member organisations.

The ICSC was established in 1975 and has contracting parties and sponsors from: Australia, China, Italy,
Japan, Russia,&ith Africa, and the USA.

The overall objective of the International Centre for Sustainable Carbon is to continue to provide our
members, the IEA Working Party on Fossil Energy and other interested parties with definitive and policy
relevant independent information on how various carbonbased energy sources can continue to be part
of a sustainable energy mix worldwide. The energy sources include, but are not limited to coal, biomass
and organic waste materials. Our work is aligned with the UN SustainableeMelopment Goals (SDGS),
which includes the need to address the climate targets as set out by the United Nations Framework
Convention on Climate Change. We consider all aspects of solid carbon production, transport, processing
and utilisation, within the rationale for balancing security of supply, affordability and environmental issues.
These include efficiency improvements, lowering greenhouse and nogreenhouse gas emissions,
reducing water stress, financial resourcing, market issues, technology developmé and deployment,
ensuring poverty alleviation through universal access to electricity, sustainability, and social licence to
operate. Our operating framework is designed to identify and publicise the best practice in every aspect
of the carbon production and utilisation chain, so helping to significantly reduce any unwanted impacts on
health, the environment and climate, to ensure the wellbeing of societies worldwide.

The ICSCis organised under the auspices of the IEA but is functionally and legally automous. Views,
findings and publications of the ICSC do not necessarily represent the views or policies of the IEA
Secretariat or its individual member countries.

The CIABconsists of a group of highlevel executives from coalrelated enterprises. It was stablished by
the IEA in July 1979 to provide advice to the IEA on a wide range of issues relating to coal. CIAB Members
are currently drawn from 12 countries accounting for approximately 7080% of world coal production and
coal consumption. Members are dawn from major coal producers, electricity producers, other coal
consuming industries and coal related organisations. The CIAB provides a wide range of advice to the IEA,
through its workshop proceedings, meetings, work programme and associated publicatisnand papers.
The IEACIAB commissioned the International Centre for Sustainable Carbon (ICSC), formerly known as
the IEA Clean Coal Centre (IEACCC), to undertakehis study into the future role of low emissions coal
technologies (LECT) in Asia. The study ade use of the network and expertise of the CIAB member
organisations, particularly relating to China and Southeast Asia

Neither the International Centre for Sustainable Carbon nor any of its employees nor any supporting
country or organisation, nor any eanployee or contractor of the International Centre for Sustainable
Carbon, makes any warranty, expressed or implied, or assumes any legal liability or responsibility for the
accuracy, completeness or usefulness of any information, apparatus, product or press disclosed, or
represents that its use would not infringe privately owned rights.
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ABSTRACT

There is a widely held assumption that there must be an end to the use of coal to achieve net zero emissions
(NZE). For much of Asia, it is not feasible to phaseut unabatedcoal in the coming decadesas it remains
the dominant source of energy, because of its low cost and ease of availability. Many Asian countries have
relatively fast-growing economies and populations, which are also becoming more urban. Thus, demand
for energy, electricity and infrastructure is growing o all of which are carbonrintensive. There is much that
Asian countries can do to approach NZE, starting with the deployment of low emission coal technologies
(LECT).

Carbon capture, utilisation and storage (QCUS)is anecessarypartoBt j b Pt ' usbotj uj po!up! Of
will remain important for many years for existing industry, such as electricity generation and industrial

processes that are hard to abate; and new industries, such as bioenergy, hydrogen, ammonia and dimethyl

ether (DME). Asia, and in particular China, should become a key focus for the radlut of commercial CCUS,

where large scaleprojects are underway.

Emissions from coalfired power plants can be reduced by cofiring biomass with coal and increasing the
efficiency of units. Japan is pursuing cofiring low emissions ammonia, produced from fossil fuels with
CCUS, or from water electrolysis using electricity. All new, large coal units should adopt high efficiency,
low emissions (HELE) ultrasupercritical (USC) conditionand bestavailable pollutant controls. Alternative
power generation systems such as those based on supercritical G@lso have potentialin the transition
to NZE.

A portfolio approach to decarbonise industry and the chemicals sector will be needed, inclydo h! qgv f mP!
switching to low emissions fuels of hydrogen and ammonia, biomass as a carbon neutral fuel, improved

energy efficiency, and deployment of current best available and future innovative technologies including

CCuUs.

4

INTERNATIONAL CENTRE FOR SUSTAINABLE CARBON
THE ROLE OF LOW EMISSION COAL TECHNOLOGIES IN A NET ZERO ASIAN FUTURE



ACRONYMS AND ABBREVIATIONS

AHEAD
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Advanced Hydrogen Energy Chain Association for Technology Development, Japan

air separation unit

autothermal reformer s

advanced ultrasupercritical

biomass energy carbon capture and storage
bubbling fluidised bed

blast furnace to basic oxygen furnace
Department for Business, Energy andndustrial Strategy, UK
compound annual growth rate

Committee on Climate Change, UK
combined cycle gas turbine

carbon capture and storage

carbon capture, utilisation and storage
circulating fluidised bed

contract for differe nce

combined heat and power

Coal Industry Advisory Board, IEA
Conference of the Parties

direct air capture

Department of Energy, USA

direct reduced iron

electric arc furnace

enhanced oil recovery

emissionstrading schemes

European Union

fluidised bed combustor

Framework Convention on Climate Change, UN
fuel cell electric vehicle

Fuel Cell and Hydrogen Joint Undertaking
front end engineering and design

Global Carbon Captureand Storage Institute
greenhouse gases

gross national income

China Hydrogen Alliance

Hydrogen Energy Supply Chain

hydrogen refuelling stations

International Centre for Sustainable Carbon
International Energy Agency

IEA Greenhouse Gas R&D Programme
integrated gasfication combined cycle
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IPCC Intergovernmental Panel on Climate Change

LECT low emissions coal échnologies

LCOH levelised cost of hydrogen

LHV lower heating value

LNG liquefied natural gas

LPG liquefied petroleum gas

MCFC molten carbonate fuel cell

METI Ministry of Economy, Trade and Industry, Japan
MHI Mitsubishi Heavy Industries

NDC Nationally Determined Contribution

NEA National Energy Administration, China

NEDO New Energy and Industrial Tehnology Development Organization, Japan
NZE net zero emissions

OECD Organisation for Economic Co-operation and Development
PC pulverised coal

PEM proton exchange membrane

PPP purchasing power parity

PV photovoltaic

RAB regulated assetbase(project funding model)
R&D research and development

SDGs Sustainable Development Goals, UN

SMR steam methane reforming

SNG synthetic natural gas

SOFC solid oxide fuel cell

TRL technology readiness level

TPES total primary energy supplies

VRE variablerenewable energy

UN United Nations

uscC ultrasupercritical

WGS water-gas shift

Note: all monetary values are in United States dollars ($) unless otherwise stated.
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UNITS

Bt billion tonnes (10° tonnes)

EJ exajoule (10%joules)

Gt gigatonnes (10 tonnes)

GW gigawatts (10 watts)

gCO» grammes of carbon dioxide

GJ gigajoules

GtCO» gigatonnes of carbon dioxide

m metres

Mt million tonnes (1 tonnes)

Mtce million tonnes of coal equivalent
Mtoe million tonnes of oil equivalent
MtCO» million tonnes of carbon dioxide
MW megawatt

MWe megawatt electric

MWth megawatt thermal

t tonne

T™W terawatt

TWh terawatt-hour

wit% weight per cent
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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

The 26th Conference of the Parties (COP26) to the United Nations Framework Convention on Climate
Change (UNFCCC) held in Glasgow in November 2021, was an important moment for global action
on the combined challenges of energy and climate. More than 130 countries have pledged to reach net
zero emissions (NZE) before 2050. China is aiming for carbon neutrality by 2060 and India has a target
date of 2070. Combined, the net zero target covers 88% of GHG emissions, 85% of the population and
90% of GDP (PPP) (Net Zero Tracker, 2021).

