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Foreword

Asia and the Pacific is one of the most vulnerable regions to the 
destructive effects of climate change. The region is also the source of 
more than 50% of annual global greenhouse gas (GHG) emissions. It 
is clear that bold and urgent action is needed to combat the enormous 
climate challenge while offering pathways for low-carbon development 
that can support robust, sustainable, and inclusive economic growth.

Climate Change Mitigation: Policies and Lessons for Asia serves as a 
much-needed resource for researchers, policy makers, and development 
practitioners as they develop effective climate change solutions for Asia 
and the Pacific. The book is the result of the Asian Development Bank 
Institute Annual Conference held on 1–3 December 2021.

The authors and discussants offer innovative policy 
recommendations and lessons for climate change mitigation that can be 
applied across the transport, building, and agriculture sectors. Each of 
these sectors is a significant source of carbon emissions. At the same 
time, they are vital to the region’s development as well as to achieving 
climate action targets. In addition, this book addresses carbon pricing, 
a potential solution for reducing GHG emissions that can be applied to 
many sectors. Together, these efforts can benefit Asia and the Pacific in a 
number of ways, including better energy access, higher energy security, 
more livable cities, and other social and economic gains. 

This book will inform climate change mitigation research and policy 
making, complementing the work of the Asian Development Bank. The 
Asian Development Bank’s support to Asia and the Pacific as the region’s 
climate bank includes its ambition to provide $100 billion in climate 
finance between 2019 and 2030, game-changing carbon reduction 
models, including the Energy Transition Mechanism, and an updated 
energy policy that commits to formally withdraw from financing new 
coal-fired plants.

We are grateful to the authors for their contributions to this timely 
publication. We are confident that it will have a far-reaching impact on 
the global effort to achieve net zero carbon emissions.

Masatsugu Asakawa
President
Asian Development Bank

Tetsushi Sonobe
Dean
Asian Development Bank Institute 
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Executive Summary
Dina Azhgaliyeva and Dil B. Rahut 

This book titled Climate Change Mitigation: Policies and Lessons for 
Asia is a result of the Asian Development Bank Institute’s Annual 
Conference held on 1–3 December 2021 and focuses on climate change 
mitigation solutions across four sectors—energy; building; transport; 
and agriculture—as well as solutions from carbon pricing. These sectors 
were selected because of their large share of greenhouse gas (GHG) 
emissions and because efforts in reducing GHG emissions across these 
sectors could lead to noticeable GHG emissions reduction. This book 
also includes carbon pricing, which can reduce GHG emissions across 
various sectors.

Figure: Global Greenhouse Gas Emissions by Sector, 2019 
(%)

AFOLU = agriculture, forestry, and other land use.

Source: Authors’ elaboration using data from H. Ritchie, M. Roser, and P. Rosado. 2020. CO₂ and 
Greenhouse Gas Emissions. OurWorldInData.org. https://ourworldindata.org/co2-and-other 
-greenhouse-gas-emissions
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This book is organized in five parts: the energy sector (chapter 1), 
the building sector (chapters 2–3), the transport sector (chapters 4–5), 
the agriculture sector (chapters 6–7), and carbon pricing (chapters 8–9).  
A brief description of each chapter is given below. We also highlight 
some of the key findings and recommendations from this book.

Part I. Energy Sector: Transition toward High Renewable 
Energy Penetration provides solutions for electricity markets with a 
high penetration of renewable energy. Electricity and heat contribute 
31% of GHG emissions. This part contains one chapter.

Chapter 1, “Financing the Energy Transition in a Low-Cost 
Intermittent Renewable Energy Environment,” proposes that short-
term market design and a long-term resource adequacy mechanism are 
crucial for achieving a given renewable energy goal with minimal above-
market costs. Declines in the up-front costs of wind and solar generation 
units have considerably reduced the gap between the levelized cost of 
energy (LCOE) for these resources and the LCOE of natural gas and 
coal-fired generation. Such changes have the potential to reduce the 
cost of increasing the share of intermittent renewable resources in 
Asia, which currently accounts for almost half of global energy demand 
and is the world largest greenhouse gas-emitting region. This chapter 
proposes a multi-settlement locational marginal pricing short-term 
market design, a standardized fixed-price forward contract approach to 
long-term resource adequacy, and a renewable energy certificate market 
as the major market design elements to achieve this goal. 

Part II. Buildings: Promoting Demand-Side Energy Efficiency 
provides solutions for decarbonizing the building sector (including 
building construction), which accounts for 37% of total GHG emissions 
and 36% of total energy consumption (in 2020). This part contains two 
chapters. 

Chapter 2, “Future-Proofing Sustainable Cooling Demand,” 
explains that sustainable solutions for meeting the fast-growing demand 
for cooling are not just about renewable energy but also include thermal 
energy storage, passive cooling, and behaviorl changes. This chapter 
presents a system-level approach to cooling provision in buildings 
and urban environments, also highlighting the need for a holistic 
consideration of cooling demand across other sectors (e.g., transport), 
to ensure sustainability and resilience throughout the life cycle of 
buildings and infrastructure more broadly. It aims to drive new system-
level thinking in key areas—how we mitigate, make, store, move, manage, 
finance, and regulate cold—to meet current and future cooling needs 
efficiently, sustainably, and affordably, in line with the ambitions of the 
Paris Agreement, the Kigali Amendment to the Montreal Protocol, and 
the United Nations Sustainable Development Goals.  
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Chapter 3, “Promoting Green Buildings: Barriers, Solutions, and 
Policies,” provides an overview of policies supporting green buildings. 
Building and construction account for 36% of total GHG emissions and 
37% of total energy use, which is expected to increase immensely in the 
future due to increased demand for housing given rising population and 
income. Green buildings could significantly mitigate GHG emissions 
from the building sector. The concept of green building, includes using 
environmentally friendly materials and decreasing the use of resources 
such as energy, water, etc. This chapter offers a systematic review of the 
barriers to scaling green buildings. It shows that access to construction 
materials and skilled labor for green buildings, followed by the high cost 
of construction, lack of standards, policies, and government support, are 
major hurdles for policy makers.  

Part III. Transport Sector: Promoting Cleaner Transportation 
provides solutions for decarbonizing the transport sector, which 
accounts for over 10% of global GHG emissions. This part contains two 
chapters.

Chapter 4, “Transport CO2 Mitigation and the Production of 
Low Traffic Neighborhoods: Lessons from London,” assesses the Low 
Traffic Neighborhood 21 (LTN21) in suburban West London and draws 
implications for wider contexts, such as in Asian cities, including 
that wide-ranging sustainable mobility strategies need to consider 
carbon dioxide and social equity impacts. Further, it recommends a 
strengthened participatory and deliberative transport planning process 
to improve the process of project delivery.  

Chapter 5, “Decarbonizing the Transport Sector through 
Electrification and Biofuel Use in Emerging Economies of Asia,” 
examines the carbon emissions reduction potentials of using biofuel 
in road vehicles as a complementary strategy to increasing electrified 
vehicles in India, Indonesia, and Thailand. The findings display that a 
stand-alone moderate electrification strategy is insufficient to reduce 
carbon emissions in the transport sector to the level required by 2030. 
The complementary use of conventional and next-generation biofuels 
will have total net positive carbon reduction and economic benefits as a 
substitute for transport fuel demand. 

Part IV.  Decarbonizing through the Agriculture Sector discusses 
solutions for the agriculture sector, which is one of the most vulnerable 
sectors to climate change due to its dependence on weather and climatic 
conditions. This part contains two chapters.

Chapter 6, “Contribution of Agriculture to Climate Change and 
Low-Emissions Agricultural Development in Asia and the Pacific,” 
recommends that appropriate integration of policies at multiple levels 
and the application of multiple measures simultaneously can increase 
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the mitigation potential as desired by the Paris Agreement and help 
achieve several of the United Nations Sustainable Development Goals. 
Against the backdrop of the agriculture sector’s significant contribution 
to GHG emissions due to methane-producing rice production, 
increases in food production to feed the growing population, changes 
in dietary patterns, and massive use of synthetic fertilizer and energy 
in agricultural production in the Asia and Pacific region for the last few 
decades, this chapter conducts a systematic review of strategies that can 
reduce emissions from the agriculture sector using a multidimensional 
approach—supply-side measures, demand-side measures, and cross 
cutting measures. 

Chapter 7,  “Best Bets for Achieving a Carbon-Neutral Global Food 
System,” suggests that the highest priority for policy makers should 
be limiting emissions from land use change, as this drives the biggest 
share of emissions, presents the most cost-effective mitigation potential, 
and is easily verified. Reducing GHG emissions from food systems is 
a key element of strategies to slow climate change. A second priority 
should be enhancing on-farm carbon storage, which currently provides 
significant low-cost mitigation potential and often has substantial co-
benefits. A third priority should be reducing methane emissions from 
rice and industrial animal systems, where solutions are more cost-
effective and more easily verified than in less-intensive animal systems. 
A fourth priority should be investing in technologies to limit methane 
and nitrous oxide emissions, for which current solutions are often 
too expensive. Finally, demand-side solutions, including fostering the 
alternative protein industry, could play an important role in achieving 
carbon neutrality.

Part V. Carbon Pricing discusses the impact of different carbon 
pricing instruments on GHG emissions reduction. 

Chapter 8, “Exploiting Complementarity of Carbon Pricing 
Instruments for Low-Carbon Development in the People’s Republic of 
China,” explores whether a single cost-effective instrument is adequate 
for developing a low-carbon economy in the PRC or whether a policy 
portfolio would be more effective. The PRC has planned energy and 
climate policy targets to contribute to its efforts to meet the goal 
enshrined in the Paris Agreement. Results show that a nationwide 
emissions trading scheme (ETS) has advantages over a carbon tax 
regarding gross domestic product losses. It also performs better in 
promoting the transfer of labor and capital from the eastern regions to 
the central and western regions. However, a single ETS is less effective 
in regard to industrial structure adjustments and emissions reduction 
in sectors that are not included in the ETS, such as the transport sector. 
The results also show that a policy portfolio could achieve the same 
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emissions reduction target with more moderate impacts. Therefore, it 
is suggested that the implementation of a carbon tax for sectors that are 
excluded from the ETS or a subsidy for energy-efficient vehicles could 
be considered as supplementary policies for the ETS in the PRC.  

Chapter 9, “What Role for Carbon Taxes and Emissions Trading in 
a Portfolio of Policies to Reduce Greenhouse Gas Emissions,” explores 
how overlaps and interactions of policies affect policy design and how 
governments can use policy packages to deal with practical constraints 
as well as to achieve multiple policy objectives. The chapter also 
reviews ways in which emissions trading and carbon taxes have been 
designed to better meet policy objectives or requirements, based on 
the experience made in existing emissions trading schemes that have 
evolved incrementally. Economic theory suggests a central role for 
carbon pricing, and more governments are implementing emissions 
trading schemes or carbon taxes. However, carbon pricing is never the 
only instrument aimed to reduce emissions and often not the dominant 
one, with various types of regulatory policies as well as fiscal policies 
also playing important roles. 

Solutions explored in this book for climate change mitigation 
across sectors include electricity market design for achieving a given 
renewable energy goal with minimal above-market costs, (agriculture 
and food, phase-out the sale of new internal combustion engine vehicles, 
sustainable cooling and green buildings, as well as carbon pricing. Such 
solutions can help in climate change mitigation efforts and can also 
have a number of benefits in developing Asia apart from limiting global 
temperature rise and preventing catastrophic climate change. Such 
solutions can help to reduce high pollution levels in large cities in the 
region and provide better energy security. Solving these problems will 
improve quality of life and increase life expectancy, while reducing 
health-care expenses. There is no single solution for meeting impactful 
climate goals in developing Asia. Appropriate policy measures will need 
to account for variations in geography, climate, and electricity market 
characteristics. They will also require long-term planning, learning 
from other countries, and learning by doing, especially when preparing 
the electricity market for a highly renewable world. This book, by 
spotlighting new research on climate imperatives across key sectors and 
carbon pricing, explores the next steps for climate change mitigation 
in Asia and the Pacific. With breakthroughs in these areas, the region 
could help lead the way toward achieving measurable progress in the 
fight against climate change.
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Introduction:  
Climate Change Mitigation  

for a Sustainable Future
Dil B. Rahut and Dina Azhgaliyeva 

Climate Change
Climate change is a severe threat to the sustainable future of humanity 
(Hoegh-Guldberg et al. 2019; Aryal et al. 2020b; Tollefson 2018). 
Greenhouse gas (GHG) emissions from human activities such as carbon 
dioxide (CO2), methane, water vapor, nitrous oxides, and ozone, are 
the leading cause of global warming and hence changes in the climatic 
condition (WMO 2021).1 The adverse effects of climate change, such as 
rising temperatures, erratic rainfall, water stress, heat waves, drought, 
desertification, land degradation, glacial meltdown, rising sea levels, 
seawater inundation, salination, and flooding, are becoming more 
visible. As a result of these manifestations of climate change, different 
stakeholders—even the skeptics—have recognized that climate change 
is real and investment in climate change mitigation strategy is crucial. If 
climate change continues at the current rate, it could severely threaten 
livelihoods, human health, biodiversity, food security, and the economy, 
and reverse the progress made by humanity so far (Rahut et al. 2022; 
Hertel and Rosch 2010). Further, it could increase poverty, as well 
as food and nutritional insecurity, thereby making it challenging to 
achieve sustainable goals in the short and medium term (Hallegatte and 
Rozenberg 2017; Fankhauser and Stern 2019).

The Paris Agreement was adopted by 196 countries at the 
Conference of the Parties (COP21) on 12 December 2015, to limit 
global warming to below 2°C and, if possible, to 1.5°C compared to 
preindustrial levels (United Nations 2022). An increase in temperature 

1 According to Our World in Data (https://ourworldindata.org/greenhouse-gas 
-emissions), CO2 accounts for 74.4%, methane 17.3%, nitrous oxide 6.2%, and other 
emissions (hydrofluorocarbons, chlorofluorocarbons, sulfur hexafluoride) 2.1%.

https://ourworldindata.org/greenhouse-gas-emissions
https://ourworldindata.org/greenhouse-gas-emissions
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beyond 1.5°C could severely damage human civilization and the 
entire ecosystem (Tollefson 2018; Azhgaliyeva et al. 2021). The global 
community must act immediately and swiftly to reduce GHG emissions. 
Reductions in emissions of CO2 and other GHGs must be achieved in the 
coming decades to avoid catastrophic global temperature rises. Limiting 
global warming to within 1.5°C will require rapid, far-reaching, and 
unprecedented changes in all sectors.  

Figure 1 shows that the global median temperature has been rising 
gradually: in 1850 it was –0.373, in 1900 it was –0.203, in 1950 it was 
–0.173, in 2000 it was 0.294, and in 2019 it was 0.736. The most recent 
heat wave of 2022 in India and Pakistan, leading to health issues and 
deaths (Arnold 2022; Kishore et al. 2022; Patel et al. 2022), is also a 
signal that the rising temperature will lead to several challenges to 
human health and well-being.

Figure I.1: Median Temperature Anomaly in °C from 1961 to 1990

Source: Our World in Data. https://ourworldindata.org/grapher/temperature-anomaly (8 August 
2022).
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Trend of GHG Emissions
Figure I.2 shows the level of GHG emissions (CO2 equivalent) in the 
last 3 decades. Between 1990 to 2018, GHG emissions increased by 
50%, from 32.65 billion tons to 48.94 billion tons. Given the increase 
in the demand for goods and services, increasing population, and slow 
transformation to clean energy and technology, GHG emissions are 
expected to rise in the future under a business-as-usual scenario, which 
will have a detrimental effect on the economy and human life. 

Figure I.2: Level of GHG Emissions, 1990–2018  
(CO2 equivalent)

GHG = greenhouse gas.

Source: Our World in Data.
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Today, the People’s Republic of China (PRC) is the largest contributor 
to GHG emissions, followed by the United States (US), India, and the 
European Union (EU). In the case of the PRC, GHG emissions (CO2 
equivalent) have increased dramatically from 2.87 billion tons in 1990 
to 11.71 billion tons in 2018. During the same period, GHG emissions 
in India increased from 1.01 to 3.35 billion tons, while they declined in 
the EU 27 and the Russian Federation and increased marginally for the 
United States (Table I.1). 
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Table I.1: GHG Emissions by Country 
(CO2 equivalent)

  2018 2010 2000 1990

  (A) (B) (C) (A) (B) (A) (B) (A) (B)

PRC 11.71 23.9% 6.77 9.87 22.1% 4.25 11.9% 2.87 8.8%

United 
States

5.79 11.8% 14.52 6.04 13.5% 6.45 18.1% 5.54 17.0%

India 3.35 6.8% 1.77 2.58 5.8% 1.50 4.2% 1.01 3.1%

European 
Union 27

3.33 6.8% 5.93 3.65 8.1% 3.93 11.0% 4.28 13.1%

Russian 
Federation

1.99 4.1% 7.20 1.69 3.8% 1.83 5.1% 2.89 8.8%

Indonesia 1.70 3.5% 4.74 2.58 2.5% 1.19 3.3% 1.26 3.9%

Brazil 1.42 2.9% 3.88 2.10 4.7% 1.81 5.1% 1.64 5.0%

Japan 1.15 2.4% 8.44 1.13 2.5% 1.20 3.4% 1.11 3.4%

Others 18.49 37.8% NA 15.12 37.0% 13.45 37.8% 12.05 36.9%

Total 48.9 100.0% 4.78 44.8 100.0% 35.6 100.0% 32.7 100.0%

GHG = greenhouse gas, NA = not applicable, PRC = People’s Republic of China. 
Notes:  
A: GHG emissions (billion tons of CO2 equivalent)
B: Share to total GHG emissions
C: Per capita GHG emissions (tons of CO2 equivalent)
Source: Our World in Data.

Figure I.3 shows that the cumulative share of GHG emissions is 
highest for the US (25.03%), the EU (17.51%), the PRC (13.19%), the 
Russian Federation (6.9%), the United Kingdom (4.77%), and Japan 
(3.91%).

Figure I.4 shows that the energy sectors contribute 73% of GHG 
emissions, while agriculture, forestry, and land use contribute 18.4%. A 
further breakdown of the GHG emissions of the energy sectors by user 
of the sector shows that industry contributes 24.2% of energy-related 
GHG emissions, with buildings contributing to 17.5%, and transport 
contributing 16.2%.
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Figure I.3: Cumulative Share of GHG Emissions, 2018  
(%)

EU = European Union, GHG = greenhouse gas, PRC = People’s Republic of China, UK = United 
Kingdom, US = United States.

Source: Our World in Data.
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Figure I.4: Share of GHG Emissions by Sector  
(%)

AFLU = agriculture, forestry, and land use, GHG = greenhouse gas.

Source: Our World in Data.

Industry,
5.2

Transport,
16.2

Industry,
24.2

Others,
15.3

Waste,
3.2

AFLU,
18.4

Energy,
73.2

Buildings,
17.5



6 Climate Change Mitigation: Policies and Lessons for Asia

Impact
Climate risk is a covariate shock, as it affects everyone. However, people 
living in developing countries and vulnerable areas are more susceptible 
to climate change due to their limited capacity to invest in climate 
change mitigation. 

Agriculture, Forestry, and Livestock

Although all sectors are vulnerable to climate change, the agriculture 
sector is the most vulnerable as it is directly dependent on climatic 
factors such as rainfall and temperature (Aryal et al. 2020a; Ortiz-Bobea 
et al. 2021). Slight changes in the rainfall pattern and temperature could 
directly or indirectly damage crops through crop pests, disease, infection, 
and water stress (shortage and flooding). For instance, with the increase 
in temperature, the productivity of crops will decline, resulting in lower 
yields, food insecurity, and poverty. Furthermore, rising inequality due 
to food insecurity and poverty could result in conflicts and instability. 
Several studies have projected that under a business-as-usual scenario, 
production of several crops would decline in the future. 

Natural Resources and Ecology

Global warming adversely affects natural resources and ecology 
(Kushawaha et al. 2021; Watson et al. 2005), thereby threatening 
livelihoods and life on earth. Water shortages are becoming more 
frequent, with changes in the precipitation pattern, glacial melting, 
and the rising sea level. With rising temperatures, erratic rainfall 
patterns, and water stress, soil quality deteriorates, further leading to 
desertification. Such changes in the temperature, precipitation, and 
deterioration in soil health disrupt ecology. Ultimately, it could severely 
affect the well-being of humanity.

Health

There is evidence that climate change has adversely affected human 
health (McMichael et al. 2006; Haines et al. 2006). For instance, dengue 
and malaria cases have surged in some places (Barclay 2008), while 
in Africa, the disease burden could shift from malaria to arboviruses 
(Mordecai et al. 2020). There is also discussion that climate change 
could result in the melting of glaciers and the release of pathogens that 
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remain buried. Further extreme heat waves could affect sleep patterns 
and result in adverse effects on health or directly affect health leading to 
death (Arnold 2022; Kishore et al. 2022; Patel et al. 2022). 

Economy

Finally, climate change could destroy economic progress, for instance, 
through the destruction of structures such as roads and buildings, or 
through the depletion and degradation of natural resources, which in 
turn affects farm productivity (Nordhaus 2007; Stern 2008). The direct 
impact could be the destruction of infrastructure and property from 
flooding, cyclones, and crop failure, while the indirect impact could be 
the impairment of soil health, and ecosystem services, among others. 

Way Forward
Environmental Kuznets Curve Hypothesis

According to the Environmental Kuznets Curve hypothesis, economic 
growth leads to environmental degradation, and after a certain level of 
economic development, the marginal utilities of a better environment 
increase, and countries will start investing in clean technology (Selden 
and Song 1994; Zhu et al. 2016; Narayan and Narayan 2010). However, 
the literature differs in terms of the validity of the Environmental 
Kuznets Curve hypothesis (Sahoo et al. 2022). 

Technology

The literature has also suggested that the increase in deployment of 
environmentally friendly technology leads to a decline in GHG emissions 
(Sahoo et al. 2022; Bhowmik et al. 2022). Therefore, investment and 
scaling of green technology could significantly contribute to the 
reduction of GHG emissions. However, the role of technology in 
climate change mitigation faces two key difficulties: (i) making these 
technologies accessible to developing countries, and (ii) measuring the 
future adverse effects of these technologies.

Environmental Regulations

Environmental regulations are important to reduce GHG emissions and 
prevent environmental degradation (Kolstad 1996; Ulucak et al. 2020). 
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Some studies have highlighted that environmental regulations reduce 
the performance of the industry on which the regulations are imposed, 
such as mining, making it less competitive. 

Energy Transition

As energy contributes about 73% of GHG emissions, it is crucial to 
expedite the energy transition from fossil fuels to clean fuels such as 
solar, hydropower, wind power, and thermal power. However, the share 
of primary energy from renewable2 sources is still low, which indicates 
the need to expedite the switch to renewable energy. For instance, 
according to the Our World in Data database (https://ourworldindata 
.org/), renewable energy as a percent of equivalent primary energy 
increased from 6.45% in 1965 to 7.75% in 1995, and 13.47% in 2021 
(Figure I.5).

The energy sector in developing Asia depends heavily on fossil 
fuels, and energy prices are often subsidized or government-controlled. 
Therefore, substantial investments are required to increase the supply of 
clean and renewable energy to displace non-renewable sources of energy. 

Yet, public expenditure in the region is constrained, and this has 
been especially compounded by high coronavirus disease (COVID-19) 
-related expenditures. The intermittency of variable renewable 
energy (due to clouds and wind speed changes) requires investment in 
renewable energy and in energy storage, electricity transmission lines, 
and other infrastructure. The power sector is undergoing a significant 
transition, and variable and/or intermittent renewable energy will be 
the main building block for low-carbon power systems. Flexibility is the 
key to electricity security, which requires timely investments in flexible 
resources such as dispatchable power plants, grids, demand side, and 
energy storage.

The following crucial policy solutions for the electricity market 
for achieving a given renewable energy goal at least cost to electricity 
consumers are proposed in this book:

•	 a well-designed short-term wholesale electricity market with 
efficient pricing, such as a multi-settlement locational marginal 
pricing short-term market design;

•	 a long-term resource adequacy mechanism for the wholesale 
electricity market, such as a standardized fixed-price forward 
contract approach to long-term resource adequacy; and

•	 a renewable energy support mechanism such as a renewable 
energy certificate market.

2 Includes hydropower, solar, wind, geothermal, wave, tidal, and modern biofuels. 

https://ourworldindata.org/
https://ourworldindata.org/
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Transport

As energy use in the transport sector contributes to about 16.2%3 of 
the total GHG emissions, there exists great potential to reduce GHG 
emissions from transport. Scaling up electric vehicles, switching to 
renewable energy transport systems, improving public transport 
systems, carpooling, using bicycles, and walking for short-distance 
travel are some strategies to reduce GHG emissions from the transport 
sector. Transitioning to new transport methods can take time because 
individuals make a choice, based on their individual utility maximization 
under their budget constraints. 

Road transport accounts for over 10% of global GHG emissions, 
with emissions rising faster than in many other sectors. A declaration 
to sell only zero-emissions transport vehicles globally by 2040, and 
by no later than 2035 in leading markets, was signed at COP26 in 
Glasgow, Scotland, by many governments, local and regional authorities, 
and automotive companies and investors. These new targets aim to 

3 GHG emissions from different transport sectors: road transport 11.9%, aviation 1.9%, 
shipping 1.7%, and rail 0.4%.

Figure I.5: Renewable Energy Share 
(% equivalent primary energy)

Source: Our World in Data. https://ourworldindata.org/
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accelerate the transition to zero-emissions vehicles in a bid to achieve 
the Paris Agreement’s goals.

Largely due to an increase in income, urbanization, and population, 
the demand for transport services will increase significantly. Robin 
Hickman, Professor of Transport and City Planning at University 
College London, highlighted projections by the International Transport 
Federation that the number of vehicles globally would increase to 2.4 
billion by 2050 from 1 billion vehicles in 2015 (OECD 2017). Although 
battery electric vehicles could be a better alternative to fuel-based 
automobiles for mitigating air pollution, their higher cost and the lack 
of ubiquitous charging infrastructure networks are major bottlenecks. 

For decarbonizing the transport sector and to achieve the 1.5°C 
target, this book provides the following recommendations:

•	 promote investments in clean energy technology in the 
transport sector,

•	 phase out the sale of new internal combustion engine vehicles 
by 2030,

•	 increase walking and cycling to 50% of trips,
•	 double public transport capacity by 2030, and
•	 electrify at least 70% of railways and prioritize electricity as a 

primary transport fuel.

Green Buildings

The building sector accounts for about 39% of GHG emissions, which 
includes 28% from building operations and 11% from building materials 
and construction. With an increasing population and an increasing 
demand for houses, the GHG emissions from the building and 
construction sectors will continue to rise under the business-as-usual 
scenario. 

About 20% of all electricity used is in buildings, while cooling 
accounts for more than 7% of global GHG emissions and is the fastest-
growing source of hydrofluorocarbon emissions. The manufacturing 
of steel and cement, which are widely used as construction materials 
in buildings, accounts for 14%–16% of global energy-related CO2 
emissions (S&P Global 2021). If the cement industry was a country, 
it would be the third-largest emitter (The Economist 2021). Five 
countries—the United Kingdom, India, Germany, Canada, and the 
United Arab Emirates—have pledged to support demand for low-
carbon steel, cement, and concrete.

Therefore, green buildings will emerge to play an important role 
in achieving carbon neutrality by 2060. Green buildings include the 
design, construction, and operation of buildings to reduce adverse 
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effects on the climate and environment. Green buildings are not merely 
energy efficient; building them also involves the use of environmentally 
friendly material, water use efficiency, waste material management, and 
a healthy environment. 

Policy recommendations from this book include:
•	 Promote green buildings and low-carbon cooling in developing 

Asia, especially Southeast Asia, due to its climatic conditions.
•	 Meet the fast-growing demand for cooling, not only by investing 

in renewable energy but also in thermal energy storage, passive 
cooling, and incentivizing behavior changes.

•	 Promote the construction of new green buildings to provide 
demand for low-carbon construction materials, such as 
steel, cement, and concrete, as well as other measures for 
environmentally friendly construction (such as reduce, reuse, 
and recycle [3Rs]) in order to reduce emissions from the 
building construction sector.

•	 Provide subsidies for green (or energy efficient) buildings and 
energy-efficient cooling and heating, which can be used to 
support low-income and vulnerable groups.

Sustainable Farming Practices and Food Waste

The agriculture, forestry, and other land use (AFOLU) sector contributes 
about 18.4% of the total GHG emissions. Therefore, this sector could also 
contribute significantly to the global effort to reduce GHG emissions. 
Agriculture is both a major cause and a victim of climate change. 
Agriculture and land-use change contribute to about one-quarter of 
global GHG emissions. However, agriculture is dependent on weather 
and climatic conditions, making it the most vulnerable sector.

As a large portion of the food produced is lost in the supply chain 
and consumption stage, reducing food waste and loss would help reduce 
GHG emissions from the agriculture sector. Furthermore, consuming 
less emissions-intensive food could also help reduce GHG emissions. 
On the supply side, sustainable farming practices such as intercropping, 
crop rotation, agroforestry, and minimum tillage could also reduce GHG 
emissions. 

It is estimated that GHG emissions from the AFOLU sector can 
be reduced by 80% by 2030 through supply and demand management 
(Smith et al. 2014).

The proposed solutions for the agriculture, forestry, and land use 
sector include:

•	 The agriculture sector requires investment to improve the 
resilience of smallholder farmers and ensure food security in 
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the light of climate change, environmental degradation, and 
rising populations.

•	 There is a need to expand digital advisory services, access to 
insurance, finance, markets, and adaptive technologies for 
smallholder farmers.

•	 Policy makers should prioritize scalable, cost-effective, and 
feasible solutions to get the best out of investment in climate-
smart agricultural technology. Forests, as an important 
component of nature-based climate solutions, present tangible 
opportunities to significantly reduce GHG emissions.

•	 Managing forests to sequester carbon has the combined 
advantage of producing goods and services, while conserving 
biodiversity and preventing environmental degradation.
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Financing the Energy  
Transition in a Low-Cost  
Intermittent Renewable  

Energy Environment1

Frank A. Wolak

1.1 Introduction
Until recently, transitioning from a fossil fuel-dominated electricity 
supply industry to an intermittent-renewables-dominated low-carbon 
electricity supply industry has required significant above-market 
financial support for investments in wind and solar generation resources 
because the levelized cost of energy (LCOE) from these resources was 
greater than the average market price at which the electricity they 
produced could be sold. Declines in the cost of both wind and solar 
generation capacity over the past decade has significantly closed the gap 
between the LCOE for these resources and the LCOE of natural gas and 
coal-fired generation.  