The coal industry is a key stakeholder in the UNFCCC process. As an advisory board to the
International Energy Agency (IEA) on ma tters relating to the utilisation of coal, the Coal Industry
Advisory Board (CIAB) worked with the International Centre for Sustainable Carbon (ICSC) to
produce this report which considers the indispensable role of advanced coal technologies in fulfilling
the goals of the Paris Agreement. The CIAB recommends the IEA supports this technology centred

approach to the challenge of reducing emissions in Asia.

There is a widely held assumption that achieving NZE means the end of using coal. Many developed
countr ies have already committed to phase it out. They are generally high-income countries with slow -
growing, service-based economies, stable populations and the options of nuclear power, relatively
cheap natural gas and renewables. However, much of Asia dependson coal for energy security, where

it remains the dominant source of energy as it is relatively cheap and readily available.

Asian countries tend to have relatively fast -growing economies and populations, which are also
becoming more urban. This means that demand for energy and electricity is increasing. Urbanisation
and industrialisation also raise the demand for infrastructure. These developments require large
amounts of steel and cement, the production of which is also still largely coal dependent. Thus , it is
much harder for a growing Asian economy to stop using coal than it is for a developed, service -based
one in Europe or North America where the population already has 100% access to secure and reliable

electricity.

Asia is home to over 60% oftheworl d Es popul ation and relies on oil, co
needs. It is responsible for more than half of global CO, emissions from fossil fuels. Asia has a large,

young coal fleet (the average age of units is 13814 years), which provides 57% of t he r egi onEs
electricity (Asia -Pacific, 2020). This means the region will need to accelerate deployment of low

emission coal technologies (LECT) to help the world achieve NZE by 2050.
CARBON CAPTURE UTILISATION AND STORAGE IS VITAL

Carbon capture, wutilisation and storage (CCUS) is a n

because coal and gas will remain important for years for existing industry, such as electricity

17

INTERNATIONAL CENTRE FOR SUSTAINABLE CARBON
THE ROLE OF LOW EMISSION COAL TECHNOLOGIES IN A NET ZERO ASIAN FUTURE



EXECUTIVE SUMMARY

generation and industrial processes that are hard to abate, for example steel and cement making; and

new industries, including bioenergy, hydrogen, ammonia and dimethyl ether (DME).

CCUS technology is ready for widespread commercial roll -out and its deployment in Asia needs to
expand significantly to remain i n line with the temperature objectives of the Paris Agreement. There
are 30 large-scale CCUS facilities operating globally which store around 40 MtCO »/y; we know it works.

The reliability and availability of CCUS plants continue to increase.

The cost of CCUS has fallen significantly; capture currently costs around65$tCO . éLearning by d
will bring costs down further; a 50 €75% cut may be achieved as the technology is rolled out

commercially. CO» capture costs of 43845 $/tCO , by 2024-28 are predicted (seeFigure 1).

140+
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2 1004
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Figure 1 Levelised cost of electricity for large-scale coal power generation plants with
post-combustion carbon capture (Zapantis and others, 2019)

Asia, and China in particular, should become a key focus for the wider commercial roll -out of CCUS.
A current example in China is the Jinjie project, capturing 0.15 MtCO »/y. Other projects include the
Huaneng Longdong Energy Base 2GW USC plant with 1.5 MtCO »/y capture capacity with a planned
completion date of end 2023 and the GreenGen integrated gasification combined cycle (IGCC)
(Phase 3) planned to capture 1 &2 MtCOo/y by 2025.

The CO; captured could be stored permanently in local geological structures deep underground.
Regional cooperation is an option for individual countries where this is not possible. For example,
countries with limited geo logical storage could still use hydrogen and other feedstocks from coal (with

the storage occurring where the coal is located) as part of attaining NZE.
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The business case for CCUS can be boosted by usinghe CO- for enhanced oil/gas recovery and as a

carbon source for new, value-adding circular economy activities in cement and chemicals manufacture.

There are no technical barriers to CCUS becoming a key strategic part of the NZE solution for Asia.
However, strong financial, regulatory and incentive regimes will be needed to achieve large -scale

roll -out.
MORE EFFICIENT POWER GENERATION IS EFFECTIVE

The power generation sector in Asia emits over 8 GtCO »/y, almost half of the total CO , emissions of
the region. Small, inefficient and unabated coal power plants should be closed. Improved efficiency of
power plants can dramatically reduce emissions of CO; and other pollutants. Coal power plants with
efficiencies of 47% (LHV) ( equivalent to ~720 gCOx/kWh) are in operation, while the global average
is 37.5%. Each percentage increase in efficiency reduces CQ@emissions by 263%, plus high efficiency,
low emissions (HELE) power plants are more suitable for CCUS. There is the potential to lift
efficiencies to almost 50% in the near term (reducing emissions by another ~10%, to around
680 gCO/kWh). Thus, all new, large coal units should adopt HELE ultrasupercritical (USC)
conditions and best-available pollutant controls , while in the longer term all coal -fired units will need
to be abated with CCUS.

Several alternative high-efficiency pathways are based on an IGCC, offering potential additional
benefits of fuel flexibility, generation of high -value products, and good compatibility with carbon

capture. The integration of fuel cell technology, particularly solid oxide fuel cells and molten carbonate

fuel cells into IGCC coal-fired power plant, has the potential to further increase the efficiency of LE CT.
In the long term, efficiencies of around 60% LHV basis have been projected for such power plants.
Supercritical CO2 (sCOy) cycles such as the Allam-Fetvedt Cycle hold great potential to provide
advanced power generation systems that can achieve higher plant efficiency and close to full carbon

capture at lower costs.
COFIRING WITH LOW CARBON FUELS REDUCES EMISSIONS

Cofiring coal with agricultural and forestry wastes as well as low -emissions hydrogen and ammonia
reduces GHG emissions from power plants and may offer a cheaper option to achieve NZE at a power
plant, for e xample with 90% capture and 10% cofiring . The role of cofiring is increasing in Asia: China,
Japan and Indonesia have specific policy tools to support biomass cofiring, either in place or planned.

There are substantial agricultural and forestry waste resources suitable for cofiring with coal . Such

action would also improve local air quality if the waste was no longer burnt in the field.

In Japan, the option to cofire low emissions ammonia, produced from fossil fuels with CCUS, or from
water electrolysis using electricity, is being pursued. Work is underway to develop a global supply

chain to provide the required levels of low emissions ammonia.
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COAL SUPPORTS MORE RENEWABLE ENERGY ON THE GRID

As the proportion of variable renewable energy (VRE) supplying the grid increases in Asia,
dispatchable coal-fired power plays an important role in the overall grid response to demand When
there is little wind or sunshine, coal -fired power plants can be ramped up to maintain stable supplies
of electricity. Even when high levels of VRE are achieved >50870%, coal power will remain key to
ensuring security of supply. Thus, an increase in VRE capacity lowers the output from coal plants but
does not necessarily mean their closure. Coal power plants do not compete with VRE. Ins tead, they
facilitate the increased penetration of VRE into Asian power networks by maintaining a stable grid

while producing low emissions power when necessary.