Figure 1.1 plots the annual global quantity-weighted average LCOE 
for grid scale wind and solar photovoltaic generation units that began 
operation during each year from 2010 to 2020 (IRENA 2021). Figure 1.1 
also plots the annual quantity-weighted average LCOE for residential 
and commercial solar photovoltaic  generation units that began operation 
during the year (IRENA 2021). This graph demonstrates that in 2020 the 
LCOE of grid scale wind and solar was one-third to one-quarter of the 
LCOE of distributed solar energy.

1 This chapter is an updated version of chapter 4 that originally appeared in Glachant, 
Joskow, and M. G. Pollitt, eds. (2021). 
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The United States Energy Information Administration (EIA) 
estimates that the LCOE for a new combined cycle natural gas 
generation unit entering service in 2023 is $33.21 per megawatt-hour 
(MWh) versus $30.44/MWh and $30.63/MWh for grid scale wind and 
solar resources (EIA 2021, Table A1a). These LCOE differences signal 
a new regime for investments in wind and solar resources. However, 
because of the intermittency of wind and solar resources, there is still 
the need for a significant amount of dispatchable generation capacity to 
supply energy when the wind is not blowing, or the sun is not shining. 
This low-cost intermittent renewable energy regime and the desire of 
policy makers to significantly increase the share of their jurisdiction’s 
energy consumption produced by intermittent renewables argues for a 
paradigm shift in electricity market design.

The purpose of this chapter is to explain why this paradigm 
shift is necessary and outline a short-term electricity market design, 
long-term resource adequacy mechanism, and renewables support 
mechanism for this low-cost intermittent renewable energy regime. 
A multi-settlement locational marginal pricing (LMP) market design 
with the co-optimized procurement of ancillary services rewards 
quick response dispatchable resources and appropriately prices 

Figure 1.1: Levelized Cost of Energy from Grid Scale Wind  
and Solar and Distributed Solar Generation, 2010–2020

kWh = kilowatt-hour. 

Source: IRENA (2021).
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the intermittency of wind and solar resources. This market design 
easily accommodates the additional reliability constraints on system 
operation required by a larger share of intermittent renewables into the 
energy and ancillary services markets. Finally, this short-term market 
design prices electricity across both the space and time to provide 
financial incentives to locate storage and load flexibility investments 
where they can provide the greatest benefits to system reliability. 
Energy efficiency investments that reduce electricity consumption 
at high-priced locations in the transmission network provide greater 
wholesale energy cost savings and grid reliability benefits than the 
same investment at low-priced locations.

A fixed-price forward contract for energy approach to long-term 
resource adequacy is the most important change necessary to support 
large renewable energy shares under a low-cost intermittent renewable 
energy regime. A significant amount of dispatchable generation capacity 
will still be required to produce energy when the underlying renewable 
resources are unavailable. However, these generation resources will 
start up and shut down more frequently and operate at increasingly 
smaller annual capacity factors as the share of intermittent renewables 
increases. Consequently, the long-term resource adequacy mechanism 
must encourage cross-hedging between intermittent renewables and 
dispatchable generation units. The intermittent renewable resource 
owners must have an economic incentive to purchase price spike 
insurance from dispatchable thermal resources for the times when these 
renewables are unlikely to produce energy. As explained in section 1.5, 
these price spike insurance payments provide a revenue stream to 
dispatchable resources that contributes to their financial viability even 
though they have significantly lower annual capacity factors in a region 
with a large share of intermittent renewable generation. 

The ultimate success of this approach to long-term resource 
adequacy requires phasing out a common approach to financing 
investments in intermittent renewables—paid-as-delivered power 
purchase agreements. These long-term contracts pay the intermittent 
renewable generation unit owner according to a fixed price schedule 
for all energy produced by the generation unit, regardless of when this 
energy is produced. These contracts provide an implicit subsidy to 
intermittent renewable resources because similar contract terms are not 
offered to dispatchable generation units. Moreover, paid-as-delivered 
contracts dull the financial incentive for intermittent renewable resource 
owners to pair their investments with storage capacity to manage the 
uncertainty in energy production from their units. As explained in 
section 1.4, requiring all resources to sell standardized fixed-price and 
fixed-quantity forward contracts provides strong incentives for market 
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mechanisms to find the least-cost solution to meeting a given renewable 
energy target.

To provide the least-cost amount of above-market revenues to 
intermittent renewables resources to meet a given renewable energy 
share goal, a renewables portfolio standard mechanism is necessary. 
This mechanism prices the renewable attribute separate from the 
energy the intermittent renewable resource produces. This renewables 
support mechanism and a multi-settlement LMP market design with 
5-minute settlement in the real-time market provide strong incentives 
for investments in the storage facilities necessary to achieve renewable 
energy shares in excess of 50%.

The remainder of the chapter proceeds as follows. Section 1.2 
discusses the essential features of the short-term market design 
to support the least-cost deployment of large share intermittent 
renewables. Section 1.3 discusses the necessity of a long-term resource 
adequacy mechanism for all wholesale electricity markets with a finite 
offer cap on the short-term market and why the traditional capacity-
based approach to long-term resource adequacy is poorly suited to 
regions with significant intermittent renewable energy goals. Section 
1.4 introduces our proposed standardized fixed-price forward contract 
approach to long-term resource adequacy and explains why it is a more 
efficient solution to the long-term resource adequacy challenge for an 
intermittent renewable energy dominated electricity supply industry. 
Section 1.5 explains why a renewable energy certificate market is 
necessary to achieve renewable energy shares above 50%. This section 
also explains why paid-as-delivered forward contracts for intermittent 
renewable energy do not support achieving a large share of renewable 
energy at least cost to electricity consumers. This section proposes 
financial products that allow intermittent renewable resource owners to 
transition from paid-as-delivered forward contracts to fixed-price and 
fixed-quantity forward contracts. Section 1.6 concludes and proposes 
directions for future research.

1.2 Short-Term Market Design
An important lesson from electricity market design processes around 
the world is the extent to which the market mechanism used to dispatch 
and operate generation units is consistent with how the grid operates in 
real time. In the early stages of wholesale market designs in the United 
States (US), all the regions attempted to operate wholesale markets that 
used simplified transmission network models. These single zone or 
multiple zone markets assume infinite transmission capacity between 
locations in the transmission grid or only recognize transmission 
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constraints across large geographic regions. These simplifications of 
the transmission network configuration and other relevant operating 
constraints create opportunities for market participants to increase 
their profits by taking advantage of the fact that in real time the 
actual configuration of the transmission network and other operating 
constraints must be respected.

Zonal markets set a single market-clearing price for a half hour or an 
hour for an entire country or large geographic region, even though there 
are generation units with offer prices below the market-clearing price 
not producing electricity and units with offer prices above the market-
clearing price producing electricity. This outcome occurs because of the 
location of demand and available generation units within the region, 
and the configuration of the transmission network prevents some of 
these low-offer-price units from producing electricity and requires 
some of the high-offer-price units to supply electricity. The former units 
are typically called “constrained-off” units, and the latter are called 
“constrained-on” or “must-run” units.

A market design challenge arises because how generation units 
are compensated for being constrained-on or constrained-off impacts 
the offer prices they submit into the wholesale energy market. For 
example, if a generation unit is paid its offer price for electricity when 
it is constrained-on and the owner knows the unit will be constrained-
on, a profit-maximizing owner will submit an offer price significantly 
higher than the variable cost of the unit and be paid that price for the 
incremental energy, which ultimately raises the total cost of electricity 
supplied to final consumers.

A similar set of circumstances arises for a constrained-off generation 
unit. These units are typically paid the difference between the market-
clearing price and the unit’s offer price for not supplying electricity 
that the unit would have produced if not for the configuration of the 
transmission network. This market rule creates an incentive for a 
profit-maximizing supplier that knows its unit will be constrained-off 
to submit the lowest possible bid price in order to receive the highest 
possible payment for being constrained-off, which raises the total cost 
of electricity supplied to final consumers.

This problem occurred so frequently in the early US zonal markets 
that it acquired the name “the DEC game,” because it involves a supplier 
selling energy in the day-ahead market that it knows is highly likely to be 
infeasible to inject into the transmission grid in real time. The supplier 
then agrees to buy decremental (DEC) energy at a price below the day-
ahead market price and earns the difference between these two prices 
times the amount of decremental energy purchased for producing little 
or no energy in real time. Wolak, Bushnell, and Hobbs (2008) discuss 
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this problem and the market efficiency consequences in the context of 
the initial zonal market in California. Graf, Quaglia, and Wolak (2020) 
document the incentives for generation unit owner offer behavior created 
by the divergence between the day-ahead zonal market model and full 
network model used to operate the Italian market in real time. The DEC 
game is not unique to markets in industrialized countries. Wolak (2009) 
discusses these same issues in the context of the Colombian single-
price market with its negative and positive reconciliation payments 
mechanism.

1.2.1 Locational Marginal Pricing (LMP)

As described in the previous subsection, almost any difference between 
the market model used to set dispatch levels and market prices and the 
actual operation of the generation units needed to serve demand creates 
an opportunity for market participants to take actions that raise their 
profits at the expense of overall market efficiency. Wholesale electricity 
markets that use LMP, also referred to as nodal pricing, largely avoid 
these constrained-on and constrained-off problems, because all 
transmission constraints and other relevant operating constraints are 
respected in the process of determining dispatch levels and locational 
marginal prices. Consequently, different from single-zone or zonal 
market designs, LMP markets can allow multiple settlements without 
creating the opportunities for suppliers to degrade the efficiency of 
the short-term market by taking advantage of the constrained-on and 
constrained-off process discussed in the previous section.

All LMP markets in the US co-optimize the procurement of energy 
and operating reserves. This means that all suppliers submit to the 
wholesale market operator their generation unit-specific willingness-
to-supply schedules for energy and any operating reserve the generation 
unit can provide. Likewise, large loads and load-serving entities submit 
their willingness-to-purchase energy schedules. Locational prices for 
energy and ancillary services and dispatch levels and ancillary services 
commitments for generation units at each location in the transmission 
network are determined by minimizing the as-offered costs of meeting 
the demand for energy and operating reserves at all locations in the 
transmission network, subject to all transmission network and other 
relevant generation unit operating constraints. No generation unit will 
be accepted to supply energy or an operating reserve if doing so would 
violate a transmission or other operating constraint.

An important distinction between an LMP market design 
and virtually all zonal markets is the centralized commitment of 
generation units to provide energy and ancillary services. The zonal 
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markets throughout Europe do not typically require generation units 
to submit energy offer curves into the day-ahead market and instead 
allow individual producers to make commitment decisions for their 
generation units using simplified single-zone or multiple-zone models 
of the transmission network. A self-commitment market can result in 
higher cost generation units operating because of differences between 
producers in their assessment of the likely market price. 

Self-commitment energy markets also do not allow the simultaneous 
procurement of energy and operating reserves and instead rely on 
sequential procurement of operating reserves before or after day-ahead 
energy schedules have been determined. As Oren (2001) demonstrates, 
sequential clearing of energy and operating reserves markets increases 
the opportunities for generation unit owners to exercise unilateral 
market power in the energy or operating reserves markets. Suppliers 
know that capacity sold in an earlier market cannot compete with 
suppliers in subsequent markets, which limits competition in the 
markets that clear later in the sequence.

A centralized LMP market that co-optimizes the procurement of 
energy and operating reserves ensures that each generation unit is used 
in the most cost-effective manner based on the energy and operating 
reserves offers of all generation units, not just those owned by a single 
market participant. Specifically, the opportunity cost of supplying any 
operating reserve a unit can provide will be explicitly considered in 
deciding whether to use the unit for that ancillary service. For example, 
if the price of energy at a generation unit’s location is $40/MWh,  
the unit’s offer price for energy is $30/MWh, the unit’s offer price for 
the only operating reserve the unit can supply is $0/MWh, and the 
market-clearing price of that reserve is $5/MWh, then the unit will 
be accepted to supply energy rather than that operating reserve. This 
outcome occurs because the opportunity cost of supplying energy,  
$10/MWh = $40/MWh – $30/MWh, is less than the price paid for that 
operating reserve. At this price of energy, the unit will be accepted to 
supply the operating reserve only if its price is greater than or equal to 
the $10/MWh opportunity cost of energy for that unit.

In contrast, self-commitment markets or sequential operating 
reserves markets such as those that exist in Europe and other 
industrialized countries must rely on individual market participants 
to make the least-cost choice between supplying energy or ancillary 
services from each generation unit in the market. This is possible for a 
supplier to do within its portfolio of generation units, but it is unlikely 
to be the case across all suppliers in the market. Consequently, there are 
likely to many instances when a resource is taken to supply an operating 
reserve at a dollar per megawatt-hour price that turns out to be less than 
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the unit’s opportunity of providing energy. There are also likely to be 
instances when a resource is providing energy at price that has smaller 
opportunity cost of energy than the prevailing price of an operating 
reserve the unit can provide with that generation capacity.

The nodal price at each location is the increase in the minimized 
value of the “as-offered costs” objective function because of a one unit 
increase in the amount of energy withdrawn at that location in the 
transmission network. In a co-optimized energy and operating reserves 
locational marginal pricing market, the price of each operating reserve 
is defined as the increase in the optimized value of the as-offered costs 
objective function due to a one-unit increase in the demand for that 
operating reserve. In most LMP markets, operating reserves are procured 
at a coarser level of spatial granularity than energy. For example, energy 
is typically priced at the nodal level and operating reserves are priced 
over larger geographic regions. Bohn, Caramanis, and Schweppe (1984) 
provide an accessible discussion of the properties of the LMP market 
mechanism.

Another strength of the LMP market design is the fact that 
other constraints that the system operator considers in operating the 
transmission network can also be accounted for in setting dispatch 
levels and locational prices. For example, suppose that reliability studies 
have shown that a minimum amount of energy must be produced by 
a group of generation units located in a small region of the grid. This 
operating constraint can be built into the market-clearing mechanism 
and reflected in the resulting locational marginal prices. This property 
of LMP markets is particularly relevant to the cost-effective integration 
of a significant amount of intermittent renewable generation capacity 
because additional reliability constraints may need to be formulated and 
incorporated into an LMP market mechanism to account for the fact 
that this energy can quickly disappear and reappear.

An important lesson from the US experience with LMP markets 
is that explicitly accounting for the configuration of the transmission 
network in determining dispatch levels both within and across regions 
can significantly increase the amount of trade that takes place between 
the regions. Mansur and White (2012) dramatically demonstrate 
this point by comparing the volume of trade between two regions 
of eastern US, what the authors call the Midwest and East of PJM 
(the original PJM Interconnection footprint), before and after these 
regions were integrated into a single LMP market that accounts for 
the configuration of the transmission network throughout the entire 
expanded PJM region. Average daily energy flows from the Midwest 
to East of PJM almost tripled immediately following the integration 
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of the two regions into a single LMP market. There was no change 
in the physical configuration of the transmission network for the 
two regions. This increase in energy flows was purely the result of 
incorporating the two regions into a single LMP market that recognizes 
the configuration of the transmission network for the two regions in 
dispatching generation units.

1.2.2 Multi-Settlement Markets

Multi-settlement nodal-pricing markets have been adopted by all US 
jurisdictions with a formal short-term wholesale electricity market.  
A multi-settlement market has a day-ahead forward market that is run in 
advance of real-time system operation. Generation unit owners submit 
generation unit-specific offer curves for each hour of the following day 
for energy and operating reserves, as well as the technical characteristics 
of their generation units, such as ramp rates, minimum and maximum 
safe operating levels, and other operating characteristics required by 
the system operator. Large consumers and electricity retailers submit 
demand curves for energy for each hour of the following day. The 
system operator sets the demands for each operating reserve and then 
minimizes the as-offered cost to meet the demand for energy and each 
operating reserve simultaneously for all 24 hours of the following day 
subject to the anticipated configuration of the transmission network and 
other relevant operating constraints. This gives rise to LMPs and firm 
financial commitments to buy and sell energy and each operating reserve 
each hour of the following day for all generation unit and load locations.

The day-ahead market typically allows generation unit owners to 
submit their start-up and minimum load cost offers as well as energy 
offer curves, and both of these costs enter the objective function used 
to compute hourly generation schedules and LMPs for all 24 hours of 
the following day. This logic implies that a generation unit will not be 
dispatched in the day-ahead market unless the combination of its start-
up and no-load costs and energy costs are part of the least-cost solution 
to serving hourly demands for all 24 hours of the following day.  

To the extent that generation unit owners do not receive sufficient 
revenues from energy and operating reserves sales to recover their as-
offered start-up, minimum load and energy operating costs to provide 
these products throughout the day, they are provided with a make-whole 
payment to recover the remaining costs. For example, if a generation unit 
owner with a start-up cost of $5,000 and a variable cost of energy offer 
of $40/MWh sells 100 MWh at a price of $42/MWh, the unit’s make-
whole payment would be $5,000 – $4,200 = $800. Total make-whole 
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payments are recovered from all loads through a dollar per megawatt-
hour charge. For example, if system demand was 4,000 MWh and this 
was the only make-whole payment made, then the per unit charge to 
demand would be $0.50/MWh.

The energy schedules that arise from the day-ahead market do not 
require a generation unit to supply the amount sold or a load to consume 
the amount purchased in the day-ahead market. The only requirement 
is that any shortfall in a day-ahead commitment to supply energy 
must be purchased from the real-time market at that same location or 
any production greater than the day-ahead commitment is sold at the 
real-time price at that same location. For loads, the same logic applies. 
Additional consumption beyond the load’s day-ahead purchase is paid 
for at the real-time price at that location, and the surplus of a day-ahead 
purchase relative to actual consumption is sold at the real-time price at 
that location. Both buyers and sellers of energy in the day-ahead market 
bear the full financial consequences of failing to meet their day-ahead 
sales and purchase obligations.

In all US wholesale markets, real-time LMPs are determined 
from the real-time offer curves of all available generation units and 
dispatchable loads by minimizing the as-offered cost to meet real-time 
demands (rather than bid-in demands) at all locations considering the 
current configuration of the transmission network and other relevant 
operating constraints. This process gives rise to LMPs at all locations 
in the transmission network and the actual hourly operating levels 
for all generation units. Real-time imbalances relative to day-ahead 
schedules are cleared at these real-time prices. Wolak (2021b) discusses 
mechanics of a two-settlement (day-ahead and real-time) market and 
why it provides strong incentives for generation unit owners and loads 
to schedule accurately in the day-ahead market and limit the magnitude 
of their real-time deviations from these day-ahead schedules.

Wolak (2011) quantifies the magnitude of the economic benefits 
associated with the transition to a two-settlement nodal pricing market 
from a two-settlement zonal-pricing market that is very similar to the 
standard market design currently in Europe and other industrialized 
countries. Wolak (2011) finds that for the same amount of hourly system-
wide thermal generation, the total hourly British thermal units of fossil 
fuel energy consumed to produce that electricity is 2.5% lower, the total 
hourly variable cost of production for fossil fuels units is 2.1% lower, and 
the total number of hourly starts is 0.17% higher after the implementation 
of nodal pricing. This 2.1% cost reduction implies a roughly $105 million 
reduction in the total annual variable cost of producing electricity 
from fossil fuels in California associated with the introduction of nodal 
pricing. Triolo and Wolak (2022) study the transition from a European-
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style zonal market design with self-scheduling and self-commitment 
to a multi-settlement nodal market design in the Electricity Reliability 
Council of Texas (ERCOT) on 1 December 2010. They find a 3.9% 
reduction in the total variable cost of fossil fuel generation for the first  
year of operation of this market, yielding annual cost savings of  
$323 million. 

1.2.3  Multi-Settlement LMP Market with Significant 
Intermittent Renewables

A multi-settlement LMP market design is well suited to managing 
a generation mix with a significant share of intermittent renewable 
resources. The additional operating constraints necessary for reliable 
system operation with an increased number of renewable resources can 
easily be incorporated into the day-ahead and real-time market models. 
Therefore, the economic benefits from implementing a multi-settlement 
LMP market relative to zonal market designs that do not model 
transmission and other operating constraints are likely to be greater 
the larger the share of intermittent renewable resources. Bjørndal  
et al. (2018) shows that in a region with significant wind resources even 
embedding a nodal market design within a larger zonal market design 
outperforms a full zonal market design. The authors also demonstrate 
that a nodal design for the entire region yields even greater savings 
relative to a zonal design. Consequently, any region with significant 
renewable energy goals is likely to realize significant economic benefits 
from implementing a multi-settlement LMP market.

This short-term market design values the dispatchability and 
flexibility of generation units even though it pays all resources at the 
same location in the grid the same price in the day-ahead and real-time 
markets. Wolak (2021b) provides several examples that demonstrate 
that despite paying the same price for all energy at the same location in 
the day-ahead and real-time markets, a multi-settlement market pays 
a higher average price for the energy ultimately produced in real time 
to the dispatchable generation unit relative to the intermittent wind or 
solar generation unit. This is because intermittent resources typically 
sell more than their day-ahead schedule when real-time prices are lower 
than average and sell less than their day-ahead schedule when real-time 
prices are higher than average. In contrast, dispatchable resources can 
produce more than their day-ahead schedules when real-time prices are 
higher than average and produce less than their day-ahead schedules 
when real-time prices are lower than average.

An additional way to reward flexibility in a multi-settlement LMP 
market is to clear the real-time market as frequently as possible within 
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the hour. For example, all US wholesale markets set real-time prices and 
dispatch levels every 5 minutes. This means that real-time prices can 
increase rapidly across 5-minute intervals when net system demand—
the difference between system demand and intermittent renewable 
generation—rapidly increases. This rewards generation units that can 
quickly increase their output with substantially higher prices for the 
output they supply within that 5-minute interval. Units that can rapidly 
reduce their output in response to a decrease in net demand during a 
5-minute interval can sell back energy scheduled in the day-ahead 
market at substantially lower prices. 

Shorter settlement intervals can also reduce the demand for 
frequency response operating reserves, because more fast-response units 
are moving up and down according to 5-minute dispatch instructions 
within the hour, so that less secondary frequency up and less secondary 
frequency down are needed to maintain system balance within the hour. 
More frequent settlement of the real-time market rewards dispatchable 
resources for the quick response and flexibility that they provide, 
particularly if the share of intermittent renewable generation increases 
significantly.

1.2.4 A Cost-Based Multi-Settlement LMP Market

The transition to formal market mechanisms in a number of Asian 
countries has been slow. These regions frequently face significant 
challenges because of limited transmission capacity between and 
within their member countries. Consequently, any attempt to operate 
an offer-based market for most of these countries is likely to run into 
severe local and system-wide market power problems. In addition, 
the almost complete absence of hourly meters in these regions limits 
the opportunities for active demand-side participation, which makes 
implementing an offer-based wholesale market even more challenging.

Building on the experience of the Latin American countries 
discussed in Wolak (2014), a viable market design for these regions 
is a cost-based short-term market that uses LMP. This market design 
is straightforward to implement because it simply involves solving 
for the optimal dispatch of generation units in the region based on 
the market operator’s estimate of each unit’s variable cost, including 
start-up and minimum load costs, subject to the operating constraints 
implied by the actual regional transmission network and other 
reliability constraints.2 

2 Galetovic, Muñoz, and Wolak (2015) describe the Chilean cost-based market, which 
has been in operation since the 1980s.
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All generation unit owners would submit the technical characteristics 
of their generation units to the market operator, including the heat rate 
curve, the amount of fuel required to start up the unit and operate at the 
unit’s minimum safe operating level, the unit’s ramp rate, and minimum 
uptime and downtime. The system operator would then determine the 
start-up cost and variable cost of operating for each generation unit using 
a publicly available price index for the unit’s fossil fuel. For example, for 
a coal-fired generation unit, the market operator could use a globally 
traded price for coal and a benchmark delivery cost to the generation 
unit to determine the fuel cost of the unit. This would be multiplied by 
the unit’s heat rate to compute its variable fuel cost. An estimate of the 
variable operating and maintenance cost for the unit could be added to 
this variable fuel cost to arrive at the total variable cost of the unit. 

The variable cost computed by the market operator along with the 
configuration of the transmission network would be used to set day-
ahead schedules and prices for each location in a multi-settlement 
version of this market design. In real time, the dispatch and LMP 
process would be completed using the actual system demand and actual 
configuration of the transmission network with these same generation 
unit-level variable cost figures.

It is important to emphasize that this short-term market is only for 
settling imbalances relative to long-term contracts for energy. Joskow 
(1997) argues that the majority of the economic benefits from electricity 
industry restructuring are likely to come from more efficient investment 
decisions in new generation capacity. The combination of a cost-
based multi-settlement LMP market and fixed-price forward contract 
mandates on electricity retailers as discussed in section 1.4 is a low-cost 
and low-regulatory burden approach to realizing low-cost increases in 
new generation capacity. This market design can be implemented in 
any Asian country with limited regulatory burden and provide strong 
incentives for least-cost operation of existing generation resources and 
least-cost investment in new generation resources to serve load growth 
and unit retirements. 

This market design also has the advantage that it can easily transition 
to an offer-based market once the transmission network in the region 
is expanded, hourly meters are deployed, and the regulator is able to 
design an effective local market power mitigation mechanism. Graf et. 
al (2021) summarize the local market power mitigation mechanisms 
in place in US markets and recommendations for their design. The 
LMP market is in already place, and generation unit owners’ costs as 
computed by the market operator can easily be replaced by the offers 
of these producers. Starting from a cost-based market and transitioning 
to an offer-based market is a low-risk approach to introducing an offer-
based market. PJM Interconnection in eastern US followed this strategy 
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during the early stages of its development. It operated as a cost-based 
market before transitioning to an offer-based market.

1.3  The Reliability Externality and Long-Term 
Resource Adequacy

Why do wholesale electricity markets require a regulatory mandate to 
ensure long-term resource adequacy? Electricity is essential to modern 
life, but so are many other goods and services. Consumers want cars, 
but there is no regulatory mandate that ensures enough automobile 
assembly plants to produce these cars. They want point-to-point air 
travel, but there is no regulatory mandate to ensure enough airplanes 
to accomplish this. Many goods are produced using high fixed cost, 
lowmarginal cost technologies similar to electricity supply. Nevertheless, 
these firms recover their production costs, including a return on the 
capital invested, by selling their output at a market-determined price.

What is different about electricity that requires a long-term resource 
adequacy mechanism? The regulatory history of the electricity supply 
industry and the legacy technology for metering electricity consumption 
results in what Wolak (2013) calls a reliability externality.  

1.3.1 The Reliability Externality

Different from the case of wholesale electricity, the markets for 
automobiles and air travel do not have a regulatory limit on the level of 
the short-term price. Airlines adjust the prices for seats on a flight over 
time in an attempt to ensure that the number of customers traveling on 
that flight equals the number of seats flying. This ability to use price to 
allocate the available seats is also what allows the airline to recover its 
total production costs and can result in as many different prices paid for 
the same flight as there are customers on the flight.

Using the short-term price to manage the real-time supply and 
demand balance in a wholesale electricity market is limited by a finite 
upper bound on a supplier’s offer price and/or a price cap set by the 
regulator that limits the maximum market-clearing price. Although 
offer caps and price caps can limit the ability of suppliers to exercise 
unilateral market power in the short-term energy market, they also 
reduce the revenues suppliers can receive during scarcity conditions. 
This is often referred to as the missing money problem for generation 
unit owners. However, this missing money problem is only a symptom 
of and not the cause of the reliability externality.
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This externality exists because offer caps limit the cost to electricity 
retailers of failing to hedge their expected purchases from the short-term 
market. Specifically, if a retailer or large consumer knows the price cap 
on the short-term market is $250/MWh, then it is unlikely to be willing 
to pay more than that for electricity in any earlier forward market. This 
creates the possibility that real-time system conditions can occur where 
the amount of electricity demanded at or below the offer cap is less than 
the amount suppliers are willing to offer at or below this offer cap.

This outcome implies that the system operator must be forced to 
either abandon the market mechanism or curtail firm load until the 
available supply offered at or below the offer cap equals this level of 
demand, as occurred several times in California between January 2001 
and April 2001, and most recently on 14 and 15 August 2020. A similar, 
but far more extreme set of circumstances arose from 14 to 18 February 
2021 in Texas, and this required significant demand curtailments from 
15 to 18 February.3

Because random curtailments of supply to different distribution 
grids served by the transmission network—also known as rolling 
blackouts—are used to make demand equal to the available supply at 
or below the offer cap under these system conditions, this mechanism 
creates a reliability externality because no retailer bears the full cost of 
failing to procure adequate energy to meet their demand in advance of 
delivery. A retailer that has purchased sufficient supply in the forward 
market to meet its real-time demand is equally likely to be randomly 
curtailed as any other retailer of the same size that has not procured 
adequate energy in the forward market. The technology to curtail 
specific customers when there is system-wide shortfall of energy does 
not currently exist in any electricity delivery network. 

For this reason, all retailers have an incentive to under procure their 
expected energy needs in the forward market. However, when short-
term prices rise, retailers that have not hedged the wholesale energy 
purchases to serve the demand of their fixed-price retail customers 
are likely to go bankrupt. If these retailers attempt to pass these short-
term wholesale prices on to their retail customers, many will be likely 
to be unable to pay their electricity bills. As discussed in section 4.4.2 of 
Wolak (2022), both outcomes occurred in Texas following the events of 
14 to 18 February 2021.

The lower the offer cap, the greater is the likelihood that the retailer 
will delay their electricity purchases to the short-term market. Delaying 

3 https://www.ercot.com/files/docs/2021/02/24/2.2_REVISED_ERCOT_Presentation 
.pdf

https://www.ercot.com/files/docs/2021/02/24/2.2_REVISED_ERCOT_Presentation.pdf
https://www.ercot.com/files/docs/2021/02/24/2.2_REVISED_ERCOT_Presentation.pdf
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more purchases to the short-term market increases the likelihood of 
insufficient supply in the short-term market at or below the offer cap. 
Because retailers do not bear the full cost of failing to procure sufficient 
energy in the forward market, there is a missing market for long-term 
contracts for energy with long enough delivery horizons into the 
future to allow new generation units to be financed and constructed 
to serve demand under all possible future conditions in the short-term 
market. Therefore, a regulator-mandated long-term resource adequacy 
mechanism is necessary to replace this missing market.

Regulatory intervention is necessary to internalize the resulting 
reliability externality unless the regulator is willing to eliminate the 
offer cap and commit to allowing the short-term price to clear the 
real-time market under all possible system conditions. There are no 
short-term wholesale electricity markets in the world that make such 
a commitment. All of them have either explicit or implicit caps on the 
offer prices suppliers can submit to the short-term market. ERCOT had a 
$9,000/MWh offer cap, which was highest in the US in February of 2021. 
Australia’s National Electricity Market currently has a A$15,500 MWh 
offer cap, which is currently the highest in the world.  

As the experience of 14 to 18 February 2021 in Texas demonstrated, 
an extremely high offer cap on the short-term market does not eliminate 
the reliability externality. It just shrinks the size of the set of system 
conditions when random curtailments are required to balance real-time 
supply and demand. For the same reason, there also have been a small 
number of instances when the NEM of Australia experienced supply 
shortfalls despite having an extremely high offer cap.

1.3.2  Conventional Solution to Reliability Externality 
with Intermittent Renewables

Currently, the most popular approach to addressing the reliability 
externality is a capacity procurement mechanism that assigns a firm 
capacity value to each generation unit based on the amount of energy it 
can provide under stressed system conditions. Retailers are then required 
to demonstrate that they have purchased sufficient firm capacity to meet 
their monthly or annual demand peaks. Having sufficient firm capacity 
typically means that the retailer has purchased firm capacity equal to 
between 1.10 and 1.20 times its annual demand peak. The exact multiple 
of peak demand chosen by a region depends on the mix of generation 
resources and the reliability requirements of the system operator.

Under the current long-term resource adequacy mechanism in 
California, firm-level capacity procurement obligations are assigned 
to retailers by the California Public Utilities Commission to ensure 
that monthly and annual system demand peaks can be met. Electricity 
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retailers are free to negotiate bilateral capacity contracts with individual 
generation unit owners to purchase firm capacity to meet these 
obligations. The eastern US wholesale electricity markets in the PJM 
Interconnection, independent system operator (ISO) New  England, 
New York ISO, and Midcontinental ISO markets all have a centralized 
market for firm capacity. These involve periodic capacity auctions 
run by the wholesale market operator where all retailers purchase 
their capacity requirements at a market-clearing price. ERCOT does 
not currently have formal long-term resource adequacy mechanism 
besides its $9,000/MWh offer cap and an ancillary services scarcity 
pricing mechanism.

All capacity-based approaches to long-term resource adequacy rely 
on the credibility of the firm capacity measures assigned to generation 
units. This is a relatively straightforward process for dispatchable 
thermal units. The nameplate capacity of the generation unit times 
its annual availability factor (the fraction of hours of the year a unit is 
expected to be available to produce electricity) is the typical starting 
point for estimating the amount of energy the unit can provide under 
stressed system conditions. As discussed below, if all retailers have 
met their firm capacity requirements in a sizable market with only 
dispatchable thermal generation, there is a very high probability that 
the demand for energy will met during peak demand periods.

A simple example helps to illustrate the logic behind this claim. 
Suppose that the peak demand for the market is 1,000 MW, the market 
is composed of equal size generation units, and each unit has a 90% 
annual availability factor, meaning that it is available to produce 
electricity any hour of the year with 0.90 probability. Suppose that the 
event that one generation unit fails to operate is independent of the 
event that any other generation unit fails to operate. This independence 
assumption is reasonable for dispatchable thermal generation units 
because unavailability is typically due to an event specific to that 
generation unit. If each generation unit has a nameplate capacity of 
100 MW, each has a firm capacity of 90 MW (= 0.90 x 100 MW). If there 
are 13 generation units, then with 0.96 probability peak demand will 
be met.4 Thus, a firm capacity requirement of 1.17 times the demand 
peak would ensure that system demand is met with 0.96 probability. 
Assuming that each generation unit is one-tenth of the system 
demand peak is unrealistic for most electricity supply industries, but 
it does illustrate the important point that smaller markets require 

4 The number of generation units available is a binomial random variable with 
probability p = 0.9 and with number of trials N = the number of generation units. The 
probability of meeting the demand peak is the probability the available capacity is 
greater than or equal to the peak demand.
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firm capacity equal to a larger multiple of peak demand to achieve the 
desired level of reliability of supply.

Suppose that each generation unit is now 50 MW and each still 
has the same availability factor, so the firm capacity of each unit is now 
45 MW. In this case, the same firm capacity requirement of 1.17 times 
the demand peak, or 26 generation units, would ensure system demand 
is met with 0.988 probability. If each generation unit had a nameplate 
capacity of 20 MW with the same availability factor, each unit would 
have a firm capacity of 18 MW. This 1.17 times peak demand firm capacity 
requirement, or 65 generation units, would ensure that system demand 
is met with 0.999 probability. This example illustrates that an electricity 
supply industry based on dispatchable thermal generation units, where 
each unit has an independent 10% probability of being unavailable, the 
system demand peak will be met with a very high probability with a firm 
capacity requirement of 1.17 times peak demand if all the generation 
units are small relative to the system demand peak.

Introducing renewables into a capacity-based long-term resource 
adequacy mechanism considerably complicates the problem of computing 
the probability of meeting peak system demand for two major reasons. 
First, the ability to produce electricity depends on the availability of the 
underlying renewable resource. A hydroelectric resource requires water 
behind the turbine, a wind resource requires wind to spin the turbine, 
and a solar facility requires sunlight to hit the solar panels. Second, and 
perhaps most importantly, the availability of water, wind, or sunshine 
to renewable generation resources is highly positively correlated across 
locations for a given technology within a given geographic region. This 
fact invalidates the assumption of independence of energy availability 
across locations that allows a firm capacity mechanism to ensure system 
demand peaks can be met with a very high probability. For example, if 
the correlation across locations in the availability of generation units 
is sufficiently high, then a 0.9 availability factor at one location would 
imply only a slightly higher than a 0.9 availability factor for meeting 
system demand, almost regardless of the amount intermittent renewable 
capacity that is installed.

Hydroelectric facilities have been integrated into firm capacity 
regimes by using percentiles of the distribution of past hydrological 
conditions for that generation unit to determine its firm capacity 
value. However, this approach only partially addresses the problem of 
accounting for the high degree of contemporaneous correlation across 
locations in water availability in hydroelectric dominated systems. 
There is typically a significant amount of data available on the marginal 
distribution of water availability at individual hydroelectric generation 
units. However, the joint distribution of water availability across all 
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hydro locations is likely to be more difficult to obtain. The weather-
dependent intermittency in energy availability for hydroelectric 
resources is typically on an annual frequency. There are low-water years 
and high-water years depending on global weather patterns such as the 
El Niño and La Niña weather events as discussed in McRae and Wolak 
(2016).

Incorporating wind or solar generation units into a firm capacity 
mechanism is even more challenging, and increasingly so as the share 
of energy produced in a region from these resources increases. The 
intermittency in energy supply is much more frequent than it is for 
hydroelectric energy. There can be substantial differences across and 
within days in the output of wind and solar generation units. Moreover, 
if stressed system conditions occur when it is dark, the firm capacity of 
a solar resource is zero. Similarly, if stressed system conditions occur 
when the wind is not blowing, a likely outcome on extremely hot days, 
the firm capacity of a wind resource is zero.

The contemporaneous correlation across locations in the output 
of solar or wind generation resources for a given geographic area is 
typically extremely high. There is even a high degree of correlation 
across locations in the output of wind and solar resources. Wolak (2016) 
demonstrates the extremely high degree of contemporaneous correlation 
between the energy produced each hour of the year by solar and wind 
facilities in California. Again, information on marginal distribution 
of wind or solar energy availability at a location is much more readily 
available than the joint distribution of wind and solar energy availability 
for all wind and solar locations in a region. For these reasons, calculating 
a defensible estimate of the firm capacity of a wind or solar resource that 
is equivalent to the firm capacity of a dispatchable thermal generation 
resource is extremely difficult, if not impossible.

The high degree of contemporaneous correlation across locations 
in hourly capacity factors requires a methodology for computing firm 
capacity that accounts for the joint distribution of hourly capacity 
factors across locations throughout the year. Not only does this 
methodology need to account for the contemporaneous correlation in 
capacity factors across locations, but also the high degree of correlation 
of capacity factors over time for the same locations and other locations. 
California currently uses an effective load carrying capacity (ELCC) 
methodology for computing the firm capacity values of wind and solar 
generation units. The ELCC methodology was introduced by Garver 
(1966), and it measures the additional load that the system can supply 
from a specified increase in the megawatts of that generation technology 
with no net change in reliability. The loss of load probability, which is 
the probability that system demand will exceed the available supply, 
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is the measure of reliability used in the ELCC calculation. Consistent 
with the results of Wolak (2016), the ELCC values for solar generation 
resources in California have declined significantly as the amount of solar 
generation capacity in the state has increased.  

For example, a recent study prepared for California’s three investor-
owned utilities (Carden, Dombrowsky, and Winkler 2020), Southern 
California Edison, Pacific Gas and Electric, and San Diego Gas and 
Electric, recommended ELCC values for 1 MW of fixed-mount solar 
photovoltaic capacity for 2022 of approximately 5% of the nameplate 
capacity. Their estimates for 2026 are less than half that amount, and 
those for 2030 are less than one-fourth that amount. These declines in 
the ELCC values are due to the forecast increase in the amount of solar 
generation capacity in California.

An additional problem with computing the firm capacity of solar 
or wind generation resource using the ELCC methodology is that the 
same megawatt investment in wind or solar capacity is likely to be 
able to serve different increments to system demand depending on the 
location of the investment, the location of the increment to demand, 
and the size and location of other renewable resources in the region. 
This leaves the system operator with two difficult choices for setting 
the value of firm capacity for solar and wind resources. The first 
would be to set different values of firm capacity for resources based 
on their location in the transmission network. This would likely be a 
very politically contentious process because of the many assumptions 
that go into computing the ELCC of a resource. The second approach 
would set the same firm capacity value for all resources employing the 
same generation technology. This means that two resources with very 
different ELCC values could sell the same product to the potential 
detriment of overall system reliability.

Wolak (2022) evaluates the performance of California’s capacity-
based long-term resource adequacy mechanism based on the experience 
of 14 to 18 August 2020. Except for May for wind and July for solar, the 
monthly values of firm capacity computed using the ELCC methodology 
are slightly below the average capacity factors for the month. However, 
it is important to bear in mind that the firm capacity of a generation 
unit is supposed to measure what the facility can reliably produce 
under extreme system conditions, not what it produces on average. 
Consequently, a monthly average capacity factor less than the firm 
capacity value assigned to wind or solar generation resources provides 
further evidence against the viability of a capacity-based long-term 
resource adequacy mechanism with a large share of intermittent 
renewables. This outcome implies there are many hours in the month 
when the intermittent wind or solar resource is producing less than 
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its firm capacity. Given the unpredictable intermittent nature of these 
resources, there is a non-zero probability this outcome will occur during 
a time with stressed system conditions, similar to those that occurred in 
August 2020 in California and February 2021 in Texas.

These facts, and the fact that what are predicted to be the major 
sources of renewable electricity in the future have been estimated 
to have a little firm capacity value in a high intermittent renewable 
energy future, imply that it would be prudent for Asian countries with 
ambitious renewable energy goals to consider alternatives to a capacity-
based long-term resource mechanism if they intend to meet these goals 
in a least-cost manner. 

1.4  Standardized Fixed-Price Forward Contract 
Approach to Long-Term Resource Adequacy

The primary reliability challenge in regions with significant intermittent 
renewable energy goals is not adequate generation capacity to serve 
demand peaks but adequate energy available to serve realized demand 
during all hours of the year. As the examples of California in August 
2020 and Texas in February 2021 demonstrate, supply shortfalls do not 
necessarily occur during system demand peaks, but during net demand 
peaks.

Because of the substantial contemporaneous correlation in hourly 
output across locations and across renewable energy technologies, 
ensuring sufficient supply to meet demand throughout the year 
will require taking full advantage of the mix of available generation 
resources. Intermittent renewable resources must reinsure the energy 
they sell in the forward market with dispatchable generation resources 
and storage devices. The long-term resource adequacy mechanism must 
also recognize the increasing weather dependence of electricity demand 
with more customers heating and cooling their homes with electricity.

The Standardized Fixed Price Forward Contract (SFPFC) 
mechanism introduced in Wolak (2021a) results in the realized system 
demand each hour of the compliance period being covered by a fixed-
price forward contract. The SFPFC approach to long-term resource 
adequacy recognizes that a supplier with the ability to serve demand 
at a reasonable price may have no incentive to do so if it has the ability 
to exercise unilateral market power in the short-term energy market. 
As Wolak (2000) demonstrates, an expected profit-maximizing supplier 
with the ability to exercise unilateral market power with a fixed-price 
forward contract obligation would like to minimize the cost of supplying 
the quantity of energy sold in the forward contract. The SFPFC  
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long-term resource adequacy mechanism takes advantage of this 
incentive by requiring retailers to hold hourly fixed-price forward 
contract obligations for energy that sum to the hourly value of system 
demand. This mechanism also implies that all expected profit-
maximizing suppliers would like to minimize the cost of meeting their 
hourly fixed-price forward contract obligations, the sum of which equals 
the hourly system demand for all hours of the year.

To understand the logic behind the SFPFC mechanism, consider 
the example of a supplier that owns 150 MWh of generation capacity 
that has sold 100 MWh in a fixed-forward contract at a price of  
$25/MWh for a certain hour of the day. This supplier has two options 
for fulfilling this forward contract: (i) produce the 100 MWh energy 
from its own units at their marginal cost of $20/MWh or (ii) buy this 
energy from the short-term market at the prevailing market-clearing 
price. The supplier will receive $2,500 from the buyer of the contract 
for the 100 MWh sold, regardless of how it is supplied. This means that 
the supplier maximizes the profits it earns from this fixed-price forward 
contract sale by minimizing the cost of supplying the 100 MWh of energy.

To ensure that the least-cost “make versus buy” decision for the 
100 MWh is made, the supplier should offer 100 MWh in the short-term 
market at its marginal cost of $20/MWh. This offer price for 100 MWh 
ensures that if it is cheaper to produce the energy from its generation 
units—the market price is at or above $20/MWh—the supplier’s offer 
to produce the energy will be accepted in the short-term market. If it is 
cheaper to purchase the energy from the short-term market—the market 
price is below $20/MWh—the supplier’s offer will not be accepted, and 
the supplier will purchase the 100 MWh from the short-term market at 
a price below $20/MWh.

This example demonstrates that the SFPFC approach to long-
term resource adequacy makes it expected profit-maximizing for each 
seller to minimize the cost of supplying the quantity of energy sold in 
this forward contract each hour of the delivery period. By the logic of 
the above example, each supplier will find it in its unilateral interest to 
submit an offer price into the short-term market equal to its marginal 
cost for its hourly SFPFC quantity of energy, in order to make the 
efficient make-versus-buy decision for fulfilling this obligation.

The incentives for supplier offer behavior in a short-term wholesale 
electricity market created by a fixed-price forward contract obligation 
are analyzed in Wolak (2000). McRae and Wolak (2014) provide 
empirical support for these incentives for the four largest suppliers 
in the New Zealand electricity market. Under the SFPFC mechanism, 
each supplier knows that the sum of the values of the hourly SFPFC 
obligations across all suppliers is equal the system demand. This means 



Financing the Energy Transition in a Low-Cost Intermittent Renewable Energy Environment 41

that each supplier of SFPFCs knows that its competitors have substantial 
fixed-price forward contract obligations for that hour. This implies that 
all suppliers know that they have limited opportunities to raise the price 
they receive for short-term market sales beyond their hourly SFPFC 
quantity. 

As discussed below, a supplier’s fixed-price forward quantity for an 
hour under the SFPFC mechanism increases with the value of hourly 
system demand. Therefore, the supplier that owns 150 MWh of capacity 
in the above example has a strong incentive to submit an offer price 
close to its marginal cost for the capacity of its generation unit to ensure 
that its hourly production is higher than the realized value of its SFPFC 
energy for that hour. Therefore, the SFPFC mechanism not only ensures 
that system demand is met every hour of the year, but it also provides 
strong incentives for this to occur at the lowest possible short-term 
price. Wolak (2022) provide a number of examples that illustrate the 
details of the SFPFC mechanism and why it ensures that system demand 
will be met at least cost with a high probability.

1.4.1  Mechanics of the Standardized Forward Contract 
Procurement Process

The SFPFCs would be purchased through auctions several years in 
advance of delivery in order to allow new entrants to compete to 
supply this energy. Because the aggregate hourly values of these SFPFC 
obligations are allocated to retailers based on their actual share of system 
demand during the month, this mechanism can easily accommodate 
retail competition. If one retailer loses load and another gains it during 
the month, the share of the aggregate hourly value of SFPFCs allocated 
to the first retailer falls and the share allocated to the second retailer 
rises.

The wholesale market operator would run the auctions with 
oversight by the regulator. One advantage of the design of the SFPFC 
products is that a simple auction mechanism can be used to purchase 
each annual product. A multi-round auction could be run where 
suppliers submit the total amount of annual SFPFC energy they would 
like to sell for a given delivery period at the price for the current round. 
With each round of the auction, the price would decrease until the 
amount suppliers are willing to sell at that price is less than or equal to 
the aggregate amount of SFPFC energy demanded.

The wholesale market operator would also run a clearinghouse to 
manage the counterparty risk associated with these contracts. All US 
wholesale market operators currently do this for all participants in 
their energy and ancillary services markets. In several US markets, the 
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market operator also provides counterparty risk management services 
for long-term financial transmission rights, which is not significantly 
different from performing this function for SFPFCs. Both buyers and 
sellers would be required to post collateral with the wholesale market 
operator to ensure that each market participant finds it unilaterally 
profit-maximizing to meet its financial commitments for the SFPFC 
energy that it has purchased or sold.

SFPFC auctions would be run on an annual basis for deliveries 
starting 2, 3, and 4 years in the future. In steady state, auctions for 
incremental amounts of each annual contract would also be needed 
so that the aggregate share of demand covered by each annual SFPFC 
could increase over time. The eventual 100% coverage of demand occurs 
through a final true-up auction that takes place after the realized values 
for hourly demand for the delivery period are known. The mechanics of 
the true-up auctions are described in Wolak (2022).

1.4.2  Incentives for Behavior by Intermittent Renewable 
and Controllable Resources

Under the SFPFC approach to long-term resource adequacy, all suppliers 
know that all energy consumed every hour of the year is covered by 
SFPFC energy purchased at a fixed price. This creates a strong incentive 
for suppliers to find the least-cost mix of intermittent and controllable 
resources to serve these hourly demands. To the extent that there is 
concern that the generation resources available or likely to be available 
in the future to meet demand are insufficient, features of the existing 
capacity-based resource adequacy mechanism can be retained until 
system operators have sufficient confidence in this mechanism leading 
to a reliable supply of energy. The firm capacity values from the existing 
capacity-based long-term resource adequacy approach can be used to 
limit the amount of SFPFC energy a supplier can sell. 

The firm capacity value multiplied by number of hours in the year 
would be the maximum amount of SFPFC energy that the unit owner 
could sell in any given year. Therefore, a controllable thermal generation 
unit owner could sell significantly more SFPFC energy than it expects to 
produce annually, and an intermittent renewable resource owner could 
sell significantly less SFPFC energy than it expects to produce annually. 
This upper bound on the amount of SFPFC energy any generation unit 
could sell enforces an incentive for cross-hedging between controllable 
generation units and intermittent renewable resources. This mechanism 
uses the firm capacity construct to limit forward market sales of energy 
by individual resource owners to ensure that it is physically feasible to 
serve demand during all hours of the year.
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Cross-hedging between a controllable resource and an intermittent 
resource implies that in most years, the controllable resource owner 
would be producing energy in a small number of hours of the year but 
earning the difference between the price at which they sold the energy 
in the SFPFC auction and the hourly short-term market price times the 
hourly value of its SFPFC energy obligation for all the hours that it does 
not produce energy. Intermittent renewables resource owners would 
typically produce more than their SFPFC obligation in energy and sell 
energy produced beyond this quantity at the short-term price. In years 
with low renewable output near their SFPRC obligations, controllable 
resource owners would produce close to the hourly value of their SFPFC 
energy obligation, thus making average short-term prices significantly 
higher. However, aggregate retail demand would be shielded from these 
high short-term prices because of their SFPFC holdings.

1.4.3  Empirical Evidence on the Performance of the 
Standardized Forward Contract Mechanism

Although the SFPFC mechanism in the form described above does not 
exist in any currently operating electricity supply industry, the long-
term resource adequacy mechanisms in Chile and Peru create the same 
set of incentives for supplier behavior as the SFPFC mechanism by 
assigning system-wide short-term price and quantity risk during all 
hours of the year to suppliers. Both Chile and Peru operate a supplier-
only, cost-based short-term wholesale electricity market. The system 
operator employs regulated variable cost estimates for each generation 
unit and an opportunity cost of water for hydroelectric generation units 
to dispatch generation units to meet locational demands throughout 
each country. All consumers or their retailers are required to purchase 
full requirements contracts from suppliers to meet their retail load 
obligations. Suppliers financially settle imbalances between the amount 
of energy they produce and the amount of energy their customers 
consume under these full requirements contracts. Suppliers that 
produce more energy than their customers consume receive payments 
from the suppliers that produce less energy than their customers 
consume.5

To see the equivalence of the incentives created for supplier behavior 
under the market designs in Chile and Peru and the SFPFC mechanism, 
let QRi equal the consumption of customers served by the supplier i 
and PRi the quantity-weighted average price paid for full requirements 

5 See section 3.2 of Wolak (2021c) for more details on this settlement mechanism.
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contracts by customers served by supplier i. Let system demand equal 
QD, which is also equal to 
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, the sum of the consumption of all 
customers served by the N suppliers. The short-term price is PS, amount 
of energy sold in the short-term market is QS and cost of producing this 
energy is C(QS). The variable profit of supplier i is equal to

	 πi = PS x QS – C(QS) – (PS – PRi) x QRi 
 = PS x (QS – QRi) + PRi x QRi – C(QS), (1)

which is identical to the case of supplier having fixed-price forward 
contract equal to QC and at price of PC by setting QRi equal to QC and 
PRi equal to PC. Moreover, because QD = 
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, all short-term price 
and quantity risk is borne jointly by the N suppliers that have sold full 
requirements contracts to electricity retailers and large loads.

The long-term resource adequacy mechanisms in Chile and Peru 
have delivered a reliable supply of electricity for at least the past 15 years 
in each country in the face of significant hydroelectric energy supply 
uncertainty and an increasing share of the energy consumed coming 
from intermittent wind and solar generation units. This outcome has 
been achieved through a cost-based short-term market in two countries 
with typical growth rates in annual electricity demand that are three to 
four times that in regions in the US with formal wholesale electricity 
markets. Consequently, the experience of Chile and Peru provides a 
strong argument in favor of the SFPFC mechanism for Asian countries 
with significant intermittent renewable energy goals.

1.5  Mechanisms That Support Large Renewable 
Energy Shares

This section describes two mechanisms that support large renewable 
energy shares at least cost to electricity consumers. The first mechanism 
is a renewable energy certificate market for a region to meet its 
renewable energy goals. This is followed by a discussion of the need to 
integrate intermittent renewable resources into the standardized long-
term contract approach to long-term resource adequacy as the share of 
intermittent renewables increases. Finally, this section discusses how a 
cost-based market can foster the development of renewable resources. 

1.5.1 Renewable Energy Certificate Market

A renewable energy certificate (REC) market is a significantly lower-
cost approach to achieving a given renewable energy goal than other 
available mechanisms because it creates a competitive market for 
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the renewable energy attribute. Under this mechanism, the relevant 
regulatory authority would set up a registry of qualified renewable 
energy resources (RERs) for the region. The set of generation resources 
that are qualified to sell RECs would be established and overseen by 
this regulatory authority. Once a resource is qualified to sell RECs, the 
energy production by these resources would be compiled in the registry 
established by the regulatory authority and each of these resources 
would be issued a quantity of RECs equal to the megawatt-hours of 
energy the resource produced during the compliance period.

Assuming an annual compliance period for the renewables mandate, 
retailers would be required to purchase the required percentage of their 
annual consumption of energy in RECs. For example, if the renewables 
mandate was 30% for 2024, free consumers and distributors would 
have to surrender RECs produced during 2024 equal to 30% of their 
annual consumption in 2024. A retailer with an annual consumption 
of 20,000 MWh would be required to surrender 6,000 RECs or pay a  
$1/MWh penalty set by the regulatory authority for any shortfall 
relative to this magnitude. For instance, if the retailer only held 
5,900 RECs for the 2024 compliance period, it would be liable for a 
penalty of 100 RECs times this penalty price. The penalty price should 
be set sufficiently high so that all free consumers and distributors 
find it expected profit-maximizing to meet their renewable energy 
requirement.

Renewable resource owners would be allowed to sell RECs that their 
units have not yet produced, but they would be subject to the financial 
penalty for any shortfall between the quantity of RECs they have sold 
for the compliance period and the amount of RECs their units produced 
during the compliance period. For example, if a renewable resource 
owner sold 1,000 RECs and only produced 900 MWh of energy during 
the compliance year, the resource owner to be assessed a penalty for the 
100 REC shortfall times the per REC penalty. This resource owner could 
also purchase these 100 RECs from qualified renewable generation unit 
owners with surplus RECs.

Unused RECs from the previous compliance year could be used 
in the following compliance year, but not in any subsequent year. For 
example, an RER unit that produced 100 RECs in 2024 and only sold 
90 of these RECs for compliance in 2024 could sell the remaining 
10 RECs for the 2025 compliance period. Similarly, if a free consumer 
or distributor only needed 95 RECs for compliance in 2024, but it held 
105 RECs for the 2024 compliance period, the unused 10 RECs could 
be used for compliance in 2025. This ability to carry over RECs would 
only be possible for consecutive compliance years, so a REC produced 
in 2024 could not be used in the 2026 compliance year or subsequent 
years.
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Unless a jurisdiction establishes a legal commitment to renewable 
energy targets into the distant future, there is no reason to establish 
a REC market. Moreover, a longer regulatory commitment would 
increase the likelihood that a forward market for RECs would develop 
to support investments in RERs to meet this goal. A centralized forward 
market procurement mechanism similar to the SFPFC mechanism for 
long-term resource adequacy could be implemented to ensure retailers 
purchase sufficient RECs into the distant future to provide the revenue 
stream necessary to meet the region’s renewable energy goals. For 
example, centralized auctions for RECs could be run at similar time 
horizons to delivery compared to the SFPFC auctions. A guaranteed 
4-year future revenue stream from future REC sales would provide the 
above-market revenues to the quantity of RERs necessary to achieve a 
given long-term RER goal.

It is important to emphasize that without a legally mandated 
commitment by the relevant jurisdiction to meet a specific renewable 
energy target, such as 20% of electricity consumption from these 
resources by 2030, establishing a RPS is unnecessary. Intermittent 
renewable resources could compete with conventional generation 
resources in the long-term resource adequacy mechanism selling 
SFPFCs. 

Procurement processes for specific renewable technologies 
should be avoided. Procurement mechanisms that specify shares of 
renewable energy for specific technologies simply reduce the extent of 
competition suppliers of these products face, which increases costs to 
consumers, with no accompanying economic or environmental benefit 
that could not be achieved at lower cost through an RPS. As noted in 
Wolak (2021c), an RPS creates a competitive market for the renewable 
attribute that all qualified sources of renewable energy can compete to 
provide. Different from a regulatory mandate that requires, say, 40% 
of renewable energy to come from wind and 60% to come from solar, 
an RPS provides strong incentives for suppliers to find the least-cost 
mix of renewable resources to achieve a given renewable energy goal. 
Technology-specific feed-in tariffs that specify a fixed price schedule 
paid for energy from each renewable technology not only fail to find the 
least-cost mix of renewable energy technologies but may not even find 
the least-cost mix renewable generation units for the same technology. 
That is because as long as a feed-in tariff provides a revenue stream 
greater than the cost of the renewable energy, the project developer 
has an economic incentive to build the project, whether or not it is 
the cheapest source of the energy from that renewable generation 
technology.
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1.5.2  Transitioning Renewables to Standardized  
Forward Contracts

As the share of intermittent RERs increases, it is increasing costly to place 
the burden of managing their intermittency on buyers of the renewable 
power purchase agreement (PPA). A contract that pays a renewable 
resource owner a fixed price for all megawatt-hours regardless of when 
this energy is produced provides an implicit subsidy to the RER owner 
in a multi-settlement LMP market. The period-level variable profit 
of the RER unit owner under a paid-as-delivered PPA is (PC – C) QC, 
because the short-term market output of the resource QS is equal to the 
forward contract quantity QC for all periods under the terms of a paid-
as-delivered contract that pays the RER owner PC for every megawatt-
hour produced regardless of when it is produced. This PPA completely 
insulates the RER unit from the short-term market price, which means 
it has no financial incentive to manage its intermittency. 

This contract form is not offered to conventional dispatchable 
resources for precisely this reason. Clearly, a thermal or hydroelectric 
resource owner would prefer a contract that transfers all of its outage 
or energy shortfall risk to the buyer of the contract. For this reason, all 
fixed-price and actual production PPA contracts should be eliminated 
for all RERs. However, a paid-as-delivered contract leaves the buyer of 
this energy with a volatile net demand position that must be purchased 
from the short-term energy market. Every hour the buyer of this 
renewable contract must purchase or sell the difference between its 
real-time demand and the output of the renewable resource. Moreover, 
the hours when short-term prices are high (because of little renewable 
energy production) the net demand of the retailer is likely to be positive 
and large, and the hours when short-term prices are low the net demand 
is likely to be negative and large in absolute value.

Under the proposed multi-settlement LMP market without these 
PPA contracts, RERs that schedule energy in the day-ahead market must 
be responsible for the cost or revenues associated with any deviation 
between their day-ahead schedule and real-time output level. If the RER 
unit does not schedule any energy in the day-ahead market, then the 
energy the unit produces would be paid the real-time price. Because of 
the high degree of contemporaneous correlation between wind and solar 
generation resources documented in Wolak (2014), selling in the real-
time market only implies selling low output relative to capacity at a high 
price and high output relative to capacity at a low price.  

Facing intermittent renewable resources with the full cost of 
their intermittency will foster the development of cross-hedging 
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arrangements between intermittent renewable resources and 
dispatchable resources. For example, a solar resource owner might 
purchase price spike insurance against high short-term prices during 
hours of the day when the resource cannot or is unlikely to produce 
energy. In this case, the solar resource owner would make an up-front 
payment to the dispatchable resource owner in exchange for the hourly 
payment stream of max(0,(P(spot,h)-P(strike))) times the number of 
megawatt-hours sold during the term of this “cap contract.” P(spot,h) 
is the spot price during hour h, P(strike) is the negotiated strike price of 
the cap contract, and max(x,y) is a function that chooses the maximum 
of x and y. The solar resource owner would earn (P(spot,h) – P(strike)) 
per megawatt-hour purchased from this cap contract when P(spot,h) 
> P(strike) and zero otherwise. The dispatchable resource that sold 
this contract is liable for this payment stream. For this reason, the 
dispatchable resource has a strong incentive to produce as much output 
as possible during periods when P(spot,h) is likely to exceed P(strike) to 
avoid making this payment.