However, as investments and policies for power sector transformation focus on VRE, inefficient coal
power plants continue to operate, instead of being replaced by HELE plant with CCUS. This is
exacerbated by the flight of international finance and technology providers from the coal sector. While
coal remains fundamental to many Asian electricity gr ids, the sector should be supported in a rapid
transition to HELE technologies through appropriate valuation of dispatchable capacity to make the

grid reliable, with continued support for R&D, and greater international collaboration.
COAL HAS A MASSIVE, HRD TO REPLACE ROLE IN ASIAN INDUSTRY

Industry already produces about 8 GtCO ,/y of direct emissions, 70% of which are from the cement,
iron and steel, and chemical sectors. Almost 2 GtCO,/y of industrial emissions are a by -product of
chemical reactions with in the production process and currently cannot be avoided. Demand for

products is forecast to continue to grow, driven by population and economic growth.

China is responsible for 50660% of the global production of cement, steel and aluminium, where coal
is the dominant feedstock and source of process heat. This means that coal accounts for 70% of steel,

83% of cement and 75% of aluminium production in China ( seeFigure 2).
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Figure 2 Proportion of steel, aluminium and cement production in China derived using coal

as a feedstock and energy source (Yang, 2020)

A portfolio of approaches will be needed to achieve NZE from industry, including:

deployment of CCUS;
E

efuel s wi t ceh, biontass arml eldctyidity whaye available at a competitive price;

and

improved energy efficiency and increasing the use of scrap steel and aluminium.

Coal will continue to be key through the transition to NZE, with CCUS retrofit essential to decarbonise

industry

GROWING CHEMICALS SECTOR RELIES ON COAL

For chemicals and fuel production from coal, gasification can offer the best production route in Asia

and has a strong track record in China. The chemical and fuel sectors are growing and are likely to

expand through the transition. The use of methanol as an intermediate, substitute natural gas, coal-to-

liquids and coal-to-tar, deep processing and hydrogenation, and lignite upgrading are all expected to

grow strongly. Process optimisation can improve convers ion efficiencies, but again CCUS must be

adopted for this industry to develop in a way consistent with NZE.

LOW-CARBON EMISSIONS HYDROGEN INCREASING IN IMPORTANCE

Hydrogen is a very versatile fuel, with a potential role in all sectors; global demand in 20 50 may be up

to 650 MtH »/y, a 560% increase from 2018. It is likely to be used for industrial feedstock and energy

supply, transportation, heating and power in buildings, and power generation usage including

hydrogen buffering.
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The preferred method of hyd rogen production depends on local factors. In China, low emissions
hydrogen production via gasification from coal with CCUS is lower cost than low emissions hydrogen
based on water electrolysis, typically by a factor of almost 3. This economic advantage of coal
gasification with CCUS means it will probably continue to be a low -cost source of large-scale hydrogen
in Asia. The Sinopec Qilu CCUS retrofit to the existing coal gasification plant in China could lead the

way to a wider roll -out of low -carbon hydro gen technology in Asia.

The addition of CCUS to coal gasification for hydrogen production can reduce the carbon intensity of
hydrogen to 0.4€0.6 kgCOx/kgH », at a 98% rate of carbon capture. This is2% of the CO, compared to
hydrogen production from the glo bal average electricity mix . Cofiring biomass or ammonia with the
coal, increasing the capture rate, or using advanced technology such as the AllamFetvedt Cycle, could

all reduce the CO; emissions closer to net zero, or even below, in the case of cofiring with CCUS.

MEETING THE CHALLENGE IN ASIA

Achieving NZE will require an increase in the level of VRE in Asia and a reduction in the emissions

traditionally associated with fossil fuels. Coal will continue to be used in Asia in the coming years
because: security of energy supply is vital, coal provides dispatchable power to help maintain a stable
power grid as the level of VRE increases; natural gas is relatively expensive; and coal is difficult to

replace as a feedstock in many industries.

Thus, Asian countries reliant on coal now will need low emissions technologies for power generation
and especially for the foundation industries of steel, cement and aluminium, for the chemicals industry
and for the hydrogen sector which can contribute to power generation, industry, building and

transport.

CCUS, together with HELE power plants, biomass and waste cofiring with coal will be key enabling
technologies to help large parts of Asia approach NZE while maintaining economic growth. There are
low emission technologies available and others close to commercialisation that are vital to enable Asia

to approach NZE.

Investment in advanced coal technologies is an essential part of global action to meet emissions
objectives and achieve the intended outcomes of the Paris Agreement. This study aims to accelerate

the transition.
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1 INTRODUCTION

The Paris Agreement on climate change was adopted at the 2015Conference of the Parties to the
United Nations Framework Convention on Climate Change (COP21). The central aim of the
Agreement is to strengthen the global response to the threat of climate change by keeping global
temperature rise by 2100 to well below 2°C above pre -industrial levels and to pursue eff orts to limit
the temperature increase to 1.5°C. It seeks to balance greenhouse gas (GHG) sources and sinks in the
second half of this century, effectively requiring net zero GHG emissions (IPCC, 2018). Recognition
is growing that GHG emissions need to be reduced to net zero by around 2050 to limit the global
temperature rise this century to the 1.5 °C target and to mitigate the more severe impacts of climate
change (IPCC, 2021). This is reflected in the latest updates to the Nationally Determined Contributions
(NDC s) of the Parties to the Agreement and recent government announcements, particularly at COP26
in November 2021. More than 130 countries have pledged to reach net zero emissions (NZE) before
2050. China is aiming for carbon neutrality by 2 060 and India has a target date of 2070. Combined, the
net zero target covers 88% of GHG emissions, 85% of the population and 90% of GDP (urchasing
power parity, PPP) (Net Zero Tracker, 2021). Other countries such as Indonesia are exploring

opportunit ies to rapidly progress towards NZE in 2060 or sooner (UNFCCC Indonesia, 2021).

Achieving NZE will require an increase in the level of renewable energy sources , particularly solar and
wind, together with a reduction in the use of fossil fuels , among other measures. According to the IEAE s
net zero emissions scenario (IEA, 2021a) the resulting energy mix could be as shown in Figure 1. This
scenario is one potential pathway to achieve net zero global GHG emissions; alternative routes have
also been developed such as that defined by the Intergovernmental Panelon Climate Change (IPCC,
2019).
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Impact on coal

In the IEA NZE scenario there is a dramatic reduction in the use of fossil fuels; its share of total energy
supply falling from 80% in 2020 to a little over 20% in 2050. In this scenario coal consumption for
energy would reduce from over 5 billion tonnes (Bt) in 2020 to below 0.6 Bt in 2050, representing an
average annualreduction of 7% per year. Despite the ambitions of this scenario, significant quantities

of coal would still be usedin 2050 for :

1 non energy goods, in plants with carbon capture utilisation and storage (CCUS)
(seeChapter 2 for a description of this technology);

1 heavy industries such as steel, cement aluminium and chemicals manufacturing where
emissions are difficult to abate, again using CCUS technology together with low emissions
hydrogen, ammonia and methanol derived from coal; and

1 power generation where low emissions electricity can be produced, again using CCUS.

However, it should be noted that coal demand worldwide was expected to grow by 6% in 2021 and to
rise to 8025 Mt in 2022, the highest level ever seen, and to remain at this level to 2024 (IEA, 2021¢€).

Cofiring coal with biomass, waste, hydrogen or ammonia could be used to deliver low emissions, and
when coupled with CCUS, this could deliver negative CO » emissions to offset GHG emissions from
other sectors. As a fully dispatchable source of low emissions power, coal-based power generation
with CCUS can complement the increased penetration of renewables by providing reliable back -up to
operate flexibly around the variability of sola r and wind power . A further advantage is that the large
rotating turbo -machinery associated with fossil fuel power generation, both steam and gas turbines,

provide spinning inertia to help maintain stable grid frequencies as wind and solar based power
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generation increases. Low emissions coal technologies (LECTs) can therefore be an enabler to support
the increased level of renewables penetration in the 2050 energy mix as part of a resilient energy

system.