Under a fixed-price and fixed-quantity forward contract, the 
renewable resource owner’s variable profit is π = PS(QS – QC) + PC*QC, 
where both PS and QS are random variables not known to the resource 
owner until after the hour. The variable cost of producing QS is assumed 
to be zero. The expected value E(.) of the resource owner’s variable 
profit is:

 E(π) = Cov(PS,QS) + E(PS)E(QS) – E(PS)QC + PC*QC (2)

As noted earlier, Cov(PS,QS), the covariance between the PS and QS, 
is likely to be negative. Under the paid-as-delivered forward contract 
the resource owner’s variable profit is π = PC*QC, because QS = QC each 
hour. Consequently, transitioning from paid-as-delivered contracts to 
fixed-price and fixed-quantity forward contracts implies a significant 
increase in variable profit risk for intermittent renewables. 

Cross-hedging between dispatchable resources and intermittent 
renewable resources selling fixed-price forward contracts accomplishes 
two goals. First, it provides up-front revenues to dispatchable generation 
resources to cover their annual fixed costs in a world in which they 
operate fewer hours of the year because of the increasing amount 
intermittent RERs. Second, it ensures that intermittent RERs account 
for the full cost of their intermittency in the prices they offer for SFPFC 
energy and RECs. If intermittent renewable resource owners are unable 
to recover these costs from selling SFPFC energy or energy in the short-
term market, these above-market costs must then be recovered from 
sales of RECs, assuming that the government has set a legally binding 
target for energy production. 
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1.5.3  Cost-Based LMP Market  
and Renewables Integration

The strength of a cost-based LMP market design for RER integration is 
that all resources in the control area, including intermittent renewable 
resources, will be dispatched in a least-cost manner using the variable 
costs determined by the market operator. How these resources are 
compensated for the energy they sold in the SFPFC auctions will not 
impact how the resource is ultimately used to produce energy. As noted 
earlier, all suppliers have a strong financial incentive to supply their 
hourly allocation of SFPFC energy at the lowest possible cost, either by 
producing it or purchasing it from the short-term market. 

A cost-based short-term LMP market provides RER owners with 
a transparent short-term market to purchase energy from when their 
intermittent renewable units do not produce sufficient energy to meet 
their hourly SFPFC obligation and sell excess energy beyond this forward 
market obligation when their units produce more than this quantity of 
energy. This logic emphasizes the importance of a publicly disclosed 
process for clearing the day-ahead and real-time cost-based markets. 
The renewable resource owner can factor in how these imbalances will 
be settled in making offers to supply SFPFCs for energy. 

Shifting renewable resource owners to fixed-price and fixed-
quantity forward contracts from fixed-price and quantity-produced 
contracts will also provide financial incentives for renewable resource 
owners to manage the intermittency of their production through 
storage investments and financial contracts that support investments 
in fast-ramping dispatchable generation resources to provide insurance 
against renewable energy shortfalls. Transitioning forward contracts 
for renewable energy to require the seller to manage the quantity risk 
associated with the energy it sells is a crucial step in increasing the 
amount of intermittent renewable energy produced while maintaining a 
high level of grid reliability.

In all LMP markets operating around the world, there is an ongoing 
process of updating the set of constraints incorporated into the market 
mechanism to ensure that the match between how the market sets prices 
and dispatch levels agrees as closely as possible with how the grid is 
operated. This logic implies that as the share of intermittent renewable 
resources increases an LMP market can be easily adapted to deal with 
the new reliability challenges this creates.

For example, California has added several new operating reserves 
to account for the fact that the large share of solar RERs has created 
the need to manage a large daily ramp-up of dispatchable resources at 
the end of the daylight hours and a slightly smaller ramp-down in the 
early morning hours. The introduction of these new operating reserves 
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required additional constraints in the day-ahead market-clearing 
mechanism and adding the offer prices times the offer quantities for 
these products into the objective function.

A multi-settlement LMP market can efficiently manage the sudden 
generation unit starts and stops that arise with a significant amount 
of intermittent renewable generation units and the need to configure 
combined cycle natural gas units to operate as either individual 
combustion turbines or as an integrated pair of combustion turbines 
and a steam turbine. A formal day-ahead market allows these generation 
units to obtain day-ahead schedules that are consistent with their 
physical operating constraints. The real-time market can then be used to 
account for unexpected changes in these day-ahead schedules because 
of changes in the operating characteristics of generation units such as 
a forced outage or limitations in the amount of available input fossil 
fuel, as well as changes in demand between the day-ahead and real-time 
markets.

1.6 Concluding Comments
Achieving the large shares of intermittent renewable energy necessary 
to reduce substantially the carbon content of a region’s electricity supply 
is likely to be significantly less costly because of the recent reduction 
in the LCOE of wind and solar resources. However, ensuring that this 
transition occurs in a least-cost manner requires efficient pricing in 
the short-term energy market and a long-term resource adequacy 
mechanism designed for an industry with a large share of intermittent 
renewables. Zonal pricing markets that do not account for all relevant 
operating constraints on dispatchable and intermittent renewable 
generation units in the day-ahead and real-time market unnecessarily 
increase the cost of making this energy transition.  

The major system reliability challenge with a significant amount 
intermittent renewable resources changes from having sufficient 
generation capacity to meet annual system demand peaks to the ability 
to meet the hourly net demands (system demand less intermittent 
renewable output) for energy throughout the year. Particularly in an 
electricity supply industry with a summer annual peak demand and 
significant installed solar generation capacity, meeting daily system 
demand peaks is relatively straightforward because demand peaks 
occur when there is significant solar energy production. The new focus 
on meeting net demand peaks implies a system-wide focus on energy 
adequacy where intermittent renewable resources have a financial 
incentive to hedge their short-term and production quantity risk with 
dispatchable generation resources to cover these net demand peaks. 
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A multi-settlement LMP market design efficiently prices the system-
wide and local reliability benefits provided by dispatchable resources 
relative to intermittent renewable resources. By co-optimizing the 
procurement of energy and ancillary services, this market design 
ensures that the demand for energy and ancillary services all locations 
in the transmission network are met at least cost. The standardized 
energy contracting approach to long-term resource adequacy described 
in this chapter addresses the primarily reliability challenge in regions 
with significant intermittent renewables. It provides strong incentives 
for intermittent resources to cross-hedge their quantity and price 
risk associated with selling these standardized long-term contracts 
with dispatchable resources to provide the revenue necessary to keep 
enough of this generation capacity available to meet hourly net demands 
throughout the year. The experience of Chile and Peru over the past 
15 years, each of which has a market design that creates the same set 
of incentives for supplier behavior as the SFPFC mechanism, provides 
encouraging empirical evidence in favor of its adoption in regions with 
significant intermittent renewable energy goals.

Finally, if a region has a legal mandate to achieve a prespecified 
renewable energy goal by a given date, such as 60% of energy consumed 
by 2040, then a renewable energy certificate market is the least-cost 
approach to achieving this goal. If a region does not have a mandated 
renewable energy goal, then such a market is not necessary. The recent 
declines in the LCOE of wind and solar resources make them a lower 
LCOE solution than natural gas and coal generation units in many 
regions.
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Future-Proofing Sustainable 
Cooling Demand

Toby Peters and Leyla Sayin

2.1 Introduction
Our planet is warming at an alarming rate. The global mean temperature 
by 2100 could be 3.4°C–3.9°C higher than before the Industrial 
Revolution began. Around 74% of the world’s population could be 
exposed to deadly climatic conditions, and direct heat-related deaths 
could reach more than 255,000 per year by 2050, with impacts expected 
to be greatest in the South, East, and Southeast Asian regions (UNEP 
2019; Mora et al. 2017; WHO 2014). In response, the cooling demand 
is set to grow substantially with the emerging need to adapt to higher 
temperatures and to survive in a world with more intense and frequent 
heatwaves and widespread droughts. This growth in demand is also 
exacerbated by multiple demographic and development changes such 
as rising populations, urbanization, increasing incomes, and improved 
access to electricity in developing nations that are often located in the 
parts of the world that are most vulnerable to climate change. The irony 
is, however, that conventional active cooling devices already account 
for more than 10% of global fossil carbon dioxide (CO2) emissions, or 
7% of all global greenhouse gas (GHG) emissions, further warming the 
planet (Kigali Cooling Efficiency Programme 2018). In the absence of 
any intervention, these GHG emissions from cooling may double by 
2030, and triple by 2100 (World Bank 2019). Hydrofluorocarbons are in 
fact the fastest-growing source of GHG emissions today, mainly due to 
the increasing global demand for cooling (North American Sustainable 
Refrigeration Council n.d.). Yet, cooling demand remains a critical blind 
spot in sustainability and climate debates.

The energy demand for space cooling more than tripled between 
1990 and 2016, and it is the fastest-growing energy service in 
buildings worldwide. In 2016, space cooling accounted for more than 
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2,020 terawatt-hours (TWh) of electricity, which was nearly 10% of the 
world’s total electricity consumption, and almost 20% of all electricity 
used in buildings (IEA 2018). Without any intervention, the electricity 
demand for space cooling could increase by 300%, reaching 6,200 TWh 
in 2050—consuming as much electricity as the whole of the People’s 
Republic of China (PRC) and India today (IEA 2018). In some hotter 
regions of the world, the share of space cooling in electricity consumption 
already reaches staggering numbers. For example, 70% of Saudi Arabia’s 
electricity is used for air conditioning (Schlanger 2018). In India, the 
share of air conditioning in the peak electricity load is projected to reach 
45% in 2050 from 10% today in the absence of any intervention (IEA 
2018). 

While today only less than one-third of households around the world 
own an air conditioner,1 two in every three households around the world 
are expected to have one by 2050, with the PRC, India, and Indonesia 
accounting for half of this demand. Due to rising temperatures, along 
with other drivers, many cities in the developing world that currently 
have a low number of air conditioners will see a big increase in  
air-conditioning purchases. This surging and highly variable space 
cooling demand will add massive additional electricity loads to the 
energy systems. As a result, these cities may struggle to deploy larger-
capacity electricity infrastructure into existing urban areas due to 
limited space (UNEP 2021a).

In order to achieve the 1.5°C target of the United Nations Framework 
Convention on Climate Change Paris Agreement, the International 
Energy Agency (IEA) estimates that direct building CO2 emissions 
(refrigerants) need to be reduced by 50% and indirect building emissions 
(energy) by 60% by 2030 (UNEP 2021b). In this regard, how we deliver 
cooling in buildings will play a significant role given the increasing 
demand for energy consumption. However, cooling provision will not 
only be needed for thermal comfort in the built environment. Additional 
capacity will also be sought to address cooling needs across health, 
agriculture, and transport sectors. Projections suggest that the number 
of cooling devices—air conditioners, fans, and refrigerators—could 
increase to 9.5 billion globally by 2050 from today’s 3.6 billion. Despite 
this anticipated increase, providing cooling for all who need it, and not 
just those who can afford it, will require 14 billion devices by 2050—
which is 3.8 times as many devices as are in use today (Peters 2018a). 
This is an important issue as providing access to cooling for all is critical 

1 In 2018, air-conditioner ownership was 90% among households in Japan and the 
United States; however, among the 2.8 billion people living in the hottest parts of the 
world, ownership was only 8% (IEA 2018).
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to achieving many of the United Nations (UN) Sustainable Development 
Goals (SDGs). In parallel with failing to make sufficient progress toward 
meeting the Paris Agreement targets, the international community is 
not on track to deliver the SDGs by 2030. Access to cooling can reduce 
food loss, protect the quality and safety of food produced, and prevent 
productivity loss due to extreme heat, thereby contributing toward major 
global issues such as eradicating poverty, hunger, and malnutrition, 
especially in developing countries. It can prevent heat-related illnesses 
and deaths, and is often essential to maintain the quality, safety, and 
efficacy of vaccines, blood, and other temperature-sensitive medicines. 
These benefits not only provide strategic and social gains, but also often 
have a financial value. 

How we meet this surging cooling demand across a variety of 
sectors will have important implications for our future climate and 
energy systems globally. The increasing need to adapt to higher ambient 
temperatures may result in rushed responses that are highly polluting 
and energy intensive, resulting in technological lock-in. The multi-level, 
multi-sector, and multi-actor challenge that is faced by policy makers, 
financiers, business leaders, entrepreneurs, technology developers, and 
engineers today is how to meet surging cooling needs in a warming 
world sustainably, while also building resilience. Sustainability and 
resilience are two different concepts. While sustainability refers to 
meeting the needs of current generations without compromising the 
ability of future generations to meet their own needs, resilience denotes 
the ability of systems to bounce back and recover from disruptions 
quickly and adapt to inevitable changes. To deliver cooling in line with 
climate and developmental targets, we need to hit the sweet spot at the 
intersection of sustainability and resilience. As different countries face 
different needs and climate risks, and have varying levels of vulnerability, 
sustainability solutions that are effective in some locations may not be 
feasible in others. To manage the complexity and deliver cooling in the 
most cost-efficient way with minimum environmental impact, countries 
should focus on actions that play to their strengths (e.g., local energy 
resources and assets) and carefully define their strategies and priority 
actions—which is the key to building resilience. Furthermore, it is 
important to design solutions for the changing climate conditions. For 
example, under high ambient temperatures induced by climate change, 
current systems would fail or struggle to operate efficiently. Hence, in the 
short term, solutions will be needed to keep existing systems operating 
effectively, and in the long run, new system designs will be required.

The scope of energy provision today typically focuses on electricity 
and batteries, even though a large slice of our energy consumption 
comes in the form of thermal demands. In the transition to renewables, 
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cooling demands may often be better served by thermal-to-thermal 
solutions and thermal energy storage. Achieving this requires taking a 
needs-driven, integrated, system-level approach to cooling provision 
and driving a new thinking in key areas: How do we mitigate, make, 
store, move, manage, and finance and/or regulate cold? The holistic 
systems approach aims to minimize the demand for active cooling via 
integration of passive cooling techniques and approaches as well as 
behavior changes (which is particularly important in regions where 
there is demand for cooling throughout the entire year), helps make 
sure individual cooling technologies are supported by the broader 
infrastructural landscape (e.g., energy and transport) in which they 
are embedded and interdependencies between energy services are 
understood and managed, and ensures the whole system is supported 
by appropriate skills, policies, regulations, and finance and business 
models. In this regard, it is important to take a future-oriented approach 
by understanding not only the current but also the future cooling 
energy service needs, by anticipating social, economic, environmental, 
technological, and regulatory changes over the long term, and by planning 
for unexpected and/or uncontrollable events and circumstances, such 
as disasters and pandemics, that could disrupt the cooling service or 
alter the demand profile. 

Future-proofed design is critical to ensure future capability and 
capacity in a long life cycle. Buildings constructed today will still be 
in use for at least the next 50 years. For example, if new buildings are 
designed without considering the risk of overheating, the higher ambient 
temperatures and intense heatwaves that are expected to occur more 
often in coming decades will increase the reliance on air-conditioning 
systems, which are typically highly energy intensive and polluting. 
Furthermore, the need to comply with increasingly stringent building 
codes and standards will lead to unnecessary retrofitting costs. Similarly, 
electric vehicle charging points will likely need to be integrated into 
buildings, consequently impacting the grid energy demand and peak 
loads, and this requires careful planning.2 

With 80% of the buildings that will exist in 2050 in developing 
countries yet to be built (Juquois 2017), there is now a window of 
opportunity in these countries to significantly reduce space cooling 
energy demand and emissions in buildings, improve thermal comfort in 
outdoor urban environments, and maximize their life cycle value through 

2 From a systems-level perspective, electric vehicles will play a critical role in reducing 
the transport refrigeration and mobile space cooling emissions. For example, 40% of 
a bus’s energy consumption in Asia can be air-conditioning load, while a transport 
refrigeration unit consumes up to 20% of a refrigerated vehicle’s diesel.
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future-oriented, needs-driven, and resource-smart design approaches. 
At the same time, we must recognize that addressing the cooling needs 
across other sectors requires equal attention. To this end, taking an 
extensive and comprehensive whole system-of-systems approach to 
cooling provision by identifying and leveraging interdependencies 
across cooling sectors and wider energy systems is key to ensuring 
current and future cooling needs are met for all efficiently, sustainably, 
and affordably, while building resilience. 

2.2 The Drivers of Cooling Demand Growth 
Climate change. According to the Intergovernmental Panel on Climate 
Change Sixth Assessment Report, “each of the last four decades has been 
successively warmer than any decade that preceded it since 1850.” Since 
1950, while hot extremes have become more frequent and more intense, 
cold extremes have become less frequent and less severe, and projections 
suggest future increases in the intensity and frequency of hot extremes, 
including heatwaves (IPCC 2021). For example, in the tropical region, 
the temperatures increased by 0.7°C–0.8°C over the last century, with 
climate models predicting an increase of 1°C–2°C by 2050 and 1°C–4°C 
by 2100 (Corlett 2014). Without any intervention, the average number 
of cooling degree days, the number of degrees that a day’s average 
temperature is above 18°C, during which a building must be cooled to 
achieve a comfortable indoor temperature, could increase globally by 
nearly 25% between 2016 and 2050, with the highest increases expected 
to occur in developing countries located in the hottest parts of the world 
(IEA 2018). For example, in India, the number of cooling degree days is 
already high with more than 3,000 per year, and this figure is expected to 
increase by 13% by 2050 (IEA 2018). Without any intervention, by 2070, 
up to 3.5 billion people around the world could be exposed to annual 
mean temperatures of 29°C, which are higher than nearly anywhere 
today (Xu et al. 2020). Another research led by the United Kingdom’s 
Met Office suggests that 1 billion people could suffer from extreme heat 
stress if global temperatures were to increase by 2°C (Madge 2021).

Increasing population. The world’s population is expected to 
increase by 2 billion by 2050, from 7.7 billion in 2019 to 9.7 billion, and 
may reach 10.9 billion in 2100. Much of this growth is expected to come 
primarily from developing nations in hotter parts of the world that are 
more vulnerable to climate change. For example, in 2019, 43% of the 
world’s population, almost 3.8 billion people, were living in the tropical 
region, and this is expected to increase to 50% by 2050 (UN 2019).

Urbanization. Over half of the world’s population currently lives 
in urban areas, and this figure is expected to reach as much as 70% by 



62 Climate Change Mitigation: Policies and Lessons for Asia

2050 (UN-Habitat 2020). A substantial proportion of this growth in 
human urbanization is projected to occur in the developing economies 
of the world and in locations that will experience significantly increased 
ambient temperatures and more frequent and intense extreme heat 
events. The impacts of these trends will be exacerbated by urban heat 
island effects that raise local temperatures in the centers of cities and 
urban conurbations to levels several degrees higher than simultaneously 
experienced in the surrounding suburbs or rural hinterland (Li et al. 
2019). According to the United States Environmental Protection Agency, 
the annual mean air temperature of a city can be 1°C–3°C warmer 
on average—and as much as 12°C warmer in the evening than the 
surrounding areas (US EPA 2014). Recent projections suggest that cities 
across the world could warm by more than 4°C on average by the end 
of the century (Krayenhoff et al. 2021). The urban heat island effect is a 
complex phenomenon that depends on a multitude of factors. Buildings 
and other structures reflect less solar energy and absorb and emit more 
heat than natural surfaces. Displacing natural surfaces reduces the 
natural cooling effects of shading and evaporation of water from soil and 
leaves. Furthermore, the dimensions and spacing of buildings impact 
wind flow and the ability of urban surfaces to absorb and release heat. 
For example, narrow spaces between tall buildings (i.e., urban canyons) 
can block wind flow and trap heat. Moreover, waste heat from vehicles, 
factories, and air conditioners further exacerbates the heat island effect. 
For example, research suggests that heat released from active cooling 
technologies alone can increase nighttime temperatures in cities by 1°C 
or 2°C (heat island effect) (Salamanca et al. 2014).

Increasing incomes and access to electricity in developing 
countries. In the last decade, air-conditioner ownership has been rapidly 
increasing in emerging and developing economies, such as India with 
16%, Indonesia with 13%, and the PRC with 8% (UNEP 2021b). While 
current air-conditioner ownership globally is mostly concentrated in 
the developed world, it is anticipated that 80% of the refrigeration and 
air-conditioning market will be located in developing countries by 2030, 
mainly due to increasing incomes and improved access to electricity 
(GIZ 2018). Although 759 million people globally still lacked access to 
electricity as of 2019, significant progress has been made, and this number 
has decreased from 1.2 billion in 2010 and is expected to further decrease 
(World Bank 2021). Estimations suggest that 2.2 billion lower-middle-
income people in developing countries newly entering the world’s 
“middle classes” will soon be able to purchase the most affordable air 
conditioners (Sustainable Energy for All 2019). However, these devices 
will likely be too inefficient and energy intensive in the absence of finance 
and business models to encourage best-in-class purchasing. 
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In addition to increasing demand for air conditioners in buildings, 
which is the largest energy consumer among the cooling sectors, 
accounting for 41% of global cooling energy consumption (Peters 2018a), 
the combination of these factors will drive the demand for cooling in 
other sectors. For example, rising temperatures will consequently 
increase the demand for space cooling in the transport environment; 
higher income levels will potentially result in higher food consumption 
levels, which will increase the demand for cooling in the food sector, 
both in the food production and cold chain; urbanization will increase 
demand for refrigeration at urban retail and hospitality outlets to meet 
the urban food demand; and food producers will be pushed further from 
the demand due to urban expansion, resulting in greater demand for cold 
chain logistics. The nature and size of the cooling demand across sectors 
will be impacted by other parameters specific to local circumstances, 
in addition to the ones mentioned, ranging from changing shopping 
preferences to increasing health, safety, and environmental concerns, as 
well as production patterns, among others. 

This demand will likely contribute to its own growth, as conventional 
active cooling devices are energy intensive and highly polluting due to the 
emissions from energy use (indirect emissions), especially if generated 

Figure 2.1: Linkages between Demand Growth for Active 
Cooling, Climate Change, and Other Drivers

Source: Authors.
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from carbon-intensive sources, and from refrigerant leakages during use 
and servicing as well as when the equipment is discarded at the end of 
life (direct emissions) (Figure 2.1). These devices contribute more than 
7% of GHG emissions today, and left unchecked, these emissions may 
double by 2030 and triple by 2100. 

The critical importance of cooling in delivering climate and 
development targets has been recognized in recent years globally. In 
response, many countries have been developing and implementing 
national cooling plans with support from the cooling community. These 
plans involve road maps and timetables for achieving a sustainable cooling 
economy, involving short- and long-term considerations on refrigerant 
transitions (phasing out hydrochlorofluorocarbons and phasing down 
hydrofluorocarbons [HFC]), reducing the cooling demand, enhanced 
minimum energy performance standards ,building codes, and universal 
access to sustainable cooling. Currently 55 countries have committed to 
reducing their cooling emissions, either in their enhanced Nationally 
Determined Contributions (NDCs) or long-term climate plans (Clean 
Cooling Cooperative 2021). Of these 55 countries, only six included 
cooling in their NDCs in 2015 (Cool Coalition 2021). In this regard, for 
example, Cambodia included space cooling of buildings as a priority 
GHG mitigation in 2020 in its revised NDC. The NDC includes passive 
cooling strategies to reduce energy consumption in buildings and to 
reduce the urban heat island effect in cities. To this end, through the 
Kigali Cooling Efficiency Program NDC Support Facility, the Ministry of 
the Environment of Cambodia, the UN Economic and Social Commission 
for Asia and the Pacific (ESCAP), and the UN Environment Programme 
(UNEP) are planning to implement a technical assistance program on 
“passive cooling strategies implementation in Cambodia” by the end of 
2021 (UNEP 2021b). 

2.3 Understanding the Real Value
In a warming world, cooling access is increasingly becoming a necessity 
for maintaining adequate human living standards. In countries with 
hotter climates, surging cooling demand is often coupled with the 
need for economic growth and development. Sustainable and resilient 
cooling access can provide many socioeconomic, societal, and political 
benefits that are inherently aligned to, and critical for, achieving many of 
our SDG targets (Figure 2.2). This is particularly relevant in the context 
of inequalities. The social and economic costs of a lack of cooling access 
fall disproportionately on poor, disadvantaged, and often marginalized 
individuals and communities, as well as on women and girls, exacerbating 
inequalities and creating additional barriers to achieving the SDGs. More 
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than 1 billion people face immediate risk from a lack of access to cooling, 
which includes 680 million slum dwellers living in hotter-climate urban 
environments (Sustainable Energy for All 2019). These people are  
often not included in the climate planning processes, and some  
adaptation efforts may even exacerbate existing inequalities if not 
planned carefully (Guardaro et al. 2020). For example, rapid urbanization 
and growth of large cities in developing countries have been accompanied 
by the rapid growth of highly vulnerable urban communities living in 
informal settlements. These communities are often located on land at 
high risk from extreme weather (Revi et al. 2014). 

Figure 2.2: Multiple Benefits of Sustainable and Resilient Cooling 
Provision and Its Linkages to SDGs

SDG = Sustainable Development Goal.

Source: Authors.
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Despite the surging demand and central importance of cooling to 
a functioning modern society and the plethora of benefits it delivers, 
approaches to cooling provision today tend to be narrowly focused 
on simply measuring energy efficiency alone, quantifying savings on 
energy bills, and using these as the basis for the return-on-investment 
calculations. The broader societal benefits of access to cooling are 
typically treated as a “soft win,” rather than the core driver for 
provision. Realizing a truly sustainable and resilient cooling system 
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demands understanding, quantifying, and valuing the broader and 
potentially strategic impacts of cooling with their linkages to climate 
and development goals, targets, and commitments.

The key is to recognize that social and environmental benefits do 
have financial value—which often translates to reductions in other costs 
or lower economic losses—and the necessary data for their assessment 
are likely to be available once a requirement has been identified. For 
example:

•	 Higher ambient and extreme temperatures in a warmer world 
will negatively impact labor productivity by as much as 12% 
in South Asia and West Africa by 2050, which may potentially 
result in an annual gross domestic product (GDP) loss of up 
to 6% (Monsalve and Watsa 2020). Increased heat stress is 
projected by the International Labour Organization to reduce 
total working hours worldwide by 2.2% and global GDP by 
$2.4 trillion in 2030, affecting agricultural and construction 
workers particularly severely (Kjellstrom et al. 2019). A recent 
study estimates that the labor productivity loss for low-income 
and lower-middle-income countries due to high temperatures 
is approximately 9 times more than that of high-income 
countries and that economic losses may already be as much as 
2% of global GDP as a result (Chavaillaz et al. 2019). In terms 
of strategic value, the provision of sustainable and resilient 
cooling is directly linked to SDG 8: Decent Work and Economic 
Growth. 

•	 Women and girls are disproportionately affected by a lack of 
cooling, as they typically spend more time at home engaging in 
domestic activities than men and boys,3 especially in developing 
countries (Lundgren-Kownacki et al. 2018). Ensuring equitable 
access to sustainable cooling can contribute to SDG 5: Gender 
Equality and SDG 10: Reduced Inequalities.

•	 Climate change is estimated to be currently responsible for 
over 150,000 deaths annually, and between 2030 and 2050 it 
is expected to cause approximately 250,000 additional deaths 
per year, from malnutrition, malaria, diarrhea, and heat stress 
(WHO 2021). For example, the estimated economic costs from 
the increase in heat-related mortality in the United Kingdom 
is estimated to have been £2.5 billion per year in 2020, and it 
is expected to rise to a staggering £9.9 billion per year by 2050 

3 According to UNICEF, girls spend 160 million more hours a day than boys doing 
unpaid household chores (UNICEF 2016).
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(Climate Change Committee 2019). In terms of strategic value, 
this is directly linked to SDG 3: Good Health and Well-being.

•	 Increasing temperatures lead to high levels of discomfort and 
heat stress not only for humans but also for animals, which 
can result in increased morbidity and mortality levels. For 
example, more than 17 million chickens died in India during 
the 2015 heatwave (Jadhav 2015). Increasing temperatures 
can also result in productivity loss and reduced reproduction 
rates (Dash et al. 2016; Sejian et al. 2018). For example, multiple 
studies conducted in India suggest that heat stress can reduce 
milk production by between 5% and 50% (Belsare and Pandey 
2008; National Dairy Development Board 2017). These are 
directly linked to SDG 1: No Poverty and SDG 2: Zero Hunger.

Figure 2.3: Real Value of Sustainable  
and Resilient Cooling Provision

Source: Authors.
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To summarize, the process for assessing the real value of delivering 
clean cooling involves the following steps (Figure 2.3):

(1) Identify the social and environmental benefits and their 
impacts.

(2) Create strategic value by linking benefits to a strategic 
direction, such as goals, targets, or commitments.

(3) Quantify the economic value of social and environmental 
benefits. 

(4) Determine the energy cost savings through energy efficiency 
measures.

(5) Aggregate all these values to establish the real value of 
delivering sustainable and resilient cooling.
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2.4 The Systems Approach
Governments’ efforts to decarbonize economies today focus mainly on 
“greening the electricity supply” by replacing fossil fuels with renewable 
and low-carbon sources, such as solar, wind, hydro, and nuclear. In 
the cooling sectors, while these efforts will help with GHG emissions 
associated with energy use, they are falling short in the face of surging 
demand. For example, over 100 gigawatts (GW) of building space cooling 
capacity was added in 2017, outpacing the record 94 GW of solar power 
generation added to the world’s renewable energy infrastructure that 
year (Campbell, Kalanki, and Sachar 2018). Similarly, 2018 was again a 
record year for global deployment of solar power with 104 GW of installed 
capacity added, while simultaneously the energy demand resulting from 
new sales of room air conditioner units was 115 GW (Garry 2019). This 
excludes all existing cooling as well as new cooling equipment and 
appliances installed for other purposes. Even if the electricity grid is 
fully decarbonized, refrigerant emissions still need to be reduced. Note 
that achieving the 1.5°C target also requires deep reductions in non-
CO2 emissions such as HFCs from refrigerant leakage and/or spillage 
(Masson-Delmotte et al. 2018). Emissions from refrigerants represent 
around one-third of the total GHG cooling emissions, and HFCs are the 
fastest-growing source of GHG emissions globally due to the surging 
demand for cooling (North American Sustainable Refrigeration Council 
n.d.; Green Cooling Initiative n.d.). 

Similarly, we cannot rely on energy efficiency improvements in 
cooling technologies alone to meet the cooling needs sustainably in 
line with our emission targets. For example, after flattening between 
2013 and 2016, emissions from energy use in buildings have increased 
in recent years as the increased demand for energy services, especially 
electricity for cooling appliances and connected devices, has outpaced 
energy efficiency and decarbonization efforts (IEA 2020). Within this, 
there needs to be a paradigm shift to a different way of thinking that 
goes beyond simply taking a business-as-usual approach focused on 
energy efficiency and greening electricity.

Design and technical development approaches to cooling provision 
today typically focus on improving individual technologies viewed 
from a siloed perspective. While optimizing the components of 
the whole system is important, this reductionist approach neglects  
the interdependencies that exist between economic decisions, available 
energy resources, technology choices, climate change mitigation and 
adaptation strategies, and social, cultural, and political systems—and 
results in a suboptimal outcome. Solving the global cooling challenge 
and meeting the thermal comfort needs in buildings and urban 
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environments while simultaneously delivering the targets of the Paris 
Agreement, the Kigali Amendment, and the SDGs simultaneously 
require taking a systems approach to cooling provision. This requires 
assessing the current and future cooling needs in urban environments, 
and understanding the wide range of drivers and barriers that will shape 
the cooling system along with climatic, demographic, and socioeconomic 
statistics, energy and transport infrastructure, and existing and emerging 
technologies, as well as policies, goals, targets, commitments, and 
initiatives, and a new thinking in the key areas of mitigating, making, 
storing, managing, financing, and regulating cold to meet the current 
and future demand sustainably while building resilience. The optimum 
mix of fit-for-market solutions across behavior change, technology, 
services and/or skills, policy, business models, and finance solutions 
can be delivered through a “reduce-shift-improve” approach, adding 
in the intervention of “aggregate,” supporting both early wins and the 
deep systemic changes that are essential to achieve a sustainable and 
resilient cooling system in urban environments (Figure 2.4). Within this,  

Figure 2.4: Systems Approach to Cooling Provision

Source: Authors.
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the ultimate goal is to create an economically, environmentally, and 
socially sustainable integrated cooling system that:

•	 optimizes the sustainable use of all available natural, renewable, 
and waste resources;

•	 harnesses and leverages synergies between sectors and systems, 
to create symbiotic yet resilient relationships that account for 
unintended consequences and potential system vulnerabilities 
from integration and coupling;

•	 minimizes the need for energy-intensive active cooling 
devices through the use of passive approaches and techniques, 
behavior change, demand reduction, and aggregation 
strategies;

•	 is regularly monitored, optimized, and adequately maintained;
•	 is supported by policy, regulation, and appropriately structured 

finance; and 
•	 enables safe decommissioning of component systems for reuse, 

remanufacture, and recycling in a circular economy model, 
with no unanticipated impacts on the overall sustainability of 
the system. 

Mitigate

Mitigate refers to reducing the demand for active cooling in buildings 
and improving thermal comfort in residential and commercial buildings 
but also in outdoor urban environments through urban planning and 
infrastructure. Nature-based solutions (such as trees and plants), 
passive cooling techniques and approaches, and behavior changes can 
be a partial or, in some cases, full substitute for energy-consuming 
mechanical cooling processes with chemical refrigerants (i.e., active 
cooling) in buildings and can improve thermal comfort in outdoor urban 
environments significantly by reducing the heat island effect. Integrating 
cooling demand mitigation through design and other means is especially 
important in countries and regions with high ambient temperatures 
and humidity levels all year, such as tropical climates where monthly 
average temperatures are 18°C or higher all year round and there is no 
demand for heating.

Passive cooling techniques and approaches reduce the cooling 
energy consumption either by removing heat from buildings to a 
natural heat sink, such as ground, air, or water, or by preventing heat 
from entering buildings from external heat sources, such as through 
shading and thermal insulation or white roofs. At the city level, smart 
urban design and construction can significantly reduce the need for 
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indoor and outdoor cooling by minimizing the heat island effect. 
Examples include building wind flow corridors and water bodies into 
city designs, and replacing or coating heat-absorbing materials like 
asphalt and concrete with more reflective alternatives. Similarly, trees 
(and other plants) reduce urban air temperatures by providing shade 
and by releasing water vapor into the atmosphere from their leaves 
(i.e., transpiration). In the building sector, cool roofs are used to reduce 
solar radiation absorption, which can cut active cooling use by up to 
20% (Carbon Trust et al. 2020). Similarly, green roofs reduce the solar 
heat gain and provide added insulation. Orientation is often used in 
building design to manage solar gain through the alignment of surfaces, 
windows, and inner courtyards with areas of shading or lower solar 
gain. Natural ventilation is a method of supplying fresh air to buildings 
by means of passive forces, typically achieved through alignment 
of openings to predominant wind or breeze directions or through 
utilizing differences in air pressure internally and externally. A study 
conducted in southern Europe revealed that natural ventilation can 
provide a 13% annual saving in air-conditioning energy use (Gonzalez-
Lezcano and Hormigos-Jimenez 2016). The solution or combination of 
solutions should be carefully evaluated on a case-by-case basis taking 
into consideration parameters such as climatic conditions, occupancy 
levels, building function, and time of use to decide which are most 
appropriate and effective.

User behavior has a significant influence on energy consumption. 
Behavior changes that can reduce the need for active cooling include, 
among other things, increasing space cooling temperature set points, 
reducing the amount of cooled space, reducing lighting levels, 
switching to light-emitting diode (LED) bulbs (which emit less heat 
than conventional bulbs), optimizing thermostat settings, cooling only 
occupied rooms, and keeping windows and doors of the cooled space 
closed. 

Make

Vapor compression-based air-conditioning systems are the most 
widely applied space cooling approach in buildings today and are 
expected to remain so in the foreseeable future due to their ease 
of use, scalability, and reliability (UNEP 2021a). Alternate cooling 
methods have been developed but remain for use in niche applications 
because they have not reached the scale needed to lower costs, such as 
magnetic refrigeration, thermo-acoustic cooling, and thermo-elastic 
cooling (Figure 2.5).
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While supporting the uptake of energy-efficient air conditioners is 
important, the key is to take a resource-focused approach and explore 
opportunities to harness free and waste energy resources. Space 
cooling needs can be effectively and efficiently met by making use of 
waste cooling resources that are localized, but also by harnessing and 
aggregating more remote waste cooling opportunities via a district 
cooling-type network infrastructure. For example, cold water from 
local rivers, lakes, or ocean sources can be circulated into a building to 
provide cooling. Similarly, industrial waste cold (e.g., waste cold from 
liquefied natural gas [LNG] regasification)4 can be utilized to meet 
demands in an aggregated manner. In 2020, the global demand for LNG 
was estimated to be 360 million tons, which is expected to double to 
700 million tons by 2040, with Asia set to drive approximately 75% of 
the new demand for LNG (Shell 2021). Globally, cold energy utilization 
from LNG regasification represents less than 1% of the total potential 
(Agarwal et al. 2017). Given the expected increase in demand for LNG, 

4 LNG is obtained by cooling natural gas down to the point of condensation, –162°C, 
under atmospheric pressure. The cooling process reduces the volume of the gas 
600  times, which not only makes it easier and safer to store and transport but 
also expands its scope of application. LNG is regasified before supplying it to end 
users, such as industry clusters, electrical power plants, and buildings. The LNG 
regasification process releases a large amount of cold energy, around 240 kilowatt-
hours per ton of LNG.

Figure 2.5: Cooling Technologies

LNG = liquefied natural gas.

Source: Peters (2018b).
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the recovery of “coolth” from LNG regasification is an opportunity that 
merits further investigation.

District cooling networks that exploit economies of scale to offer 
space cooling in industrial, commercial, and residential buildings as a 
service are in use in some countries. Aside from the economy of scale 
advantage, these networks offer the possibility of sharing the benefit of 
waste resources across multiple users. Research suggests that district 
cooling is five to ten times more energy efficient than conventional active 
air-conditioning systems, and it can provide savings on cooling energy 
consumption by up to 50% (Danfoss n.d.). At the same time, rather than 
solely focusing on thermal comfort, the key is to assess how multiple 
cooling services could be integrated into a community-based thermal 
energy system using thermal networks for cooling.

Store

Space cooling represents almost 20% of all the electricity used in 
buildings and is projected to increase in the years ahead. Thermal 
energy storage can increase energy efficiency in buildings by reducing 
energy demand or peak loads for thermal energy needs (i.e., cooling 
and heating), and supports the wider energy system decarbonization by 
reducing the investment need for increased power grid and generation 
capacity, freeing up limited renewables capacity for other uses, reducing 
peak energy demand, and creating more room for intermittent renewable 
and waste thermal energy sources.

The variation in temperatures throughout the day can be exploited 
to provide cooling through the storage of cold energy at times when 
temperatures are low (typically during the night) and its subsequent 
use for absorbing heat when temperatures are high. Furthermore, 
for example, heat rejected from refrigeration systems can be used 
synergistically for heating, providing significant energy and emission 
savings, and leading to overall emissions reductions. With the integration 
of thermal energy storage, heat can be stored when refrigeration loads and 
heating requirements are mismatched, and the stored heat can be made 
available for use later. One study of refrigeration system heat recovery 
for space heating provision in supermarkets found that through such an 
approach, thermal storage increases the potential of heat recovery by 
11%–12% (Maouris et al. 2020). 

Manage

Under the Montreal Protocol, the Technology and Economic Assessment 
Panel recognized that “the impact of proper installation, maintenance, 
and servicing on the efficiency of equipment and systems is considerable 



74 Climate Change Mitigation: Policies and Lessons for Asia

over the lifetime of these systems while the additional cost is minimal. 
The benefit of proper maintenance is considerable. Appropriate 
maintenance and servicing practice can curtail up to 50% reduction in 
performance and maintain the related performance over the lifetime” 
(UNEP 2018, p. 4). Directly related to this, effective optimization, 
monitoring, and maintenance can, in fact, reduce total cooling GHG 
emissions by 13% and deliver substantial energy savings of up to 20% 
over the equipment life span (Kigali Cooling Efficiency Programme 
2018). Additionally, the lifetime of equipment can be improved, and the 
risk of breakdown can be reduced through better design, installation, 
maintenance, and servicing practices, thereby preventing downtime and 
early replacement of equipment. For example, the Indoor Air Quality 
Association estimates that regular maintenance of air conditioners can 
reduce the risk of breakdowns by as much as 95% (IAQA n.d.) To this 
end, it is important to develop a cooling workforce with the right skill 
sets for the proper installation and maintenance of existing equipment 
and innovative technologies, taking into consideration the digitalization 
of the sector and the rapid pace of advancements, requiring dynamic 
and continuous training. 

Digitalization of cooling systems with smart controls and sensors 
can also improve the energy performance of buildings by eliminating the 
unnecessary use of cooling equipment. These systems can be as simple 
as a programmable thermostat, or they may be complex systems that 
can control various processes throughout a group of buildings (UNEP 
2021a). According to the IEA, between 2017 and 2040, digitalization 
could reduce total energy use in residential and commercial buildings by 
up to 10%, and provide a cumulative energy saving of 65 petawatt-hours, 
which is equal to the total final energy consumed in non-Organisation 
for Economic Co-operation and Development countries in 2015  
(IEA 2017). 

Finance and Regulate

According to the IEA, most consumers purchase air conditioners that 
are two to three times less efficient than the ones available on the market,  
the major reason being the high up-front costs associated with 
sustainable cooling technologies that can deliver cooling with a 
significantly lower environmental impact (IEA 2021). Air-conditioner 
manufacturers have been reluctant to risk large investments in research 
and development or commercialization of innovative technologies. 
Innovation prizes are effective tools to address this issue. For example, 
the Global Cooling Prize has recently shown what can be achieved 
with room air conditioners, and there are many emerging technologies 
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that show promise. In April 2021, Gree Electric Appliances, Inc. of 
Zhuhai with partner Tsinghua University, and Daikin with partner 
Nikken Sekkei Ltd. emerged as the two winners among eight finalists 
of the Global Cooling Prize by producing prototypes that exceed the 
prize’s five times lower climate impact criteria (Global Cooling Prize 
2021). However, to bring these technologies to market, regulations and 
standards need to be aligned to the technological progress. Most of the 
performance standards today are not ambitious enough to encourage 
the adoption of best-in-class technologies (World Bank 2021). As a 
best-practice example, Japan’s Top Runner Program, introduced in 
1999, was designed to stimulate continuous improvement by setting 
energy efficiency targets for appliances based on the most efficient 
model available on the market (FuturePolicy.org 2014). Financial 
incentives such as subsidies for sustainable equipment and passive 
design solutions—e.g., cool roofs—that reduce the up-front cost of 
sustainable solutions can also be effective in increasing uptake. Equally, 
financial barriers and risk of investment could be addressed through 
business models such as pay-as-you-go, cooling-as-a-service, energy 
efficiency as a service, and energy savings insurance, as well as bulk 
procurement programs. For example, 100,000 room air conditioners 
have been procured in India under the Energy Efficiency Services 
Limited Super-Efficient Air Conditioning Programme, providing highly 
efficient equipment to consumers at a discounted price (EESL Mart; 
Singh and Gurumurthy 2019). Equally importantly, we need to develop 
the skills required to properly install, maintain, and operate these new 
technologies, especially in developing countries where significant skill 
shortages exist. At the building level, building energy codes and standards 
are effective in bringing about energy efficiency gains and can address 
the issues around split incentives in the building sector arising from the 
fact that those responsible for paying energy bills are often not those 
making investment decisions. For example, in India, a 20% reduction 
in cooling loads can be achieved by 2037–38 in upcoming commercial 
buildings through robust implementation of the building energy codes 
and climate-appropriate building envelopes (Ministry of Environment, 
Forest and Climate Change 2019). Furthermore, incentives can be 
provided to building developers, such as approving fast-track permits, 
waiving permit or planning fees, or allowing more buildable space, 
in exchange for integrating cooling load mitigation solutions in their 
projects (World Bank 2020). For example, in Hong Kong, China, 
the government grants gross floor area concession offers up to a 10% 
increase in allowable gross floor to developers that pursue certification 
under BEAM Plus (World Bank 2020; Buildings Department). However, 
the unintended consequences of such incentives should be carefully 
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planned for. Research suggests that an excessive gross floor area 
concession can increase the building bulk and height, leading to negative 
impacts, especially in dense cities, such as a lack of daylight and views, 
and air ventilation problems (Qian, Fan, and Chan 2016). 

2.5 Discussion
Energy use for space cooling has more than tripled since 1990, and 
rising temperatures, more frequent and extreme heatwaves, increasing 
incomes and access to electricity, population growth, and urbanization 
are expected to lead to an unprecedented demand for cooling in 
buildings in the next decade. Furthermore, often not captured by 
projections, providing access to cooling for all that need it to adapt 
to rising temperatures will require significantly more investment 
in cooling provision than anticipated to ensure equitable access to 
cooling.

How the cooling demand is met in buildings and outdoor urban 
environments and integrated into the wider energy systems will have 
implications for our climate and environment globally, but also for our 
broader aspirations for a sustainable human future. To deliver cooling 
in a sustainable and resilient way, we need more than efficient air 
conditioners. What is required is a needs-driven, system-level approach, 
first to mitigate demand through passive approaches and behavior 
changes; second to understand and identify multiple cooling needs, 
the thermal, waste, and wrong-time energy resources; and finally to 
define the right portfolio of solutions to integrate those resources with 
service needs optimally. This necessitates the integrated development 
of skills and capacity, the right policies and regulations, and finance and 
business models that are fit for purpose. It is important to recognize that 
the benefits of sustainable cooling provision go beyond reduced energy 
demand and costs, and emissions. Sustainable, resilient, and equitable 
access to cooling provides multiple benefits from productivity gains to 
health improvements, all of which have financial value and should be 
quantified where possible to underpin and facilitate investments.

2.6 Conclusions and Policy Recommendations

With the emerging need to adapt to climate change, the demand for 
cooling is set to grow substantially. Indeed, predictions suggest that 
energy demand for space cooling globally could overtake that for heating 
by 2060 (Isaac and van Vuuren 2009). Today, more than 1 billion people 
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already face immediate risk from a lack of access to cooling, including 
680 million slum dwellers living in hot-climate urban areas. Moreover, 
from a gender perspective, women and girls face significant challenges 
in accessing cooling services and the benefits they provide. Delivering 
sustainable and resilient cooling for all would provide a multitude of 
economic, social, and environmental benefits, and is key to achieving 
many of our SDG targets. Understanding, quantifying, and valuing the 
broader and potentially strategic impacts of sustainable and resilient 
cooling with their linkages to climate and development goals, targets, 
and commitments is key to attracting the necessary prioritization and 
investment by governments. 

Business-as-usual approaches to cooling provision that primarily 
focus on piecemeal energy efficiency improvements and greening 
electricity will not be able to meet the surging cooling demand in 
buildings as well as other sectors. Achieving a truly sustainable and 
resilient cooling economy requires integrated system-level approaches 
to cooling provision, such as minimizing the demand for air conditioners 
in buildings through passive design techniques, looking for ways within 
the energy system to harness untapped thermal resources and make use 
of thermal energy storage to unlock otherwise redundant resources of 
renewable or waste energy, and aggregating demand through district 
cooling. It also requires integration and system management between 
the built environment and mobile cooling and energy demands.

As immediate wins, governments should (i) encourage the 
commercialization and uptake of ultra-high-efficiency sustainable air 
conditioners through more ambitious labeling and minimum energy 
performance standards supported by innovative finance and business 
models for consumers to overcome first-cost barriers, and (ii) strengthen 
building codes and standards through the integration of passive cooling 
and energy efficiency requirements. 

In parallel, there is a need to develop the skills and training required 
to deliver current sustainable technologies in the market, but also to 
scan the horizon by engaging with industry and technology developers 
to understand the potential future skill requirements to meet the 
technologies in development and manufacturing. 

To summarize, while meeting the surging cooling demand for 
everyone poses a massive environmental challenge, it also represents an 
opportunity for governments to strategically meet targets of the Paris 
Agreement, the Kigali Amendment, and the SDGs simultaneously. We 
are seeing the development of more energy-efficient and less polluting 
cooling equipment. But these alone will not be sufficient to deliver 
cooling for all sustainably. Achieving this will require rethinking the 
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way we deliver cooling: minimizing the need for active cooling in the 
first place, making best use of renewable, thermal, and waste resources 
available and the novel energy vectors, thermal stores, and sustainable 
cooling technologies appropriate for the societal, cultural, climate, and 
infrastructure context, and developing the appropriate skills, capacity, 
business and finance models, and policy frameworks to support them. In 
other words, it will require a transition from thinking at the technology 
level to the system level.
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Promoting Green Buildings: 
Barriers, Solutions, and Policies

Dina Azhgaliyeva and Dil B. Rahut

3.1 Introduction
Several countries from developing Asia, including Thailand, Kazakhstan, 
and Viet Nam, announced net-zero carbon emission targets by around 
2050–2060 at the 26th United Nations Climate Change Conference 
of the Parties (COP26) in Glasgow from 31 October to 13 November 
2021. Along with the energy sector, other sectors such as construction, 
heavy industries, and transport will all need to decarbonize to reach 
these targets. This chapter reviews the existing policy support for 
decarbonizing the building and construction sector, particularly those 
policies promoting green buildings. 

3.1.1 Greenhouse Gas Emissions 

Greenhouse gas (GHG) emissions due to human consumption have 
been increasing over time, which is leading to major climatic changes 
(Strandsbjerg et al. 2021). Climate change is manifesting in the form of 
an increase in temperature, prolonged drought, variation in the rainfall 
pattern, glacial melting, flood, and salination, resulting in the loss of 
life, assets, and livelihoods (Aryal et al. 2020b). Compared to 1961, the 
global average temperature has increased by about 0.7°C in 2019, and 
during the same period, annual carbon dioxide (CO2) emissions have 
increased from 9.36 billion tons to 36.45 billion tons (Ritchie, Roser, and 
Rosado 2020). However, the increase in temperature has varied across 
the regions. The adverse effect of GHG emissions and climate change is 
manifesting through prolonged drought (Le Houérou 1996; Easterling 
et al. 2000; Dai 2011; Leng, Tang, and Rayburg 2015), flooding and 
erratic rainfall (Aryal et al. 2020a), salination (Reid et al. 2009; Muir 
2010; Colombani et al. 2016; Slama, Gargouri-Ellouze, and Bouhlila 
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2020), desertification (Le Houérou 1996; Sivakumar 2007; Shukla et al. 
2019), water stress (Gandure, Walker, and Botha 2013; Hejazi et al. 2015; 
Gosling and Arnell 2016), glacial lake outburst flooding (Bajracharya, 
Mool, and Shrestha 2007; Kaushik et al. 2020), and sinking of coastal 
land (Fuchs 2010; Erkens et al. 2015). Unchecked increase in GHG 
emissions could threaten the progress made thus far (Aaheim et al. 2012; 
Victor 2012; Estrada, Tol, and Gay-Garcia 2015; Albert 2020) and would 
pose challenges to achieving the global Sustainable Development Goals. 
It is thus of paramount importance for the global community to invest in 
technology and promote policies that will contribute to reducing GHG 
emissions. 

3.1.2 GHG Emissions in the Building Sector

The Asia and Pacific region is currently responsible for over 50% of global 
GHG emissions (Asakawa 2021). Decarbonizing the building sector is 
important not only for reaching nationally determined contributions 
(NDCs) and net-zero emissions targets, but also for making cities more 
livable. Many large cities in developing Asia (not only in India and the 
People’s Republic of China [PRC]) suffer from high levels of air pollution, 
especially in winter, which has a negative impact on life expectancy, 
health, and quality of life. Buildings account for about 36% of the total 
energy consumption (22% from residential buildings, 8% from non-
residential buildings, and 6% from manufacturing of construction 
material) and contribute to about 37% of GHG emissions (17% from 
residential buildings, 10% from non-residential buildings, and 10% from 
manufacturing of construction material) (UNEP 2021). The building 
construction industry (manufacturing construction material such as 
steel, cement, and glass) consumes 5% of energy and contributes 10% of 
GHG emissions (Figure 3.1). 

Concrete and steel are the top contributors to GHG emissions (two-
thirds) among construction materials, followed by bricks (18%) and 
aluminum (8%) Asia, particularly the PRC, is the largest contributor 
of GHG emissions from construction materials, and it is projected 
that India will overtake the PRC by 2053. It is alarming that building 
material–related emissions alone are projected to rise by 3.5  to  4.6 
gigatons of CO2 equivalent per year from 2020 to 2060, mostly coming 
from developing countries (Zhong et al. 2021).
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3.1.3 Prospects

Energy use in residential and non-residential buildings relates to cooking, 
lighting, heating (in cold countries), and cooling (in hot countries).1 
Given growing populations, increasing income, and urbanization, the 
demand for energy in residential and non-residential buildings will 
continue to rise. Reducing the energy consumption in such buildings 
could thus contribute to reducing GHG emissions and mitigate climate 
change. Improving energy efficiency through controlling leakages and 
waste and using gadgets that require less energy could help to minimize 
energy consumption. Numerous private and public benefits are also 
associated with the adoption of green building, such as a low life-
cycle cost (Arif et al. 2009; Abidin and Powmya 2014; Windapo 2014); 
energy savings (Manoliadis, Tsolas, and Nakou 2006; Mulligan et al. 
2014); water savings (Ahn et al. 2013; Devine and Kok 2015); comfort, 
satisfaction, and health benefits (Arif et al. 2009; Gou, Lau, and Prasad 
2013); reduction in the environmental impact of buildings (Manoliadis, 
Tsolas, and Nakou 2006; Ahn et al. 2013); better indoor environmental 
quality (Bond 2010; Aktas and Ozorhon 2015); and good company image 
and/or reputation or marketing strategy (Zhang, Shen, and Wu 2011).

1 For more information about cooling demand, see Chapter 2 in this book: Future-
Proofing Sustainable Cooling Demand.

Figure 3.1: Global Shares of Energy Consumption and Emissions, 2019

Source: UNEP (2021).
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The demand for energy-efficient buildings is growing, but it has 
yet to gain momentum in developing countries. Governments around 
the world have recognized the importance of the building sector in 
decarbonization, as is evident from the fact that from the countries who 
submitted NDCs, 136 countries stated buildings, 53 stated energy-efficient 
buildings, and 38 stated building energy code (UNEP 2020). Recognizing 
the importance of green building in reducing environmental degradation 
(Yoon and Lee 2003), governments in developing countries such as 
Viet Nam have initiated actions to promote green buildings, but the 
implementation has been slow and lacking in policy support (Nguyen 
and Gray 2016). Although the investment in energy-efficient buildings 
has been increasing, it is small compared to the total investment in the 
building and construction sector. For example, in 2019, the investment 
in energy-efficient buildings was $152 billion, compared to $5.8 trillion 
investment in the building and construction sector. Currently, the 
ratio between investment in energy-efficient buildings to conventional 
construction is 1:37 (UNEP 2020).

In light of climate change and the increasing need to reduce GHG 
emissions to conserve scarce resources, the concept of green buildings is 
increasingly being recognized as an important way to reduce humanity’s 
carbon footprint and provide a high quality, environmentally friendly 
future. Green buildings are complex and multifaceted and encompass 
several features, such as energy, water, and other resource efficiency; 
use of renewable energy; pollution and waste reduction measures; good 
indoor air quality; use of non-toxic material; environmentally friendly; 
and adaptable to changing environments. 

This chapter explores the opportunities and challenges associated 
with the adoption of green buildings, particularly in developing 
Asia. It  reviews recent policies promoting the development in green 
buildings and provides recommendations to policy makers. The 
literature studying the effectiveness of policies promoting energy 
efficiency in buildings is more abundant than on policies promoting 
green buildings. A systematic review of the definition of green buildings, 
their environmental benefits, and the associated technological, life 
cycle assessment, managerial, and behavioral and/or cultural factors 
are provided in Zuo and Zhao (2014). Franco, Pawar, and Wu (2021) 
provide a comparative assessment of green building policies. However, 
a review of green building policies is scarce. Therefore, this chapter 
aims to fill this gap.

The remainder of this chapter is structured as follows. Section 3.2 
provides a definition of green buildings. Sections 3.3 and 3.4 explain the 
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need for policy support for green buildings by reviewing the barriers to 
green buildings, as well as the opportunities and solutions that green 
buildings provide. Section 3.5 reviews the most popular existing policies 
to promote green buildings. Section 3.6 concludes and provides policy 
recommendations.

3.2 Definition of Green Buildings
Green buildings usually refer to the use of environmentally friendly 
construction materials, processes, operation, and maintenance. The 
concept of a green building is driven by incentives to reduce the cost 
of energy and waste management in light of global warming and 
environmental degradation. It is a common approach among public 
buildings where energy use is high. Green buildings also have a higher 
social and environmental value, which cannot be quantified in monetary 
terms (Esa et al. 2011). Given the high energy consumption by the 
construction sector, green and sustainable building practices have been 
implemented for years (Lorenzen 2012), and there is increasing demand 
to reduce energy consumption as well as to reduce environmental 
degradation (Azhar et al. 2011; Jalaei and Jrade 2015). 

The green building concept has evolved over time. Initially, a green 
building was defined only in terms of environmental performance (Kua 
and Lee 2002; Yoshida and Sugiura 2010), but it has evolved to include 
sustainable and environmentally friendly construction methods and 
products (Hoffman and Henn 2008; Allwood et al. 2011; Hertwich et al. 
2020), and further sustainable and environmentally friendly construction 
methods and products were added. In recent years, the efficient use of 
resources, the improvement of air quality, and the reduction of pollution 
have been added to the characteristics of a green or sustainable building 
(Haapio and Viitaniemi 2008; Kibert 2016; Li et al. 2016). 

Unlike energy-efficient buildings, green buildings include 
environmental aspects other than energy efficiency, such as water 
efficiency, waste management, and the use of green materials in 
construction (Figure 3.2). Green buildings should not be confused 
with net-zero carbon buildings, which have achieved net-zero carbon 
emissions by reducing energy consumption and are powered from onsite 
and/or offsite renewable energy sources (UKGBC 2019). Unlike green 
buildings, net-zero carbon buildings need to generate renewable energy 
and are usually low-rise buildings to produce enough renewable energy 
to satisfy building demand. Net-zero carbon buildings are less common 
than green and energy-efficient buildings. 
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3.3 Barriers 
Although green buildings are attractive and environmentally friendly, 
and have a major role to play in reducing GHG emissions and protecting 
the environment, there are several challenges to increasing the adoption 
of green buildings. Barriers to financing green buildings include (i) split 
incentives in the building market; (ii) developer hesitance to absorb the 
additional up-front costs of green building design, when the cost savings 
will only accrue for future owners; (iii) mismatch between building 
longevity and the relatively short holding periods for real estate assets 
in investment portfolios; (iv) minimal landlord incentives to invest in 
energy-efficient equipment because the tenant is paying the utility bill; 
and (v) subsidized or government-controlled energy prices (Kapoor et 
al. 2021).

The cost of implementing green buildings is the most important 
challenge in scaling their adoption. The high cost also leads to higher 
rental costs and makes it difficult to find both investors and tenants, thus 
making green building less attractive to individuals with limited capital. 
There are also three other challenges: (i) lack of awareness, information, 
and education about the benefits of green buildings (both private and 
public benefit); (ii) limited access to design, construction materials, and 
skilled workers; and (iii) the lack of guidelines and policies promoting 
green buildings. 

A study in Malaysia highlighted that lack of awareness is the major 
challenge for green building implementation in the country (Esa et al. 
2011), and this is also true in many developing countries around the 
world. Similarly, in Ghana, Chan et al. (2018) found higher costs, lack of 

Figure 3.2: Energy Efficient, Green, and Net-Zero Carbon Buildings

GHG = greenhouse gas. 

Source: Authors.
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financing, lack of skilled labor and market for green building (demand 
and supply), and lack of green building codes, regulation, promotion, 
leadership, and government incentives. Green certificates could be a vital 
tool to enhance sustainability by encompassing design, construction, 
operation, maintenance, and demolition, or building information 
modeling (Muller et al. 2019). Leadership in energy and environmental 
design (LEED) is one of the most widely used certifications based on 
several encompassing features (Nguyen and Altan 2011; Dong, O’Neill, 
and Li 2014; Suzer 2015). Critical impediments to the adoption of green 
buildings in developing countries include high cost, lack of incentives 
(grants, tax reliefs), and lack of information; trained labor, material, 
and technology; and absence of lead organizations (DuBose, Bosch, and 
Pearce 2007; Potbhare, Syal, and Korkmaz 2009). Developing countries 
should therefore invest in removing these barriers. As the rapidly 
growing population and increases in income, particularly in developing 
countries, will increase the need for buildings and associated housing 
timbers that could act as carbon sink and reduce the production of 
construction materials that emit carbon (Churkina et al. 2020). 