Regional variations

There will be considerable regio nal variation sin how NZE can be achieved. In Asia, there are various
priorities which must be balanced . As well as reducing emissions of GHG and other air pollutants,
there is a need to provide universal access to affordable, reliable electricity, to meet the energy
demands of an increasingly urbanised society and of fast-growing economies, and to maintain some
energy independence. These requirements are shown in the wider context of the Uni t ed Nati onE:

Sustainable Development Goals(SDGs), particularly:

SDG 7 Affordable clean energy for all;

SDG 8 Decent work and economic growth;
SDG 9 Industry innovation and infrastructure;
SDG 1 Sustainable citiesand communities; and
SDG 13Climate action.

= =4 4 A -

Thus, in much of Asia, coal use is forecast to hcrease, mainly for the reasons listed below (Mills, 2021):

use of indigenous energy resources;

ea< of availability;

enhancing national energy security and reducing energy imports;
diversification of sources of energy;

growing electricity demand or shortages of supply;

generates cheaper, more affordable electricity than alternatives;

drives economic and/or social development; and

= =4 4 A4 -4 - - -

can be instrumental in providing universal access to electricity.

In China for example, there was an overall increase in coal consumption of over 1% in 2019. Across

Southeast Asia, coal useincreased by around 15% in 2019, mainly reflecting demand growth in

Vietham and to a lesser extent, in Indonesia (IEA, 2020 a). This shorter term analysis shows that by

2025, global coal demand is forecast to level out at around 7.4 Bt/y , or around 5200 million tonnes of

coal equivalent(Mtce) wi t h Chi naEs coal demand Bigaouridk8@Mice).pl at eau
India and some other countries in South and Southeast Asia are also forecast to increase coal useto

2025 as industrial production expands and new coal-fired capacity is built.

A further factor is that more than half of the global 2 terawatts (TW) of coal capacity has been built in
the last 20 years, and coal power plants can have a life of 4850 years. Over 90% ofthis expansion has

taken place in Asia, primarily in China, but also India, and increasingly in Southeast Asia, including
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Indonesia and Vietnam. These recently built plants will probably continue to be operated for at least
the next decades the challenge is to ensure that they are operated in a low emissions manner

consistent with the transition to NZE emissions .

This study assesgsthe role of coal as an energy source to support the transition to a NZE future. The
focus is on Asia where there are countries with fast growing economies that have ready access to
relatively cheap coal, either domestically produced or from imported sources , which is fundamental
to supplying reliable energy for their economic expansion and development. This includes both coal
for power, as well as for heavy industrial manufacturing including steel, cement, aluminium and a range
of chemicals. Coal will also have asizeable role in affordable, low emissions hydrogen, ammonia and
methanol production, both as intermedia ries in chemicals manufacture and as energy vectors in their
own right . These sectors, supported by coal, are important in terms of urbanisation and oth er aspects
of economic development in Asia. The challenge is that this development needs to be achieved in

parallel with reducing GHG emissions to meet climate commitments.

Therefore, the report cover s CCUS as a key enabling technology for low emissions @al, together with
the cofir ing of coal with biomass, waste fuels or low emissions fuels such as ammonia,as an alternative
to deliver low emissions . By utilising CCUS and cofiring together, low emissions coal could actually
become a negative emissions tetinology to effectively remove GHGs from the atmosphere . LECTsfor
power generation, together with flexible operation as part of resilient grids with high embedded
renewable energy are discussed. Coal based technologies in industrialmanufacturing and to produce
chemicals and hydrogen are also assessedFinally, the report include s case studies from China, India,
Indonesia and Vietnam as major coal uses, but with very different perspectives and resources. Japan
is also assessed as a country pursuingegional solutions to meet national targets, particularly relating
to the nature of geological storage opportunities and carbon dioxide/hydrogen transport networks to

support CCUSinitia tives.

The report primarily address es technology issues relating to low emissions coal use to complement

the | E Avipdd roadmap to NZE by 2050 (IEA, 2021 a).
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2 CCUSOKEY TO ARAMSHFGCGRMATION TO
NET ZERO

2.1 KEYMESSAGES

CCUS as a technology isinderstood andproven.

1 The various elements of the CCUS technology chain are in place for commercial deployment.

9 Barriers to widespread largescale CCUS deployment are not technical.

I Several other next generation technologies that could provide step change cost reductions
and increase efficiency are being researched and developed and could, in time, reach the
market.

There are 30 operational largescale CCUS facilities globallyyith the potential to store around 40
MtCO »/y; the majority relate to natural gas processing applicaons.

CCUS projects are spreading around the globe and increasing in diversity.

9 Over the past three years the number of new projects has risen from 28 in 2019 to 102 in 2021
with facilities in development in power generation, liquefied natural gas (LNG);ement, steel,
waste-to-energy, direct air capture and storage and hydrogen in Europe, the Middle East,
North America and China.

I North America remains an important region, but several countries now have commercial CCUS
facilities under development, including Belgium, Denmark, Hungary, Indonesia, Italy, Malaysia
and Sweden.

I Asia, and in particular China, should become a key focus for the ratlut of commercial CCUS.

The cost of CCUS has reduced significantly, with a current cost of capture of around 6%/t CO-
(2021). Further cost reductions can be expected through dearning by doingPwhere perhaps a
50075% cut could be achieved as the technology ideployed commercially.

There are no technical barriers to increasing capture rates beyond 90% in the three geration
capture routes post-, pre- and oxyfuel combustion.

I CCUS capture levels will need to increase from the current 9@95% to closer to 100%or other
options such as cofiring with biofuels utilisedto allow power plants to continue to operate in a
NZE future. This is because any residual GQemissions from CCUS facilities will not be
compliant without being offset from negative CO ; emissions elsewhere.

The hub and cluster approach is increasingly being adopted to enable the sharing of transport and
storage infrastructure. This can improve the economics of CCUS due to economies of scale and
overall de-risking of storage liability and crosschain risk. Fossil fuel power plants with CCUS could

form the anchor for these clusters with local industries feedng in their captured CO..

1 There are already four hubs operating in Brazil, Canada, Norway and the United Arab Emirates

9 CCS hubs are evolving to become the dominant operating model for CCUS in North America
and Europe.

I The Asia CCUS Network provides platform for policymakers, financial institutions, industry
and academia to work together to develop and deploy CCUS in Asia.
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Irrespective of the policy scenario, technology and innovation will be the key driver to achieving the

goalsof the Paris Agreement. In particular, CCUS fitted to power generation, industrial manufacturing

pl ant and |l ow emissions hydr ogen production facilit
transformation to a NZE future at least cost According to th e IPCC (2019), between 350 and

1200 gigatonnes of CO, (GtCO2) will need to be captured and stored this century to limit the global

temperature rise to the 1.5°C target (IPCC, 2019). Most climate models indicate that without CCUS it

becomes nearly impossible and significantly more costly to keep the temperature increase within the

target. Moreover, the risk of overshooting would be increased by limiting the potential for large -scale
CO;removalorée negat i ve usnmbicerseigywitls ECS (BECCS (Stechow and others, 2016;

Consaoli, 2018).

The latest analysis from the IEA (2021a) shows that to achieve the NZE pathway, 7.6 GtCO./y needs
to be captured by 2050, almost 50% of which would be from fossil fuel combustion, 20% from industrial
processes and around 30% fromBECCSand direct air capture (DAC) (IEA, 2021a). The use of CCUS
with fossil fuels provides almost 70% of the total growth in CCUS to 2030 in the NZE scenario. Clearly,
to help the world achieve NZE, CCUS will need to be a prominent feature in Asia, home to over 60%
of the population . Moreover, the roll-out of commercial CCUS and other low emission technologies
will empower Asian economic growth and increasing urbanisation without the attendant growth in

emissions.