3.4 Opportunities and Solutions
As the climate is changing rapidly and causing distress and destruction, 
there is an increasing need to reduce GHG emissions from buildings, 
including in those associated with the material and construction 
methods that contribute significantly to emissions (Li et al. 2017). It is of 
paramount importance to promote the concept of green and sustainable 
building at all levels—commercial, public, and residential. Failure to 
act now could pose a great threat to humanity in the coming decades. 
Green or sustainable buildings could contribute to decarbonization by 
reducing energy consumption in building use, as well as material and 
construction (Li et al. 2017; Zhong et al. 2021). Increases in population 
and income are resulting in an increase in demand for housing (Samir and 
Lutz 2017; GlobalABC, IEA, and UNEP 2019), which in turn increases 
demand for construction materials. There are thus opportunities to use 
materials that are environmentally friendly to build structures that are 
energy efficient (IEA 2019; Hertwich et al. 2019). 

The construction industry is responsible for 11% of the world’s 
human-made CO2 emissions (The Economist 2022). Steel and cement 
are among the most carbon-intensive industrial materials on the planet, 
and their production accounts for 14%–16% of global energy-related CO2 
emissions (S&P Global 2021). If the cement industry was a country, it 
would be the third-largest emitter of GHGs (The Economist 2021). To 
meet a 2°C scenario, the cement industry needs to reduce its emissions 
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by 24% by 2050, while meeting a demand forecast for an increase by 
23% (BNEF 2021). GHG emissions from construction materials can 
be reduced via the 4Rs: reduce, reuse, recycle, and replace with low-
carbon construction materials (Figure 3.3). Reducing the use of or 
greening construction materials such as concrete, steel, bricks, and 
aluminum would play an important role in reducing GHG emissions in 
the construction sector (Hertwich et al. 2020; Hansemann et al. 2021; 
Zhong et al. 2021). Replacing construction material with low-carbon 
materials such as engineered timber or other lightweight material could 
support decarbonization (Churkina et al. 2020; Arehart et al. 2021). 
Cement can also be replaced with industrial waste (The Economist 
2022). Further, recycling and reuse of building reconstruction materials, 
such as recycled concrete, would also contribute to emissions reduction 
(Dodoo, Gustavsson, and Sathre 2009; Liu, Bangs, and Müller 2013; Oh 
et al. 2014). 

Non-green buildings consume a huge amount of energy for light, 
cooling, heating, and cooking purposes, so green buildings using 
equipment that is energy efficient could dramatically reduce energy 
consumption, particularly with the assistance of other technologies, 
such as artificial intelligence for automatically controlling lights, 
heating, and cooling systems.

The construction industry uses natural resources and consumes 
massive amounts of energy; it is responsible for large carbon emissions, 
environmental degradation, and global warming (Stadel et al. 2011; Wong 
et al. 2013; Wang 2014; Wong and Kuan 2014; Wong and Zhou 2015). 
There is a need to invest, within the construction industry, in reducing 
GHG emissions and environmental degradation, which could provide 
opportunities to producers of environmentally friendly materials and 
products. Given that the major challenges for green buildings are the cost, 
awareness, construction materials, and skills, there is a strong need for 
government policies such as tax subsidies, credits, and interest rates to 
encourage the expansion of green building and awareness of its benefits. 
There are tremendous opportunities for the construction industry 
to supply green building materials and for financial intermediates to 
finance costs. For the consumer, green buildings are expected to reduce 
the cost of maintenance and energy, although they may be subject to 
higher rental fees as construction costs are high (Esa et al. 2011).

Policy support for green buildings can incentivize demand for low-
carbon construction materials, and investment in green construction 
could provide huge opportunities to producers of such construction 
materials. The United Kingdom, India, Germany, Canada, and the 
United Arab Emirates have committed to support new markets for low-
carbon steel, cement, and concrete (S&P Global 2021).
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3.5 Policies
Because of the existing barriers for financing green buildings (as 
mentioned in section 3.3) and their positive externalities for the 
environment and energy security (as mentioned in section 3.4), policy 
support is provided for green buildings in many countries. The policy 
instruments to support green buildings can be structured as shown in 
Figure 3.4. Policy makers need to consider the differentiation of policy 
support for green buildings to ensure such policies are more cost-
effective (Table 3.1). Policies are usually differentiated by or limited to 
the following building types: commercial, industrial, residential, and 
public sector buildings. Policy incentives could be provided for energy 
efficiency improvements in general, green, and zero-carbon buildings; 
renewable energy installations in buildings; research, development, 
and demonstration; manufacturing of energy-efficient technologies; 
and building energy audits. Policy incentives could be funded from the 
general public budget for a specified period or from a specified, limited 
fund. Such incentives would end after the specified period or when the 
fund is exhausted. Policy support could be provided at different stages: 
for the construction of new green buildings or for retrofitting existing 
buildings to meet green building standards. The advantage of supporting 
new green building construction is that such a policy would also support 

Figure 3.3: Greening Construction

4Rs = reduce, reuse, recycle, and replace, CCS = carbon capture and storage, RE = renewable energy.

Source: Authors.
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demand for low-carbon construction materials such as steel, cement, 
and concrete, which would help to reduce emissions and waste at the 
construction stage and not only at the operation stage.

Mandatory green building regulations may be a more effective 
tool to promote energy efficiency improvements than voluntary 
instruments (Kim and Lim 2018). A review of green building standards 
and certifications has been provided by Franco, Pawar, and Wu (2021), 
and only policies with mandatory requirements to obtain green 
building certification are effective in promoting green buildings (Fuerst, 
Kotokosta, and McAllister 2014). For example, a mandatory energy 
disclosure program contributed to the reduction in energy usage and 
carbon emissions from the affected building stocks in Australia (Kim 
and Lim 2018). Studies on developing Asia include evaluations of the 
effectiveness of green building policies in the PRC (Shi et al. 2014; Shen 
and Faure 2021), the determinants of green building adaptation in the 
PRC (Wang et al. 2018), and barriers to green building development in 
Malaysia (Samari et al. 2013).

Green building policies not only promote energy efficiency, but also 
benefit corporations, households, and governments by reducing energy 
bills. Green building policies could thus be considered a sustainable 
alternative to energy subsidies. A database of building policies has been 
provided by the International Energy Agency (IEA) (2021) Policies and 
Measures database. Figure 3.5 illustrates the implementation of new 
(not accumulated) policies supporting energy efficiency in buildings. In 
addition to green building policies, other environmental policies, such 
as green subsidies, environmental taxes, and carbon emissions trading, 
can also promote green buildings. A combination of environmental 
taxes, green subsidies, and a carbon trading scheme is even better at 
promoting green buildings (Yang et al. 2021).

Any policy instrument can be cost-effective if selected, designed, 
implemented, and enforced in a tailored way to local resources, 
capacities, and cultures (Boza-Kiss, Moles-Grueso, and Urge-Vorsatz 
2013): “No single policy instrument in itself is optimal to promote green 
building” (Shen and Faure 2021, p. 183), but rather an effective mix of 
policies need to be designed to promote green buildings (Rosenow et 
al. 2016). Many studies have therefore focused on an efficient mix of 
policies (Lee and Yik 2004; Rosenow, Kern, and Rogge 2017) rather than 
on individual policies. Theoretical and empirical contributions from the 
literature on energy efficiency policy mixes are provided in Rosenow et 
al. (2016). A comprehensive literature review of regulatory and voluntary 
policy instruments on building energy efficiency is provided in Lee 
and Yik (2004), but there is a lack of systematic reviews on literature 
studying the effectiveness of policies promoting green buildings. 



Promoting Green Buildings: Barriers, Solutions, and Policies 95

The evaluation of effectiveness of energy efficiency policies is 
more abundant (e.g., Rosenow, Kern, and Rogge 2017) than that of 
green building policies. Most studies have focused on building energy 
efficiency, and even papers on green buildings tend to refer to the benefits 
of green buildings in terms of improved energy efficiency and reduction 
of GHG emissions and waste. The use of green construction materials 
and the recycling, reuse, and reduction of construction materials have 
been overlooked. 

Figure 3.4: Green Building Policies

R&D = research, development, and demonstration.

Source: Authors’ elaboration using data from IEA (2021).
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Table 3.1: Considerations for Policies Supporting Green Buildings

Policy Target Options

Building types Public sector, commercial, industrial, residential

Change Green buildings or other (energy efficient, net-zero carbon, 
renewable energy installations in buildings, research and 
development, manufacturing of energy-efficient technologies, 
energy audits)

Stage New/existing buildings

Measure of results Meeting specified building standards, technology installations, etc. 

Policy instrument As noted in Figure 3.4

Strictness Voluntary or mandatory

Source: Authors.



96 Climate Change Mitigation: Policies and Lessons for Asia

Figure 3.5: Policies Supporting Energy Efficiency in Buildings

Source: Authors’ elaboration using data from IEA (2021).
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Box 3.1: Green Building Policies in  
the People’s Republic of China

This box is written by Nicolas Dei Castelli, senior transport specialist, Asian 
Development Bank (ADB); Yixin Yao, senior research fellow, Asian Development 
Bank Institute; and Ellen May Reynes, climate change and technical project 
management consultant, ADB.

The People’s Republic of China (PRC) has experienced unprecedented 
urbanization and socioeconomic growth, which has driven the massive 
expansion of its building stock. The total building floor area increased from 
35 billion square meters (m2) in 2000 to 64 billion m2 in 2017. Residential 
buildings in urban areas increased by 188% from 2000 to 2017, while public, 
commercial, and office buildings increased by 161%. With 70% of the total 
population expected to live in cities by 2030, up from 56% in 2020a, the 
building stock is expected to further increase in the coming decade. 

Growth in the building sector has been associated with significant 
resource and energy consumption, carbon emissions, and air pollution. In 
the PRC, buildings account for nearly one-third of total carbon emissions. 
There is a huge potential for energy saving and greenhouse gas emissions 
reduction if the energy performance of buildings is enhanced significantly, 
including the scaling up of green buildings. The government has promoted 
green buildings since 2006 and has developed measures to promote 
their development, ranging from information and capacity building to an 
overarching strategy with binding targets, technical standards and guidelines, 
demonstrations, financial incentives, and rewards. Table B3.1 lists the key 
policies for promoting green buildings in the PRC. 

Table B3.1: Key Policies of Green Buildings  
in the People’s Republic of China

Year Policies Key Content

2006 ’’Green building 
standard  
(1st version)

Defining green buildings, with six categories of criteria

2007 Measures for green 
building labeling 

Defining different levels of green buildings, i.e., 1-, 2-, and 
3-star (low to high)

2012 Implementation 
advice for 
accelerating 
green building 
development

A first-of-its-kind green building policy issued by the central 
government (rather than a ministry policy document): 
accelerating green building development and establishing 
the overall policy framework of green building development 
especially, specifying financial incentives to promote green 
buildings.

2013 National 
action plan for 
green building 
development

Issued by the central government: defining national targets 
of green building development, key tasks, and support 
mechanisms. The green building development target became 
an evaluation criterion for local government performance.

continued on next page
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The PRC’s national certification program to promote green buildings, 
the China Green Building Labelling (GBL), has the following criteria for 
evaluation: safety, durability, convenience, environment and livability, 
resource efficiency, health and comfort, and innovation. In its current 
design, GBL certification cannot be directly translated into carbon emissions 
reduction and other quantitative resource savings. Green buildings in the 
PRC have been scaled up from single pilot projects to new green building 
districts. Figure B3.1 shows the rapid growth of green buildings since 2011. 
However, most buildings only have designer instead of operational labels, 
which implies that buildings may only have been designed as green buildings 
but may not necessarily been constructed accordingly.

Year Policies Key Content

2014 Green building 
standard (2nd 
version)

Creating two types of labels for design and operation. The 
former is certified if the design of a specific building fulfills 
green building criteria, while the latter is certified after a 
building has been in use for a year. In addition, the standard 
introduced detailed scores for different “green” categories. 

2019 Green building 
standard (3rd 
version)

Redefining the key principles of green buildings: “human-
centered and high quality of life” instead of an exclusive focus 
on environmental sustainability; creating new criteria based 
on this new principle; green buildings certified only after 
construction is complete; including a basic level as another 
level of green building label (four levels).

Figure B3.1: Growth in Number of Green Buildings,  
2011–2017 in the People’s Republic of China

Source: World Bank database.
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Box 3.2: Low-Carbon City: Xiangtan  
(People’s Republic of China)

This box is written by Nicolas Dei Castelli, senior transport specialist, Asian 
Development Bank (ADB); Yixin Yao, senior research fellow, Asian Development 
Bank Institute; and Ellen May Reynes, climate change and technical project 
management consultant, ADB. 

While all eyes are on the decarbonization policy of the People’s Republic 
of China (PRC), one climate-vulnerable and rapidly urbanizing city is paving 
the way toward the low-carbon cities of the future. Xiangtan, located in the 
south-central province of Hunan, has a semitropical climate and is prone to 
extreme precipitation events and floods from the surrounding rivers. Home 
to almost 3 million people, with an urbanization rate of 62%, it is an old 
industrial city undergoing rapid urbanization and industrial transformation. 
In 2018, Xiangtan became a low-carbon city under the Low Carbon City 
Initiative (LCCI) and has been striving to achieve carbon peaking by 2028 
to contribute to the PRC’s Nationally Determined Contribution target under 
the Paris Agreement. This target calls for great efforts to substantially reduce 
greenhouse gas (GHG) emissions in a very limited time frame without 
hindering economic growth.

Between 2005 and 2016, the GHG emissions from the building sector 
in Xiangtan grew by 330%, reflecting the massive growth and urbanization 
the city has experienced. As the total floor area of urban buildings is 
expected to grow further, substantial growth in GHG emissions is expected 
if green building interventions are not in place. Traditional construction 
practices have little focus on efficiency or low-carbon design. To reduce 
emissions from the built environment, Xiangtan is starting to retrofit existing 
buildings and implement measures for new buildings, adopting construction 
techniques and designs that require fewer natural resources and emit less 
GHGs. Residents are expected to benefit from the energy and cost savings of 
buildings with better insulation and a more sustainable design. 

As part of the effort to reduce GHG emissions in the building sector, the 
Xiangtan Municipal Government (XMG) is taking a two-pronged approach 
in the Xiangtan Low Carbon Transformation Sector Development Programa: 
through policies and certified green building projects showcasing green and 
low-carbon building techniques. The XMG has established the following 
policies to enhance low-carbon energy and buildings systems to bolster its 
vision for transformation:

•	 Xiangtan’s 13th five-year plan and comprehensive work program 
for energy conservation and emissions reduction identified 
objectives and priority projects to promote clean and renewable 
energy technologies, specifically energy performance contracts 
(EPC), energy service companies (ESCs), and green buildings.

•	 Management rules on industrial zone autonomy will be set up in 
2022 regarding the use of energy and resources to support each 

continued on next page
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industrial zone in creating its own management schemes and 
rules, including mandatory connection to a smart energy/utility 
management system, if available in the area, to promote energy 
efficiency.

•	 An addendum in implementing regulations regarding green 
buildings has been approved to promote the use of EPCs to enhance 
the energy efficiency of buildings for public institutions, support 
local banks in developing financing products for green buildings, 
and pilot building energy management systems for public buildings.

•	 Green building management rules have been passed to promote 
quantifiable green buildings certification, EPCs, and ESCOs for 
energy efficiency, energy audits, and a more comprehensive 
statistics system for new and existing buildings. 

At the same time, the XMG is set to demonstrate building transformation 
by integrating advanced technologies and resilience measures in both new 
construction and building retrofits. First, the XMG plans to construct a 
new hospital with integrated solutions, including a passive building design, 
water-saving features, and a trigeneration energy system to generate power, 
heating, and cooling, which will be connected to an intelligent building 
energy (and utility) management system (BEMS) that will cover 200 public 
buildings in Xiangtan. BEMS is a smart platform for energy management in 
buildings that will automatically regulate heating, cooling, and lighting, using 
weather predictions and sensors that will detect buildings’ usage patterns, 
temperature, and air quality. BEMS will facilitate operational efficiency, 
informed decision-making, and behavior changes, thus lowering energy 
consumption in public buildings.

Because Xiangtan’s new hospital is being built in a flood-prone area, 
extensive climate resilience and nature-based measures such as rain gardens, 
rainwater detention ponds, green roofs with drainage delay, permeable 
pavement, and infiltration trenches will enhance the site’s flood resilience 
compared to the PRC’s sponge city technical standards.b These ecosystem-
based measures will also improve the quality of green spaces for the patients 
and visitors while storing rainwater for water green spaces throughout the 
hospital campus during severe droughts. The plans also include establishing 
an off-grid energy system and critical infrastructure for the hospital above 
the ground floor to keep the hospital functional and ensure the continuation 
of operations during city-wide power outages and severe flooding events.

Second, the XMG will retrofit a currently unused government building 
to house the Asia Low-Carbon Training Center, showcasing green and 
low-carbon building techniques. The retrofit will include upgrading the 
6,000-square-meter building by installing external wall and roof insulation, 
triple/quadruple-glazed windows, water-saving faucets and toilets, an 

Box 3.2 continued

continued on next page



Promoting Green Buildings: Barriers, Solutions, and Policies 101

Box 3.2 continued

continued on next page

intelligent building energy monitoring system, and a combined heat pump 
and rooftop photovoltaic solar energy system. With support from the 
Hunan Provincial Government and the LCCI, the XMG plans to run the Asia 
Pacific Low-Carbon Training Center to share its experience on low-carbon 
transformation with the goal of replicating the city’s low-carbon models in 
other cities in the PRC and other developing countries in Asia and the Pacific 
that share similar challenges.c 

Third, Xiangtan aims to mainstream green buildings using a cost-
efficient and quantifiable certification called the Excellence in Design for 
Greater Efficiencies (EDGE) certification that focuses on cutting energy 
consumption and carbon emissions from the building sector. Both buildings 
mentioned, the hospital and the Asia Pacific Low-Carbon Training Center, 
will obtain EDGE certification, achieving more than 20% savings each in 
energy, water, and the energy embedded in the building design and materials 
compared to the relevant PRC standards.d EDGE requires a reduction in 
emissions and resource use during construction as well as during operation.

The XMG is also carrying out a holistic approach to becoming a low-
carbon city by not only constructing greening buildings but also maintaining 
and upgrading older buildings. The XMG is set to transform 20 aging urban 
communities into modern, livable, and sustainable places using low-carbon 

Xiangtan’s new flood-resistant hospital, which will follow green building principles and have a 
trigeneration system for heating, cooling, and power. It will be able to withstand severe weather and 
flooding through ecosystem-based adaptation measures with large run-off areas and underground 
storage tanks (photo by Xiangtan PMO/design institute).
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solutions such as light-emitting diode (LED) street lighting, photovoltaic 
solar panels, e-bicycle sharing, ecosystem-based adaptation measures at 
parking lots, drainage improvement, safer streets for walking and cycling, and 
installation of natural gas for cooking to show how any neighborhood can live 
with minimal environmental impact. 

Box 3.2 continued

3.5.1 Codes and Standards

Codes and standards are the most popular policy instruments for 
supporting green buildings. This policy is particularly popular in 
Southeast Asia (Figure 3.6). Buildings can be certified as green buildings 
based on regional, national, and internationally recognized standards, 
which can also provide a certification level for building greenness, 
such as platinum, gold, silver, and bronze; number of stars; or score.  
A review of green building standards is provided in Franco, Pawar, 
and Wu (2021). Such standards are important for financing. For 
example, green bond proceeds could be used for green buildings that 
meet regional, national, or internationally recognized standards or 
certifications for environmental performance (ICMA 2021). Although 
some green building standards are internationally recognized and used 
around the world (e.g., LEED and BREEAM), national green building 
standards have adapted them to reflect specific national or regional 
needs and circumstances (IRENA 2021). Green building standards are 

a Asian Development Bank. People’s Republic of China: Xiangtan Low-Carbon Transformation 
Sector Development Program. https://www.adb.org/projects/52230-001/main#project-pds 
-collapse

b Ecosystem-based adaptation measures with green and blue assets are effective for flood 
control, drought mitigation, heat stress reduction, and carbon sinks, with co-benefits such as 
aesthetic quality, recreational capacity, better air quality, and improved health quality.

c Xiangtan is part of a network of cities participating in the LCCI that aims to decarbonize 
cities with historically high rates of carbon intensity and growth.

d The EDGE green buildings platform, which includes a green building standard, a software 
application, and a certification program for homes, hospitality, retail, offices, hospitals, 
and education buildings, helps users determine the most cost-effective options for 
designing green buildings within a local climate context to reduce operational expenses and 
environmental impact.

https://www.adb.org/projects/52230-001/main#project-pds-collapse
https://www.adb.org/projects/52230-001/main#project-pds-collapse
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usually voluntary, but they could be compulsory for new buildings. For 
example, the United Kingdom government announced that all new 
homes and businesses will have to meet rigorous new energy efficiency 
standards to lower energy consumption to achieve net-zero emissions 
by 2050 (Waterman 2021). 

Most green building certification schemes are point-based rating 
systems. Points are given for each green building feature, which 
then determines the certification level. A building code could also be 
a voluntary or compulsory set of regulations for the construction, 
renovation, and repair of buildings, including energy use and efficiency 
targets for new buildings, specification of insulation standards, and 
stated building design choices to increase building energy efficiency 
(IRENA 2021). Building codes and standards are also important as a 
taxonomic and measurement tool for other policies promoting energy 
efficiency. Codes and standards can go beyond the whole building 
to include the appliances used in buildings, such as light bulbs and 
cooling and heating technologies. Examples of green building codes and 
standards are provided in Franco, Pawar, and Wu (2021).

Figure 3.6: Building Codes and Standards across Asia  
(2010–2020)

Source: Authors’ elaboration using data from IEA (2021).
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Box 3.3: Singapore’s Green Building Standard
Buildings account for over 20% of Singapore’s emissions.a Hence, greening buildings is 
a key strategy for meeting Singapore’s Nationally Derermined Contributions.

The Building and Construction Authority (BCA) launched the voluntary Green 
Mark Scheme in 2005 to promote sustainable and environmentally friendly buildings 
in Singapore.

In 2006, Singapore launched its first Green Building Masterplan, which 
encouraged, enabled, and engaged industry stakeholders in adopting new green 
buildings.b Since then, the masterplan has been continuously updated over the years. 
Updates have included targeting new building owners to encourage sustainable design 
from the onset. This was later expanded to existing buildings, with the BCA engaging 
building occupants to change their energy consumption behaviors. 

The latest iteration of the Singapore Green Building Masterplan (SGBMP) was 
launched in 2021, capturing the collective commitment by the built environment to 
pursue even more ambitious sustainability targets. It aims to deliver three key targets 
of “80-80-80 in 2030”: 

i. 80% of buildings by gross floor area to be greenified by 2030,
ii. 80% of new developments by gross floor area to be super low energyc from 

2030, and
iii. 80% energy efficiency improvement (from 2005 levels) for best-in-class 

green buildingsd by 2030.

During the development of the SGBMP, more than 80 industry stakeholders 
(architects, consultants, developers, engineers, contractors, suppliers, researchers, 
and others) and 5,000 individuals from the community were engaged.e 

Survey on green buildings noted that 91% of respondents agreed that Singapore 
needs to do more to green its buildings to tackle the impact of climate change.e

The survey also noted the top three challenges faced by industry practitioners 
for super low energy buildings today were: “lack of capital/funds/financial incentives,” 
“lack of leadership buy-in,” and “lack of consumer demand.” e Since 2018, has been 
working closely with firms through the Super Low Energy Building Programme to 
encourage them to venture into the super low energy building space. To spur adoption 
of super low energy buildings, the government took the lead to drive demand by 
implementing the new GreenGov.SG requirements for public sector buildings in July 
2021. All new and retrofitted public sector buildings will need to achieve Green Mark 
Platinum (Super Low Energy) standards or equivalent, where feasible. Other initiatives 
to encourage private building owners and developers to strive toward super low energy 
buildings include the Built Environment Transformation Gross Floor Area Incentive 
scheme launched in November 2021, and the enhanced Green Mark Incentive 
Scheme for Existing Buildings 2.0 scheme announced in March 2022 and launched 
in June 2022. 

Other survey results can be viewed in BCA and SGBC (2021)’s Singapore Green 
Building Masterplan Public Engagement Report and infographic.f

continued on next page
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Box 3.3 continued

a National Climate Change Secretariat Singapore. Singapore’s Emissions Profile. https://www.nccs.gov.sg 
/singapores-climate-action/singapore-emissions-profile/

b Building and Construction Authority (BCA). Green Building Masterplans. https://www1.bca.gov.sg/buildsg 
/sustainability/green-building-masterplans

c The best-in-class performing Green Mark Building that achieves at least 60% energy savings above 2005 
building codes. https://www1.bca.gov.sg/buildsg/sustainability/super-low-energy-programme

d As of March 2022, best-in-class buildings were able to achieve 65%–70% improvement in energy 
efficiency over 2005 levels.

e BCA and  Singapore Green Building Council. 2021. Infographics. https://www1.bca.gov.sg/docs/default 
-source/docs-corp-buildsg/sustainability/report-infographics.pdf?sfvrsn=c891f6d2_0

f BCA. 2022. What Are People in Singapore Saying About the Future of Green Buildings? https://www1 
.bca.gov.sg/docs/default-source/docs-corp-buildsg/sustainability/report-infographics.pdf?sfv 
rsn=c891f6d2_0

Figure B3.3: Singapore’s Green Building Journey

Source: Excerpt from presentation of Noel Chin, Principal Manager, Green Building Technology, Building 
and Construction Authority of Singapore at IEA training program to promote low carbon buildings on 27 July 
and 28 July 2021. https://build4people.org/build4people-team-members-invited-as-speakers-at-iea 
-training-programme-to-promote-low-carbon-buildings/
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https://www.nccs.gov.sg/singapores-climate-action/singapore-emissions-profile/
https://www.nccs.gov.sg/singapores-climate-action/singapore-emissions-profile/
https://www1.bca.gov.sg/buildsg/sustainability/green-building-masterplans
https://www1.bca.gov.sg/buildsg/sustainability/green-building-masterplans
https://www1.bca.gov.sg/buildsg/sustainability/super-low-energy-programme
https://www1.bca.gov.sg/docs/default-source/docs-corp-buildsg/sustainability/report-infographics.pdf?sfvrsn=c891f6d2_0
https://www1.bca.gov.sg/docs/default-source/docs-corp-buildsg/sustainability/report-infographics.pdf?sfvrsn=c891f6d2_0
https://www1.bca.gov.sg/docs/default-source/docs-corp-buildsg/sustainability/report-infographics.pdf?sfvrsn=c891f6d2_0
https://www1.bca.gov.sg/docs/default-source/docs-corp-buildsg/sustainability/report-infographics.pdf?sfvrsn=c891f6d2_0
https://www1.bca.gov.sg/docs/default-source/docs-corp-buildsg/sustainability/report-infographics.pdf?sfvrsn=c891f6d2_0
https://build4people.org/build4people-team-members-invited-as-speakers-at-iea-training-programme-to-promote-low-carbon-buildings/
https://build4people.org/build4people-team-members-invited-as-speakers-at-iea-training-programme-to-promote-low-carbon-buildings/
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Box 3.4: Mainstreaming Green Building Development  
and Retrofitting with EDGE Certification

This box is written by Nicolas Dei Castelli, senior transport specialist, Asian 
Development Bank (ADB); Yixin Yao, senior research fellow, Asian Development 
Bank Institute; and Ellen May Reynes, climate change and technical project 
management consultant, ADB.

To ease the calculation of carbon emissions reduction, Xiangtan in 
the People’s Republic of China (PRC) is promoting the new user-friendly 
Excellence in Design for Greater Efficiencies (EDGE) certification system. 
The EDGE green buildings platform includes a green building standard, a 
software application, and a certification program for homes, hospitality, 
retail, offices, hospitals, and education buildings in more than 140 countries 
to help users determine the most cost-effective options for designing green 
buildings within a local climate context to reduce operational expenses 
and environmental impact. EDGE empowers emerging markets to scale 
up resource-efficient buildings in a fast, easy, and affordable way. EDGE 
certification can be achieved when a building uses at least 20% less energy, 
water, and carbon-intensive building materials compared to relevant PRC 
building standards. EDGE certifications can be granted to both new and old 
buildings with adequate retrofitting of sustainability technologies. The EDGE 
program also requires certification during both the design phase and post-
construction to evaluate if the expected efficiencies were realized and if they 
resulted in actual reductions in GHG emissions. 

Xiangtan’s newest hospital is striving to become the first hospital in the 
PRC to achieve the EDGE certificate, which entails being energy and resource 
efficient right from the start. In addition to the efficiency gains through 
passive building design, water, and energy-saving features, the building will 
also rely on its own energy source—a combined cooling, heating, and power 
generation unit fueled by natural gas. This means that the unit can cool the 
building during the summer, heat the building during the winter, and supply 
energy throughout the year. Compared to other hospitals in Xiangtan, which 
rely on locally generated electricity that is 96% coal-based, the new hospital’s 
energy source is more efficient and responsible for lower emissions. 

An old, abandoned government building is also being transformed into 
a new sustainability training center, the Asia Pacific Low-Carbon Training 
Center, as outlined in Box 3.2. The building will become a place to train 
officials and other stakeholders from the PRC and other cities in Asia and the 
Pacific on low-carbon transformation in cities by showcasing the low-carbon 
initiatives implemented in Xiangtan that they can use in their own projects. 

Compared to building energy efficiency standards in the PRC, the new 
hospital has 28% energy savings, 48% water savings, and 50% less embodied 
energy in materials. The retrofitted government building will have 20.6% 
energy savings, almost 25% water savings, and more than 31% savings on 
embodied energy. Xiangtan hopes to make green buildings mainstream 

continued on next page
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using this cost-efficient and quantifiable certification that focuses on cutting 
energy consumption and carbon emissions in the building sector. 

Co-benefits 
•	 Economic: EDGE certification requires lower resource use during 

construction and operation, which enables the allocation of more 
resources elsewhere. 

•	 Environmental: EDGE certification has helped buildings reduce 
water consumption and waste production during construction and 
operation.

Box 3.4 continued

3.5.2 Tax Incentives

Tax incentives for promoting energy efficiency improvements in 
buildings can be provided in the form of reduced tax rates, such 
as customs tariffs on energy efficient technologies, deductions for 
expenses, or a lump-sum tax credit (per square meter/foot) on energy 
efficiency improvements in buildings from the taxable base (e.g., 
income) of individuals and corporates (also called a tax credit) for 
income, production, or investment taxes. Tax credits and deduction of 
eligible expenses need not necessarily be 100%; they could be below, as 
in the United States, where 30% of qualified expenses are deductible, 
or they could be above, as in Italy, where 110% of qualified expenses are 
deductible. 