The following sections explore the technical status of CCUS globally.

2.2 CCUSTECHNOLOGIES

CCUS prevents CQ from being released to the atmosphere. It involves capturing CO » produced by
large power and industrial plants, compressing it for transportation and then either injecting it into
rock formations underground, using it for enhanced oil recovery ( EOR), or to form useful products.
CCUS as a technology isunderstood and proven. Carbon capture equipment has been used
commercially to purify natural gas and other gases since the 1930s. CQ, was first injected underground
in commercial -scale operations in 1972 and it is transported daily by pipelines and, to a lesser extent,
trucks, trains and ships in many parts of the world . CCUS s of strategic value for climate change
abatement. It can be applied to fossil fuel power plant s (both coal - and natural gasfired) to provide
low emissions generation capacity to complement intermitt ent renewable power sources. It is a
solution for hard -to-abate industries such as cement, stee] aluminium and chemical production, as
well as a platform for the hydrogen economy. CCUSwill also become important in removing carbon
from the atmosphere (for example BECCS andDAC with CCUS) to balance emissions that are
challenging to avoid (IEA, 20 20e; IChemE, 2018). The ICSChas published many reports on CCUS; see
for example Kelsall (2020), Lockwood (2016, 2018ab) and Minchener (2019).
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CO, CAPTURE TECHNOLOGIES
There are four principal types of capture process:

Post-combustion capture @ CO; is removed from the flue gas after the main process conversion
step (typically combustion). The remaining flue gas is primarily nitrogen together with ther minor
components. Most post-process capture technologies used in projects today are amindased
absorption systems of the postcombustion capture type. Additional technologies that fall into the
post-process capture category includeadsorption onto asolid sorbent, fuel cells including molten
carbonate fuel cells (MCFC) and membrane separation.

Oxyfuel combustion o Fuel is burned with oxygen in a stream of recycled C@ By excluding the
nitrogen from the process, CO, separation becomes a relatively easprocess of condensing out the
water from the flue gas. However, it requires an air separation unit (ASU) to produce the oxygen
for the oxyfuel combustion process which adds to the system cost.

Pre-combustion captureoIn an integrated gasification combned cycle (IGCC) power plant in which
the fuel is gasified/reformed to a CO/H2/CO2 mixture, typically incorporating a water-gas shift
(WGS) reaction step to increase the concentration of hydrogen by reacting the carbon monoxide
with steam. The CQ is then captured from the pressurised fuel gas stream. The IGCC system
combines chemical processing with power generation, with the flexibility of being able to produce
hydrogen. The typical separation technologies that fall into this category include solvent sepation
processes such as Rectisol and Selexol, pressure swing adsorption and water enhancedsjaf.

Calcium and chemical loopingo’A further approach with calcium or chemical looping technologies
involves the use of metal oxides or other compounds, asegenerable sorbents to transfer either
CO2 or oxygen from one reactor to a second reactor. Circulating fluidised beds, which are available
commercially, can be used as one or both reactors. Both calcium and chemical looping technologies
are secondgeneration CO. capture technologies utilising hightemperature streams to
significantly reduce the energy penalty associated with CQ capture.

Post-combustion capture is the most widely deployed approach and most of these projects use
chemical absorption through amines. This capture technology has been used commercially in
industrial settings in chemicas production and to purify natural gas and other gas streams for over

80 years.

2.2.1 CCUS component readiness levels

The Technology Readiness Level (TRL) of a component or system qualitatively assesses the maturity
of technology through the different stages of research and development (R&D). Of the different CCUS
technologies at varying stages of development (see Figure 2) several are readily deployable at
commercial scale (TRL9) and most are at the pilot plant stage (TRL6) or higher (IChemE, 2018).
Various other technologies that can reduce costs and increase efficiency are & TRL7é8 and most

should, in time, move to TRL9.
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Figure 2 CCUS components in terms of Technology Readiness Level (IChemE, 2018)

Thus, the elements of the CCUS technology chain are in place for commercial deployment and their

safety and operability has been confirmed in various pilot demonstrations and large-scalecommercial
operations. The barriers to widespread large-scale deployment of CCUS are not technical and there is
potential for future cost reductions through next generation technologies and through éearning by

doingE

2.2.2 CCUS R&D priorities

A recent study sponsored by the UK GovernmentEs Depa
Strategy (BEIS), sought to identify the key innovation needs to help prioritis e investment in low -

carbon innovation. Part of the study focused on CCUS (EINA, 2019) and defined the following as key

R&D priorit ies:

1 For pre-combustion & advanced reformer technologies to unlock the potential to combine
hydrogen production with CCUS for power, which opens further opportunities across the energy
system. Cost reduction is possible using cheaper and more energyefficient materials and

processes.

1 For post-combustion & R&D into new solvent and absorption processes aimed at lowering cost
and improving capture performance, whilst also having the potential to reduce regenerati on costs,

corrosion effects, environmental impact s, and product degradation.

1 For oxyfuel combustion & new technologies for lower -cost air separation in oxycombustion,
including ion transport membranes (ITMs). Ceramic materials that conduct oxygen ions at
elevated temperatures are an early-stage technology with significant potential for a step -change

cost reduction in air separation.
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A selection of next generation technologies showing how they could progress through the TRL levels

is shown in Figure 3. They could offer benefits (either through innovation in materials, processes or

equipment) for reduced capital and operating costs and improved capture performance.

Current | Y | Y | Y |Y|Y|Y]|Y Y X. | X |X

Vendor Technology scale (14 (15|16 (17 (18(19|20|21|22|23|24|25
Solvents }
Linde / BASF Advanced amine / heat integration 15 MWe
ION Clean Energy Non-aqueous solvent / amine mixture 12 MWe
IFPEN / Axens Solid-liquid phase change solvents 0.7 MWe
University of Kentucky Heat-integrated advanced 0.7 MWe
University of Texas at Austin Piperazine and flash stripper process 0.5 MWe

[ Sorbents ]
Svante Intensified rapid-cycle TSA 2 MWe
TDA Alkalised alumina sorbent 0.5 MWe

[ Membranes ]
FuelCell Energy MCFC with electrochemical membrane 3 MWe = A -> >
MTR Polaris™ membrane 1 MWe

[ Calcium and chemical looping }
Carbon Engineering Chemical looping 0.5 MWe

[ Oxyfuel J
NET Power / 8 Rivers Capital  Allam cycle 25 MWe

I Small pilot [ Large pilot [ Bench [ Demonstration

MCFC - molten carbonate fuel cell

TSA - temperature swing adsorption

Figure 3 Selection of next-generation CCUS technologies being tested at >0.5 MWe (Kearns

and others, 2021)

2.3

CCUS TECHNOLOGY STATUS

There are a total of 30 operational ( October 2021) CCUS facilities globally ( seeAppendix , Table A-1)

(GCCsl, 2020, 2021b). The majority of these facilities relate to natural gas processing applications,

together with chemicals production such as ethanol and fertilisers , hydrogen for refinery applications,

steel production and power generation. Together, they provide

40 MtCO2/y. In addition,

the potential to store around

six facilities are in construction and due to be completed in the 2020s

(seeAppendix). Two of them relate to chemicals production in China, namely Sinopec Qilu

Petrochemical CCS andGuodian Taizhou Power Station Carbon Capture.

There are also a significant number of projects in advanced development using a predominantly front

end engineering design
(seeAppendix , Table A-2).

(FEED) approach,

or in the early stages of development

In terms of power generation, CCUS currently plays a relatively small role with one operational and

one in suspended operation providing a combined 350 MWe capability. Both are retrofits of coal -fired

power plants located in North America, namely:
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1 110 MW Boundary Dam power plant in Canada, which was retrofitted with CO » capture in
2014 and is rated at 1.0 MtCQ,/y captured;
1 240 MW side-stream at the Petra Nova power plant in Texas, USA, which started operation
in January 2017, rated at 1.4 MtCQ,/y captured. Operation of this facility was suspended in
early 2020 due to the global economic downturn caused by the Covid -19 pandemic, together
with areductioninoil pri ces affecting the plantEs revenue fr
NRG, has indicated that CO; capture will resume when economic condition simprove
(GCCSI, 2020).

The key regions in terms of CCUS installations are North America, Europe, the Middle East and Asia

Pacific.

2.3.1 CCUSprojects becoming widespreadand more diverse

Eighteen of the 30 commercial scale CCUS operating facilities are in North America , with 14 of them
in the USA, due in large part to supportive national policy frameworks, a focus on low emission
technology innovation, the history of oil and gas exploration/operation, accessible CQ storage sites
although the use of the captured CO, for EOR has been a stronger driver , and strong stakeholder

support including the private sector.

Looking aheadto 2030, CCUS projects are becoming increasingly diverse, with development projects
in a broad range of sectors including power generation, LNG, cement, steel, waste-to-energy, direct air
capture and storage and hydrogen production. North America continues to be the leader in CCUS
deployment with 41 new large -scale commercial CCUS projects announced in 2021. Importantly,
several new countries have commercial CCUS facilities under development, including Belgium,

Denmark, Hungary, Indonesia, Italy, Malaysia and Sweden.

2.3.2 Lessons learned from CCUS projects

Several studies have been carried out to identify the potential to reduce the costs of CCUS ( seelrlam,

2017; Bruce and others, 2019; IEA 2020; Kearn and others, 2021). Generally, they point to cost

reduction through increased deployment at pilot demonstration and subsequently commercial scale €

socal l ed élearning by doingE. There is growiad knowl e
the more recent pipeline of FEED studies, that provide the initial practical understanding to drive cost

reduction and improve performance of next generation CCUS facilities. In addition, pilot and early

TRL research projects are underway to develop the potential for innovating existing technologies and

developing new ones which could bring step change cost reduction.

2.3.3 Cost reduction

Technology costs fall in real terms as a result of innovation and learning by doing . Examples include

the costs of manufacturing solar cells and offshore wind, which have fallen significantly and are
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projected to fall further. Another example is t he development of wet desulphurisation scrubbers for
coal-fired power plants in the U SA where capital costs fell by about half as the deployment of the

technology increased.

Capture forms the bulk of total CC US costs. The cost of CQ capture is much lower for concentrated
sources(such asin hydrogen production, coal to chemicals and natural gas processing) than for power
generation, cement and iron and steel production. Over the past 15 years the cost of capture from coal -
fired power flue gas has fallen by about 50% following R&D, demonstrations and learning by doing.
Diverse technologies, platforms and innovations developed outside the energy sector are being

transferred into this sector to reduce costs, risks and timescales for CCUS projects.

Current carbon capture costs for coal -fired power plant s with post -combustion CO, capture using
amine-based solvents are in the range of 105 $/tCO- captured at Boundary Dam, to 65 $/tCO , captured
at Petra Nova (GCCSI, 2®0). The US Department of Energy (DOE) has noted that carbon capture
costs need to come down to around 30 $/tCO , for CCUS to be commercially viable ( USDOE, 2018).
These costs will naturally decline in the future as CCUS technology becomes more commercialised
through economies of scale. Based ona typical learning rate of 8&813% for coal related technologies
(Zapantis and others, 2019) and assuming a target capacity of 220 GWe of coatfired power plan t fitted
with CCUS to achieve t he |dfAepstreduzibn irstleeeange ofiS®E75% E A , 20
could be achieved by 2050 for amine -based postcombustion CO, removal. If the current cost of CCUS
is taken as the more recent Petra Nova price of 65 $/tCO » captured, the price for future CCUS plant
could therefore fall to 18 €30 $/tCO », depending on final capacity and the actual learning rate. This

number could be even lower with the additional learning from industrial applications of CCUS.

It is interesting to compare the projected cost for the proposed Shand Power plant FEED study
(Bruce and others, 2018a; Int CCS KC, 2018) with the existing Boundary Dam project. The cost
reduction projected for the single 300 MWe Shand coal power plant with an assuned 90% CQ; capture
is 57% relative to Boundary Dam, resulting in a capture cost of 45 $/t CO ,. Capital cost and variable
operating and maintenance costs are the key areas for achieving this cost reduction. This level of cost
reduction is higher than that predicted by the learning rate -based cost reduction, indicating that the
learning rate is steeper at this relatively early stage of commercialising demonstration technologies

(Kelsall, 2020) .

The Shand FEED study fits into a cluster of more recent project studies at around the 43845 $/t CO ,
cost level, within a proposed timescale for commencement of plant operations by 2024 -28
(seeFigure 4). This figure also indicates the potential for further cost reduction by moving to advanced

capture systems within a similar timescale, where costs below 35 US$/tCO , could be expected based

on pilot plant tests.
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Figure 4 Levelised cost of electricity for large-scale coal power generation plant with
post-combustion carbon capture (Zapantis and others, 2019)

GCCSI analysis based on an 8% discount rate, 30 years project life, 2.5 years construction time, capacity

factor of 85%. Fuel prices were based on the reported data in the project feasibility and FEED reports. Cost
data normalised to 2017values

Considering geographic variability, Ferrari and others (2019) assessedlocation specific economic
factors to assess global locations for CCUS relative to a base case plant costing in the Netherlandsin
terms of total plant costs, China had the greatest cost reduction at around 35% less than the
Netherlands base ase, due to significant savings in material and construction labour costs. Indonesia
and Eastern Europe were next lowest with around a 20% cost reduction ( seeFigure 5). It is not
surprising that the lowest cost of CO , avoided is in China with a value of around 50 T / t Qabout

55 $/tCO ») avoided, as this cost correlates primarily with plant capital cost .
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Figure 5 Supercritical coal power plant with post-CO, capture: specific total plant cost
difference due to plant location compared to reference Netherlands base case
(Ferrari and others, 2019)

2.3.4 Capture level

In its NZE modelling the IEA (2021a) assumes capture rates from fossil fuel power plants are capped
at 90%. However, this is an artificial limit and in fact has been exceeded at Petra Nova. Today CCUS
based on postcombustion CO; capture typically aims for a 90695% capture level. In the longer term,
as nearzero emissions power plants will be needed to contribute to a NZE future, higher capture
efficiencies will be required. Feron and others (2019) have shown that from a technical perspect ive,
there is no limiting factor to increas ing capture rates. A fossil fuel power station could be made
effectively CO ; neutral by capturing 99.7% of the COy, utilising intercooling in the CO ; absorption
tower for example. (At this capture rate the power s tation is CO; neutral as the only emitted CO is

that in the incoming combustion air. )

This increases the capital cost of the CCUS facility due to the requirement for larger sized equipment
(absorber/desorber columns, heat exchangers and CO, compressor), as well as increased energy
consumption. For an ultrasupercritical (USC) coal-fired power plant the efficiency (based on lower
heating value, LHV) is reduced from 44.4% to 34.5% for 90% capture, and to 33.0% for 99.7% CQ
capture, representing an additional drop of 1.5 percentage points in efficiency. The cost per tonne of
CO; avoided increases from 55.01 / t Q$B2) at 90% capture level to 56.91 / t Q$B4.5) at 99.7%

capture level, which is an increase of 3.5%.
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It should be noted there are other possibili ties to achieve NZE in a coal-fired power plant . These
include cofiring coal with biofuels or potentially ammonia. For example, t he co-combustion of 10%
biomass in a coal-fired power plant with 90% CO, capture can bemore economic than 99% and 99.7%
capture, with a 2% increase in electricity generation cost over the usual 90% capture rate and only 1.5%
increase in CO, avoided cost (IEAGHG, 2019) . This study showed that the CO, avoided cost of 99%
capture was 58.31/tCO , ($66) for a standard plant, compared with 55.8 1/tCO , ($63.5) for 90%
capture and 10% biomass cofiringin a pulverised coal combustion unit . Similar costs have been shown
by Feron and others (2019). This is important for Asia where the average age of coal-fired generati on

units is 13€14 years and bomass cofiring is potentially lessexpensive than 99.7% capture.