Tax incentives can be also provided for renewable energy 
installations. This policy is particularly attractive in countries with a 
high income tax rate. The main drawback of this policy is that it is less 
attractive for low income groups, as their tax rate is usually low, or in 
countries with a low-income tax rate (Figure 3.7). The cost of this policy 
for the government is lower and more predictable due to its short-term 
nature, as tax incentives do not require long-term commitment from the 
government and could be ended at any time. If the tax credit exceeds the 
tax liability, the excess amount can be carried forward to the succeeding 
fiscal period. Examples of tax incentives for low-carbon buildings are 
provided in Table 3.2.
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Figure 3.7: Pros and Cons of Tax Incentives

Source: Authors.

Government cost is
lower and more
predictable because
of short term

Less attractive to 
investors due to
short term
Less attractive for 
low-income groups

Table 3.2: Examples of Tax Incentives to Promote Energy  
Efficiency Improvements in Buildings

Country Policy Tax Year

Italy Energy efficiency and renewable 
energy refurbishment tax 
reduction

Tax deduction, specified at 110% for 
thermal insulation refurbishments, as well 
as other energy efficiency measures

2020

Indonesia Ministerial Regulation No. 2 on 
Green Building

Reduced land and building taxes 2015

Japan Financial measures for houses Tax scheme for businesses that acquire 
specified energy conservation equipment, 
which provides special depreciation rate 
applied for 30% of the acquisition cost 

2002

Australia Financial incentives for 
investment in residential 
renewable generation and 
residential efficiency

Expenses excluded from taxable income 2001

United 
States

Tax incentives for energy-
efficiency upgrades in 
commercial buildings

A tax deduction of up to $1.80 per square 
foot available for buildings that save at least 
50% of the heating and cooling energy of 
a system or building; partial deductions of 
up to $.60 per square foot can be taken for 
measures affecting: the building envelope, 
lighting, or heating and cooling systems

France Tax credit for energy transition 2005

Source: Authors using various sources.
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3.5.3 Grants and Subsidies

Grants and subsidies are usually provided for investments in energy 
efficiency technologies to reduce the up-front costs of introducing energy-
efficient technologies in buildings, making buildings energy-efficient, 
green, or net-zero carbon (Table 3.3). Grants and subsidies could be 
provided as a lump sum or as a proportion of the cost, with a ceiling cap. 
Like taxes, grants and subsidies have a lower cost and are more predictable 
for governments. They could be closed at the end of a specified period, 
when the specified funds are exhausted, or at any time.

Box 3.5: Energy Efficiency Services Limited India 
The government-owned Energy Efficiency Services Limited (EESL)a was 
created by India’s Ministry of Power to facilitate energy efficiency investments, 
including designing, implementing, monitoring, and investing in energy-
efficient projects. EESL has implemented projects in India by providing  
non-subsidized energy efficient appliances to the residential sector, 
businesses, and municipalities. The procurement of efficient bulbs has led 
to substantial cost reductions due to the large scale of this project, which 
may be the world’s largest light-emitting diode (LED) distribution project 
and include street lighting as well as building lighting. EESL plans to apply the 
same method to air-conditioning appliances due to a fast-growing demand 
for cooling in India. Projects have been executed in collaboration with 
financing organizations such as the Asian Development Bank (ADB), the 
World Bank, the United Nations Environment Programme, and the United 
States Agency for International Development. ADBb provided a loan to EESL, 
guaranteed by the Government of India, to support demand-side energy 
efficiency investments in several Indian states. ADB’s loan covered high-
priority areas under EESL’s energy service company business with (i) more 
efficient LED municipal street lighting equipped with remote operating 
technology; (ii) more efficient domestic lighting through the replacement 
of incandescent lights with LEDs; and (iii) more energy-efficient agricultural 
water pumps. EESL estimates that energy savings of 80% can be achieved 
through domestic lighting programs and 30% can be achieved with more 
efficient pumps.

a See https://eeslindia.org/en/home/
b See https://www.adb.org/projects/48224-002/main

https://eeslindia.org/en/home/
https://www.adb.org/projects/48224-002/main
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Table 3.3: Example Grants for Energy Efficiency  
Improvements in Buildings

Jurisdiction Policy Grant Year

Japan Subsidies for commercial 
and residential building 
energy efficiency 
investments

i.  Replacement of existing equipment with 
energy-efficient equipment at factories 
or other facilities: between one-half and 
one third of the project cost.

ii.  Introduction of net-zero energy houses 
(ZEH): fixed amount per house.

iii.  Demonstration of net-zero energy 
buildings (ZEB): up to two-thirds of the 
project cost.

iv.  Retrofit of insulation in existing houses 
using energy-efficient building materials: 
up to one-third of the project cost.

2016

Promotion of home/
building energy 
management systems 
(HEMS/BEMS)

Management systems for managing the 
energy consumption of appliances by using 
information technology.

2001

Promotion of zero  
energy building/houses 
(ZEB/ZEH)

Haryana, 
India

Scheme on promotion of 
energy audit in buildings 

50% of the energy audit cost with the 
maximum limit of ₹50,000

2001

Denmark Subsidy scheme to 
replace oil burners with 
heat pumps in buildings 
outside the district 
heating and gas grids

Heat pumps 2020

Estonia Renovation of apartment 
buildings

30%–50% of total cost 2019

United 
Kingdom

Green Homes Grant The voucher covers up to two-thirds of the 
cost with a cap of £5,000.

2020

Source: Authors using various sources.

3.5.4 Public Investment and Procurement

Energy efficiency in buildings could be incentivized for public buildings 
using grants, subsidies loans, public procurement, or public investments 
(Table 3.4). Examples of public buildings include schools, administrative 
buildings, and hospitals. This policy allows not only the promotion 
of energy efficiency in buildings, but also the reduction in public 
expenditure on energy bills. Public procurement of energy-efficient 
technologies allows purchasing at competitive cost due to large-scale 
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negotiations between the government and manufacturers, which 
allows companies, households, and the public sector to purchase these 
technologies at a predetermined price. 

Table 3.4: Example Policies Promoting Energy  
Efficiency in Public Buildings

Jurisdiction Policy Buildings Year

Canada Community 
buildings retrofit 
initiative

Local governments and not-for-profit 
organizations to retrofit public buildings to 
improve energy performance, lower operating 
and maintenance costs, and transition to 
cleaner energy solutions.

2021

Denmark Subsidy scheme for 
energy savings in 
public buildings

Energy renovations in regional and municipal 
buildings with the lowest energy performance 
certificate standards (D-G) as well as buildings 
heated by oil burners and gas furnaces.

2021

Portugal Solar thermal 
incentive scheme

Purchase of a solar thermal kit, comprising 
panels and ancillary equipment, installation, 
yearly maintenance for 6 years, and a 6-year 
guarantee. The kit is acquired at a competitive 
cost, firstly due to large-scale negotiations 
between the government and manufacturers. 
The government also provides an immediate 
rebate of €1,641.70 for the purchase of a solar 
thermal kit, and four banks (Caixa Geral de 
Depósitos, BES, Millennium bcp, and BPI) 
have special preferential rate fixing programs 
for those wishing to take a credit to cover the 
remaining cost of the solar thermal system. 
In addition, the incentive scheme can be 
combined with existing tax credit provisions for 
the installation of such systems.

2009

Italy Kyoto fund for 
energy efficiency of 
public buildings

Projects should guarantee an improvement for 
the building of at least two energy efficiency 
classes in public buildings.

2021

Denmark Subsidy scheme for 
energy savings in 
public buildings

Energy renovations in regional and municipal 
buildings with the lowest energy performance 
certificate standards (D-G) as well as buildings 
that are heated by oil burners and gas furnaces.

2021

Portugal Resource efficiency 
program in public 
administration 
2030

Sets energy efficiency targets by 2030 for 
public administration buildings.

2021

continued on next page
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Jurisdiction Policy Buildings Year

Spain Modernization 
of public 
administration

Energy efficiency and renewable energy 
installations in public administration buildings; 
forbids the purchase of boilers using fossil fuels.

2021

Greece ELECTRA To improve the energy efficiency of public 
buildings to be classified at energy efficiency 
level B.

2020–
2026

Source: Authors.

Table 3.4 continued

continued on next page

Box 3.6: Green Public Buildings in India and Indonesia
This box is written by Ranjeeta Mishra, consulting economist, Reserve Bank of 
India and Mahesti Okitasari, consultant, United Nations University Institute for 
the Advanced Study of Sustainability.

India and Indonesia are burdened with low-quality housing, slums, and 
increasing demand for affordable housing for low-income households. As 
the main target of urbanization, big cities such as Mumbai and Surabaya have 
experienced high external and inner-city migration, leading to high demand 
for housing. The lack of available government land has led to a higher 
preference for developing multi-story public housing, including for lower-
income groups. Efforts to improve sustainable public housing practices have 
been made in India and Indonesia. Green infrastructure features are present 
in recent housing projects, whether through built-in and/or add-on features. 
Common built-in features to reduce the energy required for servicing the 
building include passive cooling design and the building envelope. Popular 
add-on features include waste management and rainwater harvesting. As 
not all cities are equipped with a mandatory green building code, the features 
vary across cities and housing projects. 

Many cities have created programs to provide affordable green public 
housing and improve living conditions with support from the national and local 
government. In Indonesia, low-income public housing is financed through 
the state (Ministry of Public Works and Housing) and local government 
budgets. Financing through the Housing Finance Liquidity Facility program, a 
government-owned structure that funds 70% of the total mortgage at a 7.25% 
interest rate, has not been fully utilized. The government recently introduced 
a financing scheme for housing built through public–private partnerships 
with a payment mechanism. This scheme was previously used to finance 
infrastructure in Indonesia. For both public and private housing, there are tax 
exemptions and easier credit or bank loan provisions for sustainable housing 
that complies with the green rating standardization. 
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Box 3.6 continued

continued on next page

Sustainability outcomes in low-income public housing are rarely 
measured, leading to a lack of understanding of the factors affecting social 
acceptance of green infrastructure features among low-income households. 
To address this gap, our study analyzed public housing that accommodated 
relocation from the slums and squatter settlements in Mumbai and 
Surabaya. Social acceptance was measured as household-level acceptance 
of sustainable housing through residential satisfaction or quality of life. 
Variables to measure acceptance of green public housing were developed 
from sustainable housing indicators (Nair et al. 2005; Habitat for Humanity 
2012), a model of housing quality determinants for affordable housing 
(Chohan et al. 2015; Wallbaum et al. 2012), and green building assessment 
tools (BREEAM; International Initiative for a Sustainable Built Environment; 
United States Green Building Council). To identify the distribution of 
economic and social gains, the attributes of well-being, employment, 
affordability, and accessibility were included. 

In Surabaya, three low-income housing complexes of two to five 
buildings were selected: Rusun Penjaringan Sari, Urip Sumoharjo, and Grudo. 
Each tower consists of four to five floors with a total of 60 to 80 units. Each 
housing unit measures 21 to 24 square meters. Resource efficiency measures 
for energy and water conservation were installed in the units, including 
renovation in some of the towers built before 2000. According to local 
regulations, waste management incorporating the tenets of reduce, reuse, 
and recycle and community management should be present as part of the 
community green and clean program. The survey was conducted between 
May and June 2018 with a target of 300 respondents.

In Mumbai, three low-income housing complexes were selected in 
Shivneri, Santacruz, and Bhoiwada. Like other more recent housing projects, 
eco-housing criteria were applied during the project implementation, 
including biodiversity conservation methods during the site planning process; 
environmental architecture adopting climate responsive design practices  
to achieve thermal comfort, cross-ventilation, and reduce glare; energy 
conservation and management with the use of fluorescent lamps; efficient 
building materials for finishing materials; water conservation; and waste 
segregation facilities. The survey was conducted between April and July 
2019 with a target of 300 respondents (Figure B3.6.1).
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Public housing offered considerably improved social and environmental 
sustainability compared to life in the slums. The household perception 
of their overall well-being living in public housing was high in terms of the 
built environment and housing amenities. The analysis showed that green 
physical features greatly affected resident satisfaction with public housing. 
More than 70% of the surveyed households in both countries reported 
high satisfaction with the waste management systems in their residential 
complexes. More than 60% and 70% of the surveyed households reported 
higher consumption of electricity in Surabaya and Mumbai, respectively. This 
increase in consumption was due to an increase in their living area compared 
to their previous dwelling. Most households (more than 80%) reported an 
improvement in their overall quality of life living in their present residential 
complexes. 

Box 3.6 continued

continued on next page

Figure B3.6.1: Perception of Housing Quality and Quality  
of Life in Green Low-Income Public Housing
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Box 3.7: Green Buildings for Hospitals 
This box is written by Nicolas Dei Castelli, senior transport specialist, Asian 
Development Bank (ADB); Yixin Yao, senior research fellow, Asian Development 
Bank Institute; and Ellen May Reynes, climate change and technical project 
management consultant, ADB.

Independent All-in-One Heating, Cooling, and Power System  
in Xiangtan’s New Hospital
Apart from passive building design and water-saving features, Xiangtan’s 
newest hospital will install a new natural gas-powered combined cooling, 
heating, and power generation system alongside a solar photovoltaic power 
system. The system will be built according to the best international practices 
and will be able to provide the entire hospital with heating, cooling, and 
electricity—even during blackouts. The system consists of several unit types: 
one natural gas-powered electricity generation unit capable of powering the 
entire hospital, one heat recovery unit connected to the electricity generation 
unit that will provide heat (or power and an absorption unit for cooling), two 
chillers for warm summers, and two natural gas boilers for the winter. In the 
future, natural gas could be replaced by biogas produced from organic waste. 

A “DeNOx” system will also be installed on the natural gas-powered 
unit to ensure nitrogen oxide emissions live up to the highest international 
clean emissions standards. In addition, the heat recovery unit will maximize 
the energy use of the natural gas-powered unit by recovering the waste heat 
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Box 3.7 continued

and providing more than 15% of the total heating required. When cooling 
is needed, the recovery unit will power the absorption machine, which 
will provide upwards of 13% of the entire cooling capacity needed for the 
hospital. A building energy management system will forecast the demand for 
energy during operations and intelligently manage the energy systems. 

Co-benefits 
•	 Economic: The trigeneration unit capable of providing cooling, 

heating, and power will be able to provide the hospital with cheaper 
energy. 

•	 Climate: The natural gas-powered trigeneration unit will emit fewer 
greenhouse gases than the largely coal-fired power main grid. 

•	 Key numbers:
– 16.6 megawatts (MW) of cooling capacity can be provided by 

the two mechanical chillers included in the trigeneration unit.
– 12.8 MW of heating capacity is the peak power that the two 

natural gas boilers in the trigeneration unit can provide.

Creating a climate-resilient low-carbon hospital
Hospitals need to be able to operate year-round without interruptions, so 
preventing interruptions due to flooding is critical. Climatic modeling and 
risk assessments showed that the new hospital in Xiangtan was being built 
in a flood-prone area with higher-than-expected risks. To combat this, the 
hospital will make use of nature-based adaptation measures to increase the 
resilience against future flooding events. While the original design followed 
national sponge city standards, enhanced measures had to be implemented 
due to the increased risk. The sponge city standard, developed in 2014, 
mandated that the hospital have 740 cubic meters (m3) of water storage 
capacity. However new assessments showed a total of 7,840 m3 water 
storage capacity is needed to withstand once-in-30-years flooding events.

The increase in capacity will be added through enhanced nature-based 
adaptation measures such as rain gardens, rainwater detention ponds, green 
roofs with drainage delay, permeable pavement, and infiltration trenches. 
While the rainwater ponds will primarily be used for flood drainage, they will 
also improve the quality of the green spaces for patients and visitors. The 
ponds will be used to grow medical plants and herbs while also providing 
water for green spaces throughout the hospital campus during severe 
droughts.

With the new flood prevention measures and an off-grid trigeneration 
energy system generator located on an upper ground floor to avoid flooding 
accidents, the hospital will be able to operate even during city-wide power 
outages and severe flooding events. The ground floor will also be lifted 0.5 to 
1 meters to limit damage to the equipment during floods, while an emergency 
plan on actions to take if the building is flooded will provide guidelines for 
personnel. 

continued on next page
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Co-benefits  
•	 Social: The patients at the new hospital in Xiangtan will be able to 

enjoy enhanced green spaces providing medical plants and herbs 
while also securing the area in case of flooding events.

•	 Health: The hospital will be able to continuously provide healthcare 
regardless of blackout or flooding events.

Box 3.7 continued

The newest Xiangtan hospital will be able to withstand severe flooding due to the presence of large 
run-off areas, underground storage tanks, and backup generators in case the grid experiences a 
blackout (photo by Xiangtan PMO/design institute).

3.5.5 Strategic Plans

Strategic plans include policy signals demonstrating national plans for 
reaching energy efficiency, including national targets (such as NDCs and 
net-zero emissions), national strategic plans, and creation of institutions. 
Some countries have announced targets relevant to green buildings, such 
as net-zero targets, NDCs, and emissions intensity, while some countries 
have targets related specifically to green buildings or energy efficiency 
(Table 3.5). The advantages of targets, as a policy instrument, are that 
they are clear and measurable and can be used for long-term planning of 
other policies for meeting these targets.
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continued on next page

Table 3.5: Green Building and Other Relevant Targets

Country Target
Target 

Year Document Organization

Net zero carbon target Mid-21st 
century

GHG emissions reduction National 
Determined 
Contributions

Energy intensity

Netherlands Energy label targets
Voluntary agreement to 
bring building stock to an 
average of energy label B.
Mandatory for all office 
buildings to have an 
energy label C.
Energy label A will be the 
standard.

2020
From 
2023
From 
2030

Dutch national 
government

India (i)  Reduce cooling 
demand across 
sectors by 20% to 
25% by 2037–2038

(ii)  Reduce refrigerant 
demand by 25% to 
30% by 2037–2038

(iii)  Reduce cooling 
energy requirements 
by 25% to 40% by 
2037–2038

(iv)  Recognize “cooling 
and related areas” 
as a key area of 
research under 
national Science and 
Technology Program

(v)  Training and 
certification of 
100,000 servicing 
sector technicians by 
2022–2023

Cooling 
Action Plan
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Country Target
Target 

Year Document Organization

People’s 
Republic of 
China

Green buildings should 
account for over 50% 
of all newly constructed 
buildings in urban areas 
by 2020, and more 
than 60% of existing 
residential buildings 
in urban areas across 
the country should be 
retrofitted as energy-
efficient buildings 

13th Five Year 
Plan for the 
Development 
of Building 
Energy 
Efficiency and 
Green Building

Singapore 80% of green buildings 2030 Singapore 
Green Building 
Masterplan 

Building and 
Construction 
Authority and 
Singapore Green 
Building Council

80% of new 
developments (by 
gross floor area) to be 
super low energy (SLE) 
buildings 

From 
2030

80% improvement in 
energy efficient for best-
in-class green buildings

2030

International To reduce (and 
compensate where 
necessary) all operational 
and embodied carbon 
emissions within their 
portfolios 

2030 Net Zero 
Carbon 
Buildings 
Commitment

World Green 
Building Council

All buildings to be net-
zero whole-life carbon

2050

Australia Zero energy and carbon-
ready commercial and 
residential buildings

Trajectory for 
Low Energy 
Buildings

United 
Kingdom

600,000 heat pump 
installations per year by 
2028

Ten Point Plan 
for a Green 
Industrial 
Revolution 
– Point 7: 
Greener 
Buildings

Source: Compiled by authors.

Box 3.5 continued
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continued on next page

3.5.6 Energy Audits

Although policies incentivizing building energy audits do not directly 
promote improvements to energy efficiency, audits can help to realize 
potential energy efficiency improvements and provide justification 
for investment. Energy audits include the inspection, verification, 
technical and economic analysis, and evaluation of energy use systems, 
equipment operation, management, and energy consumption, as well 
as recommendations for improvements. They are usually voluntary 
and incentivized using grants, subsidies, or tax incentives. Regular 
energy audits (usually every 4–5 years) could be compulsory for certain 
building categories, such as large energy consumers in Morocco, 
public organizations in the PRC, or large companies in Germany and 
Austria. Buildings with certified energy efficiency may be excluded 
from obligatory energy audits. Such policies require the availability of 
certified energy auditors, which also creates employment opportunities.

Box 3.8: Conserving Energy and Water  
with 200 Smart Buildings in Xiangtan  

(People’s Republic of China)
This box is written by Nicolas Dei Castelli, senior transport specialist, Asian 
Development Bank (ADB); Yixin Yao, senior research fellow, Asian Development 
Bank Institute; and Ellen May Reynes, climate change and technical project 
management consultant, ADB.

To reduce energy consumption and water use in public buildings, 
Xiangtan is installing a new intelligent building energy management system 
(BEMS). Data from sensors in more than 200 public government buildings 
will be sent to a central database. The resource management software will 
then be able to tap into that data to regulate lighting, temperature, humidity, 
and water consumption to optimize resource consumption. 

One of the buildings that will be connected to the city-wide BEMS is 
the new Xiangtan hospital. Data collected from throughout the building 
using onsite sensors and meters, including cooling demand, heating demand, 
electricity demand, hot water demand, outside temperature, humidity, 
weather information, number of patients, and behavioral characteristics, will 
be consolidated and analyzed for trends and to prepare demand forecasts to 
allow for efficient and effective facility-wide insight and control. The insights 
from the BEMS can then be used to further optimize energy management 
strategies, which will also reduce operational costs. Smart controls in the 
BEMS will be able to adjust temperature and lighting in individual rooms 
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according to real-time usage, as well as incorporating behavioral and weather 
forecasts. The BEMS can integrate actual efficiency performance and 
measure it against performance targets. 

Connecting 900,000 square meters in 200 public buildings to the city-
wide BEMS will enable monitoring of building energy statistics, city-wide 
building energy saving efforts, and the resulting reduction in greenhouse 
gas (GHG) emissions. As part of the Xiangtan government’s commitment 
to reducing GHG emissions from the building sector, the local government 
issued the Implementation Rules for Green Buildings. The new rules are 
meant to incentivize new and existing buildings to become smarter using 
an intelligent BEMS, which in most cases enables energy performance 
contraction to accelerate effective energy conservation measures and 
reduce emissions from buildings.

Services from the Xiangtan Health Commission and Xiangtan Housing 
and Urban–Rural Construction Bureau will be improved with the data and 
demand-management capability of the BEMS at the hospital and in other 
government buildings.

Co-benefits 
•	 Economic: The new monitoring systems are expected to improve 

energy efficiency in buildings by 10%, which translates to cost 
savings that can be invested elsewhere. 

•	 Climate: The project will result in energy savings of almost 
24,000  megawatt-hours per year, reducing the amount of coal 
needed to produce energy for the power grid.

Box 3.8 continued

3.6 Conclusions and Policy Implications 
Rapid changes in climatic conditions, with an increase in the frequency 
of extreme weather events such as prolonged heat and drought, flooding, 
glacial lake outburst flooding, erratic rainfall, salination, and sea 
inundation have raised concern for the future of humanity. Global efforts 
encompassing all sectors are needed to check climate change through the 
reduction in GHG emissions. As the building and construction sectors 
account for one-third of total energy consumption and contribute 
one-third of GHG emissions, they have the potential to contribute 
significantly to the reduction in GHG emissions and reversing the trend 
of climate change. The rapidly growing population, which is expected 
to reach 9.7 billion by 2050, and increasing income will increase the 
demand for housing, so it is critical to bring about significant innovation 
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in the sector to reduce GHG emissions, and green buildings could play 
a crucial role. Green construction involves greening the entire process 
from the manufacturing of building materials to design, construction, 
maintenance, and demolition. Green buildings that are environmentally 
friendly involve the use of processes and materials that cause minimal 
damage to the environment and are energy and resource efficient, as 
well as providing attractive amenities such as better indoor air.

There are challenges to the implementation of green buildings, 
particularly in developing countries, where the necessary construction 
materials and skilled laborers are not readily available. The cost of 
constructing green buildings is also high. The lack of standards, policies, 
and support from the government also act as a barrier to green buildings 
in developing countries, so policies should be developed to support 
skilled labor through training and increase access to green building 
materials. Popular policies that can help to promote green buildings 
include codes and standards, tax incentives, grants and subsidies, loans, 
and public investment and procurement, as well as strategic plans. Most 
policies are interlinked, so a combination of policies is required for 
better efficiency. This chapter provides the following key messages for 
policy makers:

•	 Green buildings can help to meet NDCs, energy security, and 
reduce GHG emissions from the sectors of manufacturing 
building materials, building construction, and building 
operation. 

•	 Popular policies to promote green buildings include codes and 
standards, tax incentives, grants and subsidies, loans, public 
investment and procurement, and strategic plans.

•	 Mixed policy instruments are recommended.
•	 Most existing policies are provided for energy efficiency, not 

green buildings.
•	 Promoting energy efficiency in buildings is not an equal 

substitute for green building policies, as they do not promote 
manufacturing of low-carbon construction materials and low-
carbon building construction.

Policies develop over time, and long-term planning of support is 
recommended, starting from more voluntary and rewarding policies 
and then moving toward compulsory and punitive policies. 
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Transport Carbon Dioxide 
Mitigation and the Production 
of Low Traffic Neighborhoods:  

Lessons from London
Robin Hickman and Andrey Afonin

4.1 Introduction
Every society produces its own space and contemporary society 
has produced many car-dependent spaces, across multiple contexts 
internationally. Once people have become used to the shape and 
functioning of their local highways and streets, the restructuring of this 
becomes controversial. As Lefebvre (1974) suggests: space is produced, 
rather than simply existing—it is a product of contemporary social 
structures. The allocation of street space for walking, cycling, and public 
transport can be controversial, and the process of project implementation 
needs to include careful mediation of the different views on a project. 
The representation of space by a city authority can be different to that 
understood and used by different actors. Lefebvre’s concept of the 
spatial triad hence can be useful here, including conceived space (i.e., 
how space is represented), perceived space (how space is understood), 
and lived space (how space is experienced).

Meeting the public policy challenges of climate change and 
social equity in the transport sector requires radically changed travel 
behaviors. This involves different transport systems and projects, 
across multiple cities and regions, in many varied political and cultural 
contexts, including different uses of streets and a significant allocation 
of street space to walking, cycling, and public transport. In many cases, 
this involves reallocating space away from the private car. The proposed 
changed use of street space may be highly contested, particularly where 
car ownership and use are high. This is likely to require a significant 
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participatory effort, raising the level of debate on transport projects and 
urban planning, so that the key actors and local communities can support 
sustainable transport and urban development projects. The approaches 
to transport planning will need to change, including in project planning, 
appraisal, and implementation, so that sustainable transport projects can 
be more effectively delivered. There is a current “implementation gap” 
that means sufficient progress is not being made against climate change 
and social equity goals (Banister and Hickman 2013). This is the scale 
of the challenge ahead, if transport is to play its role in contributing to 
lower carbon dioxide (CO2) emissions, while leading to more equitable 
travel and access to activities.

This chapter draws on these challenges, using London as the case 
study, examining the current strategic transport strategy and a local low 
traffic neighborhood (LTN) project aimed at reducing traffic levels in 
outer London (Figure 4.1).

Figure 4.1: Study Approach

Source: Authors.

Ealing Low Tra�c Neighborhood (LTN21)
Qualitative analysis to understand di�erent 
viewpoints on: 
• Conceived space
• Perceived space
• Lived space

London strategic transport strategy
• Focus on public transport, 

active travel, and transport 
carbon dioxide emissions reduction

• Lack of policy measures in car 
dependent outer London 

Literature review
• Avoid–shift–improve strategies
• Unequal distribution of mobility, spatially and across the population
• Poor understanding of implementing innovative streetscape 

reallocation projects, relative to di�erent actor views

Wider implications: need for a 
strengthened participatory and 
deliberative process in local 
neighborhood streetscape interventions

CASE STUDY ANALYSIS

It is the micro-level implementation of streetscape reallocation 
projects that is proving particularly problematic for reducing transport 
CO2 emissions in an equitable manner in London. The contribution 
of the chapter is to critically examine the London-wide strategy and 
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the aim to reduce transport CO2 emissions, alongside the competing 
discourses concerning the local neighborhood streetscape project. 
The participatory approach used with this type of project is weak, 
and an approach to transport planning is put forward that includes 
a strengthened participatory and deliberative process. These types 
of problems are also seen in many wider contexts, including in Asian 
cities, where there is a need to develop wide-ranging environmentally 
sustainable mobility strategies, including streetscape reallocation 
projects, and consistent with social equitable objectives.

4.2 Literature Review
Following decades of research on sustainable transport planning, the 
broadly-accepted approach in practice is to implement an integrated 
Avoid–Shift–Improve strategy (Newman and Kenworthy 1999; Asian 
Development Bank 2009; Dalkmann and Brannigan 2007; Banister 2008; 
Hickman et al. 2011). The “Avoid” measures include urban planning to 
increase development densities and mixes of use around the public 
transport network, and potentially urban growth containment on the 
edge of cities to restrict sprawl. Traffic demand management can be used 
to restrict use of the private car, including pricing regimes, reallocation 
of road space, and traffic calming measures. The “Shift” measures 
include a range of investments in networks for walking, cycling, and 
public spaces, and in different public transport modes, including 
heavy rail, metro, light rail, bus rapid transit, and bus and paratransit. 
The “Improve” measures include low-emissions vehicles and electric 
vehicles, including in passenger, freight, and public and private fleets. 

But, within this broad approach, there are many issues to resolve. 
Many of the measures that take away space for vehicle traffic can be 
difficult to implement (Hickman and Banister 2014) and, depending on 
the context, are sometimes not applied or discussed. Governments often 
prefer to rely on changes to the vehicle fleet and to maintain mobility 
growth, avoiding the need for shaping the built environment and 
managing traffic space, or investing in public transport, walking, and 
cycling. There are therefore many wider “policy taboos” in transport 
(Gössling and Cohen 2014), and the “more radical” policy measures 
remain unused in many contexts.

Further, the unequal distribution of mobility also remains 
overlooked. The social equity dimensions of transport are poorly 
understood, covering both access to transport and the activities reached 
beyond or even during the journey (Hickman et al. 2019). Low-carbon 
transport strategies may also be inequitable in impact, hence need 
careful definition and consideration. For example, if there is reliance on 
using low-emissions vehicles, this will exclude lower income groups. 
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At the neighborhood level, there are often difficulties in 
implementing streetscape reallocation projects. In the United Kingdom 
(UK) context, there is some monitoring of the use of local interventions, 
such as LTNs, which suggests that walking and cycling increases and 
car use falls (Aldred and Goodman 2021). There is wider consideration 
of spatial equity in implementation, relative to spatial deprivation and 
ethnicity, e.g., in terms of where projects are located (Aldred et al. 2021). 
But beyond, there is little understanding of how residents view or use 
the projects in particular neighborhoods.