A 90-95% capture level should not be seen as an obstacle to a power station continuing to operate in
the transition to net zero as it can take alternative appro aches and/or buy reputable offsets to achieve

the final reduction .

2.3.5 Hub and cluster approach

CCUS hubs, in which multiple emission sources share transport and storage infrastructure, are
evolving to become the dominant operating model for CCUS in North America and Europe. The
technologies to develop CO» hubs exist and are mature but experience and learning from their
operation are still limited (Carbon Sequestration Leadership Forum, 2021). To addressthis, the Global
CCSilnstitute has developed a database of major hubs, including four in operation and thirty under
development (seeAppendix, Table A-3). The establishment of the Asia CCUS Network underscores
the interest in learning from these hub infrastructure developments and applying them in the Asia

Pacific.

Shared transport and storage networks can improve the economics of CCUS due to economies of scale
and overall de-risking of storage liability and cross-chain risk (IEA, 20 20d; Zapantis and others, 2019;
CCUS Cost Challenge Task Force, 2018). Heavy industries often exist in clusters close to local
resources, power generation supply and port or rail infrastructure. These industrial clusters can be
supported by providing CO ; transport and storage network infrastructure which multiple CO ; sources
can access. This reduces the unit cost of CCUS as the Conetwork capital cost is spread out across an
increased quantity of CO.. It also reduces crosschain risk by creating multiple customers for the
operators of the CO; transport and injection business and multiple CO , storage service providers for
industrial CO» sources. This provides greater levels of operational flexibility than single source and

sink facilities and reduces the operational risk.

The hub and cluster approach is driving the way CCUS projects are being carried out in several
locations, particularly those associated with industrial carbon capture . Capturing CO; from clusters of
industrial instal lations and using shared infrastructure for the subsequent CO; transportation and

storage network, is the preferred approach to drive down unit costs across the CCUS value chain.

36

INTERNATIONAL CENTRE FOR SUSTAINABLE CARBON
THE ROLE OF LOW EMISSION COAL TECHNOLOGIES IN A NET ZERO ASIAN FUTURE



CCUSéeA KEY TO ASI AgqS TRANSFORMATI ON TO

Examples include the Port of Rotterdam , the Netherlands (Porthos, 2019), the Northern Lights project ,
Norway (Northern Lights, 2019) and the nine UK industrial decarbonisation FEED projects
(UKRI, 2021). The hub and cluster approach was also used in the Shand FEED study (Int CCS KC,
2018) where the CO; is used for EOR. EOR operatos require reliable sources of CO; to avoid
interruptions in oil production, so connecting two or more CO > sources to an EOR operation reduces
the potential operating risk. A further example of this CO > hub concept is the Alberta Carbon Trunk
Line (ACTL) in Canada which is large enough to transport 14.6 MtCO,/y in its 240 km pipeline with

the transported CO., utilised for EOR and geological storage.

The initial investment in the hub and cluster model could also be a barrier, unless revenue guarantees
are provided during the early stages of development. In the UK for example, the Regulated Asset Base
(RAB) model has been used to enable private investment in infrastructure (CCUS Cost Challenge Task

Force, 2018). RABs usea legally binding license with a periodi c regulatory review of long -term tariffs.

Where the balance of risk and return is still insufficient for initial private sector investment inthe CO >

transport and storage network, the relevant government should consider taking this role. In this way,

governments can kickstart a hub and cluster development with the option of privatising the business

after it has gained sufficient CO, s our ce and sink écustomer seE. Al ternat
invest in establishing a regulatory framework that provides the private sector with the right incentives

to invest in transport and storage networks, which may be preferable in regions where this is already

common practice for infrastructure projects (Zapantis and others, 2019).
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3 COFIRING COAL

3.1 KEY MESSAGES

Achieving NZE in Asia hinges on an unprecedented low emiss®iechnology push to 2030 and
beyond. Cofiring biomass, ammonia and other products with coal can assist in reducing emission
by 2030 and, together with CCUS, offers a net zero solution for the longer term.

1 Several Asian countries have good agricultural antbrestry waste resources increasing the
potential for biomass cofiring to reduce emissions;

9 Direct cofiring of biomass and coal in pulverised combustion C) boilers is a mature
technology applied in Japan, South Korea and elsewhere; and

I Another approach, preferred in China, is cogasification indirect cofiring as it is easier to
measure the amount of biomass used.

For coalfired power stations, the option of using biomass cecombustion (for example at 10%)
combined with a standard PC process (such as 90%0G capture) may be a lower cost option to
achieve NZE compared with a 99.7% capture ratelepending on the region of deployment.

Ammonia has several desirable characteristics that suggest it could be an effective energy carrier
for the efficient, low -cost transport and storage of hydrogen. In addition, it can be used as a
transition fuel in its own right, including in thermal power generation provided appropriate safety
standards, successful demonstration and cost competitiveness are achieved.

1 Ammonia does not emit CO, when burned and is expected to offer great advantages in
reducing GHGs (in an internal combustion engine for example, or fuel cell where final use
produces no CQ);

I Central production of ammonia from fossil fuels provides opportunities for CO, capture.
Collaborative work is underway in Japan with Australia and Saudi Arabia to develop a globa
supply chain to provide the required levels of ammonia with CCUS;

I Transportation and distribution of ammonia would be simpler and cheaper than for hydigen;

1 InJapan the option to cofire low emissions ammonia, produced from fossil fuels with CCUS or
from water electrolysis using renewable electricity is being pursued. The aim is to utilise
3 MtNH s/y for power generation by 2030 equating to around 7 GW of power produced; and

1 In a worldfirst demonstration, Japanese power generator JERA and its partner IHI
Corporation are developing cofiring burners to be used with about 20% ammonia in the 1 GWe
Hekinan unit 4 coalfired power station in Japan.

Asian countries including China, Japan and Indonesia, have specific policy instruments in place o
planned to support biomass cofiring. Japan also has them to support low emissions ammonia.

The second approach to delivering low emissions coalbasedenergy is to cofire the coal with é c a r
neutral E biomass fuels or fuels c¢ont aioffei areatively
quick and cost-effective way to partially decarbonise energy from coal in the short to medium term,
potentially extending the life of coal -fired power plants during the transition to NZE. It has been
estimated that solid biomass could be usedto reduce emissions in both the electricity and industrial

sectors, which are projected under the NZE scenario to increase from 32 EJ (2020) to 55 EJ in 2030
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and 75 EJ in 2050, offsetting a large portion of the potential decline in coal demand noted in the
introduction (IEA, 2021a). There are potential issues with the use of biomass for energy related
activities, largely concerning the sustainability of the biomass, competition with alternative land use
for food production, water scarcity, soil quality and biodiversity. These factors should be included

when considering the options for biomass cofiring and the choice of the bio mass feedstock.

3.2 BIOMASSFUELS

The major types of biomass fuels that have been cofired with coal are wood and grassy- or straw-
derived herbaceous materials. The feedstocks include forestry residues such astree thinnings, sawdust
or bark, tree trimmings and waste wood; agricultural by -products such as straw, corn stover, rice husks,
olive pits, oilseed residues, palm kernel expell er and nutshells; and energy crops grown as biofuels
such as switchgrass, eucalyptus, willow and poplar trees (Gil and Rubiera, 2019). The properties of
biomass fuels are significantly different from coal and there is also variation among the types of

biomass, which has an impact on technology selection, fuel selection, deactivation of catalysts,

corrosion , ash deposition and the utilisation of ash when cofiring (Zhang, 2020).

Generally, biomass feedstocks have the following characteristics compared with coal (Madanayake
and others, 2017):

higher moisture content;

lower bulk density;

more fibrous composition;

higher organic volatile matter;

less fixed carbon;

lower nitrogen and sulphur content;

higher concentration of chlorine and phosphorus;

higher concentrations of alkali and alkaline earth elements;
lower ash fusion temperature;

lower energy density;

lower ash content; and

= =4 4 4 A -4 -8 -5 -8 -8 -8 -2

a higher proportion of oxygen and hydrogen, and less carbon, resulting in a lower heating

value and higher thermal reactivity.

The higher moisture content and lower bulk density create constraints for biomass handling,
transportation and storage. The more fibrous composition impedes grindability in existing coal
pulverisers and results in larger and more irregularly s haped particles. Biomass typically has avolatile
matter: fixed carbon ratio greater than 4.0, whereas the ratio for coal is often less than 1.0. Thus,
biomass undergoes pyrolysis earlier than coal and the predominant form of biomass combustion is via

the gasphase oxidation of the volatile species. A higher concentration of chlorine and phosphorus,
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and alkali and alkaline earth elements, especially in agricultural residues, results in slagging in
combustors, fouling of heat transfer surfaces and bed agglomeration in fluidised bed combustors. The
presence of chlorine and sulphur also results in the formation of acidic products, which accelerate the

corrosion of metal surfaces within the combustion system. As biomass has a low nitrogen and sulphur

content, emissions of nitrogen and sulphur oxides are also low.

Asia has a large and wide range of potential biomass resources for cofiring. Both Indonesia and China
are among the top 10 forested countries in the world, making them well placed for forestry residue
related biomass products (Baruya, 2015). Indonesia has a capacity in the form of palm kernel shells of
almost 1.7 Mt, almost all of which is exported to Japan and Korea (PwC, 2021a). In Vietnam,
agriculture produces almost 70% of the total solid biomass ; the remainder is from firewood and wood

residues. Around 60 €90% of rice straw is burned in the field (Truong and others, 2015) , indicating the
potential € utnappe dE bi omas s ingeStugiasrirdieate fthatrChira acduid provide an
estimated 3.04 Gt/y dry matter of ligno -cellulosic biomass, comprising 0.79 Gt/y from agricultural

residues, 0.31 Gt/y from forestry residues, 0.32 Gt/y of energy crops grown on marginal lands and
1.62 Gtly of energy crops grown on grasslands. The production of this amount of biomass equates to

capturing 5.24 GtCOy/y and 58 EJy of primary energy (Xing and others, 2021).

3.3 AMMONIA

Low emissions ammonia (NH 3) can be produced from coal and natural gas with the addition of CCUS,
or by the electrolysis of water using electricit y produced by wind, solar or nuclear power . These
ammonia production processes typically involve a hydrogen intermediary step ( seeSection 8.4 for
further details). Ammonia is used as a medium to store hydrogen because it can be liquefied under

mild conditions and stored easily, while having a large weight fraction of hydrogen.

Where natural gas is available at a competitive price, natural gas with CCUS isgenerally the lowest
cost production route for low emissions ammonia. Cost estimates for 2030 are generally in the range
of 12824 $/GJ, equating to 2308440 $/ tNH 3 in regions with access to low-cost natural gasas well as
CO; geological storage. Production costs for the electrolytic route are decreasing due to reductions in
the cost of renewable electricity and economies of scale in manufacturing. By 2030, costs are estimated
to be in the range of 22833 $/GJ, equating to 4006620 $/tNH s in regions with good wind or solar
resources (IEA, 2021c).

A well-developed transport and storage infrastructure is neededto establish global supply chains and
connect low -cost regions of ammonia production with demand centres for the low emissions ammonia.
As an existing bulk commodity product, pipeline t ransmission of ammonia is a mature technology and
global transport using chemical and liquefied petroleum gas (LPG) tankers is also well-developed.
Transporting fuels via shipping over a distance of 10,000 km is estimated to cost 283 $/GJ for ammonia

compared with 14819 $/GJ for liquid hydrogen (IEA, 2021c). This lower cost of transport is one of
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the main reasons why the IEA considers ammonia to be the preferred hydrogen energy carrier, or as
a fuelitself. For example, ammonia can be burned directly in an internal combustion engine, converted
to electricity in an alkaline fuel cell or cracked to provide hydrogen for non -alkaline fuel cells

producing no carbon dioxide.

In the medium term , low emissions ammonia s likely to remain an expensive energy carrier for power
generation. However, analysis by the IEA (2021c) indicates that cofiring 60% of low emissions
ammonia in a Japanese coal power plant in 2030 would lead to a generation cost 30% higher thanthe
energy market value in baseload, but just 15% higher in peak load conditions. By contrast, using the
same low emissions ammonia in Indonesia would lead to a four -fold increase in generation costs

compared with the variable operating costs of a coal power plant.

3.4 COFIRING TECHNOLOGIES

3.4.1 Biomass and waste fuels

The three principal configurations for cofiring biomass at coal-fired power plants are direct, indirect

and parallel cofiring , as summarised inFigure 6.

In direct cofiring coal and biomass are fired in the same boiler. Biomass is pre -mixed with coal in the
existing coal handling and conveying system, at modest cofiring ratios (typically less than 10% biomass
on an energy basis), then co-milled and cofired in the existing coal -firing system (option 1 in
Figure 6). This has been the most popular approach to cofiring because it can be implemented
relatively quickly with minimum capital investment and minimal modifications. The main investments
are the biomass storage and handling systems. Inoption 2, the biomass is milled in a separate, modified
existing coal mill and cofired with coal in the existing coal combustion system. Alternatively, the
biomass could be milled in a new dedicated mill to increase the cofiring ratio , typically up to 50% on
an energy basis. After this, there are several ways in which to cofire the biomass. In option 3 biomass
is injected into pipework that conveys coal to the burner. In  option 4 biomass is injected into modified
coal burners. In option 5 biomass is injected into a new dedicated biomass burner. These options

involve higher le vels of capital investment than options 1 and 2.
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Figure 6 Options for cofiring biomass (Livingston and others, 2016)

In indirect cofiring , represented as option 6, biomass is gasified in a separate gasifier, and the fuel gas
is burned with coal in the same coal boiler. The parallel cofiring system ( option 7) has separate boilers
for coal and biomass. Both indirect and parallel cofiring can allow for high ratio s of biomass to be

cofired and have greater fuel flexibility (Living ston and others, 2016).

Madanayake and others (2017) summarised cofiring technologies (seeTable 1) based on the furnace,
to include grate furnaces, fluidised bed combustors (FBC) and pulverised coal (PC) combustors. FBC
include s bubbling fluidised bed (BFB) combustion and circulating fluidised bed (CFB) combustion

boilers, both of which are used commonly for cofiring.
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