The process for participation is an important element for 
implementing new transport projects, but again is often poorly 
developed. Transport is usually conceived and viewed in technocratic 
terms, assuming that if the right infrastructure can be built, then it will 
be used. But this has proved overly simplistic in practice, and frequently 
there are objections and controversy in project planning and delivery, 
resulting in many failed project implementation processes or poor use of 
projects. Public viewpoints are often different to the so-called “expert” 
views—hence, there is a need to understand subjectivity more in the 
transport planning process and how to best accommodate this. 

Understanding discourse is helpful here; language is one of the 
means by which people construct their own reality (Berger and Luckman 
1966), illustrating how they view a particular issue. Discourse is seen, in 
this context, as a group of statements or speech seen in relation to the 
beliefs, values and categories which it embodies (Mills 1997), or: 

“a shared way of apprehending the world. Embedded in 
language, it enables those who subscribe to it to interpret 
bits of information and put them into coherent stories 
or accounts […] each discourse rests on assumptions, 
judgements, and contentions that provide the basic terms for 
analysis, debates, agreements and disagreements.” (Dryzek 
1997, p.9). 

At any specific time, different views and discourses are evident 
on a particular controversial issue, directly affecting the way we think 
and perceive of the world. Discourses are not merely a representation 
of society, they actually help produce it (Keller 2013). Understanding 
discourse could be much more influential in transport planning, as the 
type and level of debate on a project influences what can be built and 
what public policy goals may be achieved. This can be related to the use 
of street space by considering that each society produces its own space 
according to its own social structures (Lefebvre 1974). 
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The development and implementation of an integrated Avoid–
Shift–Improve framework requires an understanding of its likely 
progress toward public policy goals, such as climate change and social 
equity. It is here that many transport strategies fail—they do not lead 
to sufficient progress against key policy goals, as they are insufficiently 
ambitious and/or cannot be implemented. This chapter illustrates 
these issues in relation to the implementation of the LTN, relative to 
the development of the strategic transport strategy for London. The 
conceptual framework of the spatial triad, from Lefebvre, is used to 
structure the analysis of views on the LTN, to highlight that there are 
different views concerning the use of street space. The implications for 
mobility strategy development, for wider contexts such as in Asia, are 
also discussed. 

4.3 London CO2 Mitigation Strategies
London is described as having a “world leading” transport strategy 
(Transport for London 2018), including its extensive public transport 
network and wider transport interventions. It is also seen as progressive 
in its strategies to reduce transport CO2 emissions. 

The population of London is 8.7 million (2015), with a projection to 
grow to 10.8 million by 2041. The Mayor’s Transport Strategy (Transport 
for London 2018) suggests that: “London [should] become a city 
where walking, cycling, and public transport [are] the most appealing 
and practical choices” (p. 7) and that “the success of London’s future 
transport strategy relies upon reducing London’s dependency on cars.” 
(p. 19).

The central target for transport is to increase the proportion of all 
trips in London by foot, cycle, or public transport from 63% in 2015 
to 80% in 2041. The private vehicle mode share is already low at 37%, 
but will reduce further to 20%. A significant shift is hence envisaged 
from car use to public transport and the active modes, which are also 
perceived as being more space efficient, as the only way to move large 
volumes of people around a compact city. The growth in population 
will lead to more trips, from 26.7 million in 2015, rising to 33 million 
daily trips in 2041, but the mode share will change, hence allowing an 
increased volume of travel around the city (Figure 4.2). 

There are many innovative transport projects being planned and 
implemented, usually led by Transport for London and the Greater 
London Authority. Major public transport projects include Crossrail, 
providing an east–west link across London and the region, opening in 
2022 at a cost of £19 billion. Crossrail2 has been partially planned but is 
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indefinitely delayed, with an estimated cost of £31 billion. The project 
is yet to receive full funding from the central government, with earliest 
planned opening in the 2030s. The central area congestion zone was 
implemented in 2003, currently charging £15 for daily vehicle entry 
between 7 a.m. and 10 p.m., into the central cordon. The Ultra Low 
Emission Zone was implemented in 2021, covering the area within 
the North and South Circular Roads. Older, heavily polluting vehicles 
are charged, and a minimum Euro 4 petrol or Euro 6 diesel vehicle is 
required for free access. Vehicle charges are at £12.50 for most vehicle 
types, including cars, motorcycles, and vans (up to and including 
3.5 tons) and £100 for heavier vehicles, including lorries (over 3.5 tons) 
and buses and coaches (over 5 tons). The clean vehicle threshold could 
be more stringent, but already this is a relatively progressive policy 
measure compared to many other cities. 

Figure 4.2: Mode Share in London, 2015 and 2041

Source: Transport for London (2018).
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In terms of CO2 emissions, the aim of the transport strategy is  
to reduce transport CO2 emissions by over 70%, from an annual 7  Mt 
in 2013 to 2 Mt by 2041 (Figure 4.3). Alongside the encouragement of 
public transport, walking, and cycling, the public vehicle fleet is to be 
moved to electric vehicles. The public vehicle fleet will be cleaned with 
all new taxis to be zero-emissions capable from 2018 and all new private 
hire vehicles from 2023, all new buses to be zero emissions from 2025, 
all new cars and vans from 2030, and all other vehicles from 2040. There 
is some fleet turnover; hence, all taxis and private hire vehicles should 
be zero-emissions capable by 2033, all buses should be zero emissions 
by 2037, and London’s entire transport system should be zero emissions 
by 2050. The private vehicle fleet is much more difficult to tackle, as 
Transport for London has no significant influence on private purchasing, 
beyond initiatives such as the Ultra Low Emission Zone. Hence, despite 
many innovative projects, the CO2 reduction targets will be difficult to 
achieve, particularly in the outer London areas where car dependency 
and an old vehicle fleet remain.

Figure 4.3: Reduction in Road, Rail,  
and River CO2 Emissions, 2013–2041

CO2= carbon dioxide.

Source: Transport for London (2018).
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There are some areas where policy making is less progressive. For 
example, there are few projects to significantly remove road space for 
private vehicles (Hickman and Huaylla Sallo 2022); and there are no 
tramway projects in outer London, with the exception of the Croydon 
tram. The cycle network is poor and consequently mode share for 
cycling is only at 2.5% in 2018 (Transport for London 2018), much lower 
than cities in the Netherlands or Denmark. The walking environment 
and public spaces in outer town centers are poor, and public transport 
access for people with disabilities is difficult. 

Most trips into and within central London are carried out by public 
transport, walking, or cycling. But outer London is much more car 
dependent, with high levels of private car ownership and use, and this 
is where significant difficulties remain for sustainable transport. The 
introduction of Uber in London has led to much more use of private 
taxis, with a purported 45,000 drivers registered with Uber in London 
(CNBC 2021). Transport for London (2018) suggest that three-quarters 
of journeys currently made by car could reasonably be made by public 
transport, walking, or cycling—these are the short journeys under 
5 kilometers (km) in length. But many parts of outer London have low 
public transport accessibility and high levels of car use (Figure 4.4), 
hence the solutions are not so obvious. 

Figure 4.4: Car Dependency in Outer London

Source: Transport for London (2018).
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There is, therefore, much progress in central London to achieve 
greater sustainability in travel patterns, withstanding some difficulties 
in reallocating road space away from the car. But it is in outer London 
where there needs to be much greater consideration of options and 
project implementation. This is the strategic context for examining local 
streetscape interventions in outer London.

4.4  West Ealing South Low Traffic Neighborhood

4.4.1 LTN21 Context

The West Ealing South Low Traffic Neighborhood (LTN21) is examined 
to illustrate the often difficult implementation processes for traffic 
reduction measures in suburban areas. LTNs have been implemented in 
outer London as an attempt to reduce car travel in outer London. LTN21 
was introduced in August 2020 in a mainly residential neighborhood, but 
with some retail and employment. The area is 2.5 kilometers (km) from 
Ealing Broadway town center (a 30-minute walk and 9-minute cycle 
ride). There are underground and overground rail stations immediately 
surrounding the LTN, Northfields and Boston Manor on the Piccadilly 
Line and West Ealing and Hanwell on the mainline into Paddington. The 
LTN covers a relatively large area, 2 km north to south (a 24-minute 
walk and 6-minute cycle ride) and 1 km east to west (a 12-minute walk 
and 3-minute cycle ride). 

LTN21 was divided into cells giving access from the nearest 
perimeter road, and through traffic is restricted with so-called “modal 
filters” (Living Streets et al. 2020), such as planter boxes and bollards 
(Figures 4.5 and 4.6). Walking and cycling were given through access; 
hence, the area has “filtered permeability.” The stated objectives of the 
LTN were to reduce through traffic or “rat running” and to improve 
the environment for walking and cycling, allowing more people to 
choose these modes rather than private car or taxi (Ealing Council 
2021a). The LTN was introduced with an Experimental Traffic Order 
that allowed a quick installation of measures during the coronavirus 
disease (COVID-19) lockdown. Residents were informed of the LTN 
only 1 week in advance of implementation and the project was subject to 
an experimental trial of 6 months, with residents and others responding 
to the statutory consultation at the end of this period. The project was 
subject to a legal challenge by local residents. Ealing Council issued new 
LTN orders in February 2021 and extended the consultation period to 
August 2021. Restrictions on emergency services and disabled residents 
were revised with the new LTN orders. 
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4.4.2 Method of Analysis

Qualitative analysis was used to provide a deeper understanding 
(Silverman 2013) of the differing perspectives related to the LTN 
implementation. Fifteen in-depth, semi-structured interviews were 
carried out with residents, resident groups, businesses, and other key 
actors in the neighborhood (from Afonin 2021). All the respondents 
lived in Ealing, with the majority living in LTN21. Convenience sampling 
was used to recruit respondents, aiming for an approximate balance 
of viewpoints relative to the implementation of the LTN. This was 
achieved with broadly pro-LTN (7) and anti-LTN (8) viewpoints within 
the survey responses. There is no attempt to claim representativeness of 
the wider population. 

Each interview aimed to explore different viewpoints on the LTN. 
Interviews were primarily face-to-face, audio-recorded, and varied in 
length from 45 to 60 minutes. Each interview was audio-recorded and 
professionally transcribed. The interview content was analyzed using 
NVivo software and a coding scheme. The transcripts were coded 
to highlight the perceived important themes in the debate and then 
summarized into subthemes, describing the main arguments being 

Figure 4.6: West Ealing South LTN21 – Modal Filters  
and Planter Boxes Aimed at Traffic Restriction

Source: www.thisislocallondon.co.uk

www.thisislocallondon.co.uk
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used (Erlingsson and Brysiewicz 2017). The different viewpoints and 
experiences were recorded and the content analysis helps to uncover 
the underlying elements, alongside interpretations of meaning, in 
relation to the LTN project. Content analysis hence contributes to the 
identification of the non-obvious factors that might explain the success 
factors in project implementation

The discourses presented are assessed in terms of the spatial triad 
conceptual framework (Lefebvre 1974; Leary-Owhin 2016). This allows 
us to consider how space is related to and constructed by social relations, 
i.e., how space is a social product based on values and meanings, and 
how the use of the street means different things to different actors. The 
analysis is, therefore, primarily inductive, grounding the examination of 
the LTN and the inferences drawn in the interview data. But there is 
also use of a deductive approach in applying the spatial triad framework 
to the structure of the interviews and the analysis.

4.4.3 Differences in Language Used

There were protagonists and antagonists for the LTN scheme, including 
from the Ealing Borough Council, residents, employees, Ealing Cycling 
Campaign, and resident groups set up to oppose or support the LTN, 
such as One Ealing, Ealing Better Streets, and the Coldershaw and 
Midhurst Traffic Action Group. 

The following views were given on the implementation of LTN21. 
Initially, we can see the language by the protagonists and antagonists 
is different (Table 4.1). The language used by each actor group involved 
or commenting on the projects differs quite significantly (Table 4.2). 
Interviewees who are pro-LTN talk about “people” (2.31% of interview 
content), “think” (2.2%), “road” (1.37%), “like” (0.98%), and “participant” 
(0.81%), hence are focused on the impact on pedestrians; while the 
anti-LTN interviewees are more focused on the impact on traffic, using 
“road” (2.31%), “traffic” (1.14%), “car” (1.03%), “drive” (0.79%), and 
“time” (0.63%). Hence, even in terms of the language used, we can see 
there are differences in viewpoints, the discourses put forward by each 
group and the positions taken.

More detailed viewpoints are explored below in terms of conceived 
space, perceived space, and lived space.
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Table 4.1: Key Language Used by Protagonists and Antagonists

Pro-LTN Anti-LTN

Word Count Weighted % Word Count Weighted %

People
Peoples’

226 2.31 Road
Roads

212 2.31

Think
Thinking, thinks

215 2.20 People
Peoples’

171 1.87

Road
Roads

134 1.37 Traffic 104 1.14

Like 96 0.98 Car
Cars

94 1.03

LTN
LTNs

93 0.95 Ealing 92 1.00

Participant
Participated

79 0.81 Live
Living, lived, lives

76 0.83

Know
Knows

71 0.73 Now 75 0.82

Council
Councils

64 0.65 Drive
Driving

72 0.79

Traffic 62 0.63 Time
Times

58 0.63

Change
Changed, 
changes

59 0.60 Need
Needs,  
needed

56 0.61

Data 54 0.55 LTN
LTNs

53 0.58

Drive
Driving, drives

51 0.52 Council
Councils

47 0.51

LTN = low traffic neighborhood.
Note: Most frequently used words, including stemmed words.
Source: Authors.

4.4.4 Conceived Space (Representation) 

Conceived space is viewed as the “official” representation of space, 
including the narrative given from the city authority. In the LTN 
example, it includes the strategies, knowledge, signs, and codes used to 
represent the revised allocation of space on the street. The use of the 
negative metaphor of rat running was used by Ealing Council to give a 
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negative connotation to through traffic as opposed to traffic originating 
in the residential area, i.e., as the target for the street intervention. The 
term is also used by some of the residents interviewed. However, the  
negative framing proves objectionable to those who drive through  
the neighborhoods; indeed, most residents will take shortcuts through 
residential areas, and they do not like to be described in this way. The 
blaming of through traffic for congestion in neighborhoods underplays 
the problem that all traffic needs to be reduced, including that originating 
in the neighborhood.

“The LTN was initially put forward to prevent rat running 
along the roads. It was also meant to nudge people out of 
their cars and deliver safer streets. It encouraged people to 
shop locally and things like that.” (Interview 1)

“I think the LTNs were trying to address two issues. One was 
rat running—and this is a very genuine problem which has 
got worse in recent year because of these apps like Google 
and Waze, so if you are stuck in a traffic jam, your phone 
gives a ‘beep’ and says take first left on a sort of route that you 
wouldn’t have contemplated in the old days when you relied 
on maps […] the second thing that the LTNs were trying to 
achieve was to persuade people to stop using their cars to 
just pop down to the end of the road to buy a newspaper 
and to get out and walk and ride a bicycle instead. All very 
laudable, but that presupposes that people were in fact 
making these short journeys by car which needn’t be, and I 
think that is something that one would need to evidence to 
see whether that is a general problem or not. I think a lot of 
people don’t make that sort of journey because they know 
that when they get back, they may not get a parking space, or 
a convenient parking space […]. There are many ways to stop 
people making short city journeys, but I think that LTNs are 
not a very efficient way.” (Interview 2)

“There have been several LTN-like measures that have 
been in place for years and they haven’t been even remotely 
controversial, just simple road closures to stop rat running 
traffic. The current LTNs purpose is not specifically an area 
wide traffic management scheme, but they’re just to stop 
people who are considering to rat run.” (Interview 6)
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4.4.5 Perceived Space

Perceived space is the understanding and use of space. This can be 
seen as the understanding of street space allocation and usage in the 
neighborhood, in relation to the official meaning that is given. Some of 
the interviewees support the LTN, particularly for the reduced traffic 
levels within the residential neighborhood. Yet, there is concern that 
that data are limited to assess whether the neighborhood area and 
adjacent roads have experienced less or more traffic.

“I think they [LTNs] have opened peoples’ eyes to the fact 
that they could be living in a much more pleasant, calm, lovely 
environment than they were. Once it was embedded and they 
found their roads were blissfully quiet and there weren’t 
cars from miles away doing speed runs down the road, it was 
actually incredibly pleasant. We should be demanding nicer 
environments to live in safety with good health—lots of trees, 
lots of planting, lots of open space—access to water and fresh 
air, good facilities, safety, quiet, peace. We should be allowed 
to have these things in a modernized country. Why wouldn’t 
you want more of that? Everyone benefits.” (Interview 5)

“We’ve got red kites and buzzards here now, which I never 
saw before. It’s just great to enjoy them. Lots more people, 
and this is purely anecdotal because we have no baseline, 
lots of people cycling, lots of families and kids […]. For  
me, the inconvenience is irrelevant compared to the quality 
of environment” (Interview 6)

“[The LTN led to] a massive reduction of traffic going past 
the house every day, and now it’s back again. The noise, 
the beeping of horns and the arguments have got a little 
worse [with the removal of the LTN], although it’s centered 
around a couple of times of the day, the peak hours. I have 
kids that go to the local school, the eldest one walks there by 
themselves. When the LTN was in place, and the traffic was 
reduced, they felt a lot of more comfortable. Whereas now 
we have delivery vans parked on the yellow lines and parents 
reversing up and down the road to try and avoid each other, 
so it is generally more discomfort than when it was there.” 
(Interview 3)
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“I think they [LTNs] have reduced pollution – the data and 
the facts are now starting to come through and are backing 
that fact up. Unfortunately, people who are against them 
are now so embedded in their mission to remove them, they 
don’t care about facts.” (Interview 5)

“Behavioral change takes time and anybody who expected on 
day one for everyone to change their behaviors wasn’t being 
realistic. I feel like a lot of people have changed […]. I’ve not 
done any surveys or anything like that, but there definitely 
was an increase of active travel to school (to Fielding school, 
for example). Prior to the LTNs there were probably two 
families that cycled to school on the roads, during LTNs that 
went up. Just on the route I walk every day, it went up to 
10 or 12. It became a much more familiar experience to see 
people cycling to school.” (Interview 1)

There are perceived problems with inconvenience, increased 
journey times, delays, and traffic displacement, particularly for those 
who deem their journeys as critical, either for work or other activities. 
The range of people affected, and their different circumstances, were 
significantly underestimated when the LTN was being planned.

“Every time I go out of my house, instead of having a 3-minute 
journey to head towards the A40 and Pitshanger and that 
area, I now have to travel an extra 20-25 minutes, depending 
on the traffic to go all around Ealing, and I have to do that at 
least once a day, if not multiple times a day. It’s my route to 
the people I work with, it’s my route to my GP, it’s my route 
to the supermarket, it’s my route to the A40, it’s basically my 
route to most of the places to which I go.” (Interview 11)

“I have been affected by being forced to drive further every 
time I wanted to go anywhere, therefore I was creating more 
congestion, more pollution […]. I am in my 70s and I don’t use 
my car a huge amount, but I drive to visit friends who are too 
far away to walk. I’ve got a friend who hasn’t got a car, so I 
got to her house to collect her and take her out with me or to 
the supermarket […]. When they were first implemented [the 
LTNs], many of us predicted what the effect would be and we 
were proved correct, but the Council absolutely refuses to 
believe it. They are adamant that it’s all wonderful and does 
all the things it is expected to do, makes people walk and 
reduces pollution, which it doesn’t at all and, incidentally, 
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they are also terribly keen on cycling and all we have now is 
cyclists riding on pavements and terrifying pedestrians half 
of the time.” (Interview 7)

“I live on quite a busy road and there is quite a lot of traffic 
and you would often get stand offs and people not wanting 
to reverse, shouting at each other and beeping. I can see why 
they would want to reduce the traffic coming down the road, 
for sure. I know a lot of people drive to school or drive to 
local trips to the shop that you can do on foot. I’m not sure 
that was the case for us. I think we do a lot of journeys on 
our bikes or on foot anyway, we only use the car when it’s 
necessary […]. I make cakes for a living and I deliver a lot of 
them locally—I do a lot of local journeys by car that I need 
to do, and I found I was driving twice as far as I would have, 
because I had to drive such a long way around to get where I 
need to be. Taking our kids to sporting activities and the like, 
there are some journeys that you just have to do by car and 
for us to get out onto the main road it did mean driving a lot 
further.” (Interview 4)

“I missed a really important cancer appointment, because it 
took me two and a half hours to do a 10–12-minute journey by 
bus normally.” (Interview 8)

“I spoke to my neighbors and they said, oh, it will be a nice 
and quiet road, where children will play out. But children 
don’t play out, because their parents don’t trust anybody 
anymore—nobody plays out these days, it doesn’t matter if 
the road is quiet or not.” (Interview 9)

“I’m supposedly benefiting from cleaner air, according 
to Ealing Council propaganda, but I know for a fact that 
pollution has gone up. With LTN21, the traffic on Northfields 
Avenue was always queuing. Previously, if I open my back 
door, there was clean air. Now I open my back door and 
the pollution level goes right up to the maximum in terms 
of nitrous oxide and this is what triggers my asthma, so I 
couldn’t open my back door when the LTN21 was there.” 
(Interview 14)

“I think it’s just moved the problem elsewhere. The traffic 
jams caused on the other roads, they weren’t there before, so 
the traffic feels like it has moved from our road to elsewhere. 
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I’m glad I don’t live on those roads that have permanent 
stationary traffic. For people like us, our roads became 
quieter, it was lovely, there was much less traffic. But it’s 
just been moved elsewhere, so other people are in a worse 
situation now.” (Interview 4)

Some of the viewpoints counter these positions and suggest all 
should be driving less.

“I’m afraid the solution is that people need to be driving 
less […]. It’s about making changes that might be not your 
favorite way of doing something, but it’s the non-selfish 
way of adapting your life for the betterment of everybody. 
That’s why I don’t believe it is at all right to say, oh, but now 
I’ve got to drive all this way round because not everybody 
in Ealing is not disabled, elderly or immobile or a white van 
driver, for heaven’s sake. It would be ludicrous to pretend 
that everybody is totally dependent on a car.” (Interview 5)

There are consistent and widely held viewpoints that the 
consultation on the LTN implementation was poorly developed. The 
borough council is perceived as having imposed an unpopular project, 
very quickly, and deliberately withholding information to achieve 
unclear goals. The local authority is not trusted, with some suggesting 
there are abuses of power.

“The council didn’t do a great job of communicating that 
LTNs were going to exist. So, I suspect 99% of people didn’t 
think about them until they were here, and I include myself 
in that number.” (Interview 3)

“They should have communicated better. The Council put in 
no effort at all in communicating. If you read the government 
justification for LTNs I think it makes sense. Particularly in 
a Covid scenario where you are trying to get people to move 
around with social distancing. Then widening pavements 
and things like that makes sense. If 60% of people say that 
they are too scared to cycle, then making the roads safer is a 
positive thing.” (Interview 1)

“People essentially got a week’s notice for something that 
was going to change how they live […]. It’s important to 
recognize that, if you want people to change, they need to 
know that they need to change.” (Interview 6)
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“The trouble is, whatever the outcome of the consultation, 
no one will trust the outcome and it will be very, very binary. 
You will have half the community delighted and half the 
community making it their life’s mission to overturn it, just 
like Brexit.” (Interview 5)

4.4.6 Lived Space (Representational Meaning)

Lived space is the meaning, value, and depiction of space by users. This 
covers the feeling of using the revised street space, and can include 
resistance, clandestine and underground activity, and the reclamation 
of space. Some strong support for LTNs is evident, with people enjoying 
the new quieter spaces, even independently monitoring traffic levels 
or removing vandalism. In addition, there are many vocal anti-LTN 
views, including vandalism to planters and oil poured onto cycle routes 
through junctions, to deter the cyclists.

“I think you have to be aware of the religious fervor with 
which some people hold their views on these LTNs. It’s 
divided the cycling group more than a lot of things have ever 
before.” (Interview 2)

“It’s a really emotive issue and people for the most part are 
in one camp or the other, at least the vocal people. I guess 60-
70% of people don’t care.” (Interview 3)

There are some broadly enjoying the use of streets with less traffic 
and improved conditions for walking and cycling.

“I was surprised how much quieter it was. I felt almost guilty 
about how quiet it was. Obviously being forced to stick to the 
main roads is an inconvenience of people. But, yeah, it was 
really nice. I mean it’s probably partly down to lockdown as 
well.” (Interview 1)

“It’s a residential area and it feels like the cars have been 
given a gradual undue prominence over the last, well, 20-30 
years. I think the streets were built for the people that live 
there to get around the place. I’m overwhelmingly in favor of 
them.” (Interview 3)

There are many who do not agree with the revised arrangement of 
street space under the LTN. Some are concerned about the restricted 
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traffic movements and impact on their lifestyles. The dominant use of 
roads by cars has become “naturalized,” i.e., it has become so familiar 
and embedded in many people’s lifestyles and viewpoints. The evidence 
behind their positions is sometimes unclear, and there are issues raised 
of exclusion and inequity. Metaphors are used in language, sometimes 
as root metaphors, illustrating the individual’s perception of the world 
and interpretation of reality, e.g., the neighborhood has become “a 
ghost town,” there are “empty streets,” and crime has purportedly risen 
dramatically due to the LTN.

“I found it much more inconvenient, because there are a lot 
more barriers, than I thought it would be. I didn’t realize 
they would put so many in and how difficult it would be to 
actually get anywhere. Also, a couple of times, there was an 
accident on Boston Manor Road for example and they had 
to close off a section. There was no way to go in terms of an 
alternative route and you felt stuck in your road. The one exit 
out was blocked because of an accident, so there is no plan B 
when something like that happens.” (Interview 4)

“I think if children want to play they should go to the parks. 
I think it’s completely irresponsible to make the roads a play 
area—completely irresponsible to make roads a play area. I 
think it’s completely the wrong method. And, if they don’t 
want to have roads, then we shouldn’t charge all that road tax 
because we don’t have the roads.” (interview 11)

“It does make me feel very anxious. I now worry that if there 
is any small disruption on the road that I will be seriously 
late to something, particularly picking up my daughter from 
school or an ambulance getting through because the road is 
blocked. Whereas, previously, they would have been able to 
go another route.” (Interview 14)

“It was such a relief when they removed [the LTN] and I could 
drive up to my friends in 5 minutes by a direct route, without 
sitting in traffic queues, as opposed to about 20  minutes 
sitting in a traffic queue idling my engine. And that was by a 
school of course and they’re all worried about the children 
and their lungs, etc. And there were other schools and the 
shopkeepers on the road were complaining of loss of trade, 
because there weren’t any passersby who stopped to by 
newspapers on the way to work.” (Interview 7)
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“Even the cyclists came on the march with us because they 
said they feel really unsafe at night time, if you’ve got a bit 
of road traffic you feel safer. You know as a woman walking 
late from the pub, you’ve had a couple of drinks you know 
you won’t feel safe. Every single road around here at night 
time is a ghost town, so stabbings have gone up like 90%, 
theft you know, like people stealing amazon packages, that’s 
gone up, stealing of catalytic converters that’s gone up by 
70% because they can go around the empty streets all night 
thieving.” (Interview 8)

“Every pro LTN-er I know is middle aged or youngish, 
English, and very middle class and it’s almost like because 
they don’t need cars and they’re not doing those sorts of 
jobs, like deliveries, taxi drivers. I feel like they don’t have 
an appreciation for it. It feels like they want to live in the 
country, even though they’re living in the city. If you want 
a nice quiet street, go somewhere else. This is London.” 
(Interview 9)

“It doesn’t escape my attention that they didn’t put an 
LTN in the Grange area of Ealing. That’s the richest part of 
Ealing with very affluent people living there. Instead they 
decided to do it in the white middle classes of South Ealing/
Northfields. They didn’t necessarily do it in Southall. They 
are kind of racially profiling where they are putting it. They 
are putting it in the white areas where people will pay fines.” 
(Interview 10)

“I pay my taxes to support all of the roads in this area, why 
should I be banned from driving down some of them? If they 
want to turn them into private estates that’s fine—the people 
who live on those roads can play on those roads, but I pay a 
tax for the whole borough. They’re not needed, there’s no 
point to them. We don’t want people walking in the middle 
of the road, we don’t want kids walking in the middle of the 
road. It’s just absurd.” (Interview 10)

Some are concerned about the unclear rationale behind the LTNs, 
perhaps being there to help raise funds for the local council. Again, 
metaphors are used in language, e.g., the LTN existing as a “cash cow” 
for the local authority.
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“Because of COVID they didn’t make the usual revenue from 
parking tickets, so they knew it was another way to make a 
huge cash cow a lot of money […]. Turns out they are fining 
everyone. I think it was initially £80 a time and then we soon 
realized they were making £1.5 million a month from this so-
called green scheme. So, I wrote to Ealing Council, wrote to 
my MP, wrote to BBC News and said what is this thing that’s 
going on […]. I feel like I’m in a road prison and now I can’t 
get anywhere.” (Interview 8)

Beyond this, there are some trying to support Ealing Council in 
their interventions and to fight against the antagonists.

“When they first installed them I ignored them for a month 
or so, then I noticed people were vandalizing the filters and 
stealing the bollards. So, initially, I was just walking around 
putting the bollards back in. Then I came across a group of 
people who were shoveling soil into one of the overturned 
planters, so got chatting with them and I realized there 
was a wider group of people, a kind of community group in 
support. So, I joined the WhatsApp and realized I already 
knew a couple of people in there, and so we have just been 
growing, a WhatsApp group of 50 people or so that has been 
trying to coordinate a bit of effort to act as a supportive voice 
to the Council” (Interview 3)

“I bought the data from Google who collect that as part of 
their Satnav service and then make that available in a pretty 
raw form. Doing the analysis it is me and another person. The 
analysis came around just through the frustration of seeing a 
lot of the claims made by the anti-LTN lot are demonstrably 
false. They are lying […] things like inflating crowd numbers 
at the marches, through to interpretation of some of the 
numbers and the data around traffic and flow. I don’t want 
to create a war between two camps but some of the counter 
claims are massively inflated.” (Interview 3)

“I think the removal of the LTN is a real shame. I do think the 
Council should have made more tweaks […]. They could’ve 
made more exceptions to allow people who are really 
inconvenienced to drive through the filters […]. It’s weird 
because it was in the manifesto for the governing party here 
in Ealing, it was in TfL’s and the Mayor’s manifesto and it 
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was in the Conservative manifesto. For something that’s 
supported at every level of government […], I see this as an 
effect of social media drumming up fear, uncertainty and 
doubt about something, so I don’t think the Council are 
going to reintroduce it.” (Interview 1)

4.4.7 Potential Future Amendments to the LTN

There are some views on further steps for the LTNs in Ealing, mostly 
attempting to plan a way forward from the current problems in 
implementation.

“I know that it has an adverse effect on some people with 
small business and I think the Council should be wary of 
affecting small businesses like that. They didn’t have to 
have the filters completely impermeable. There are some 
who genuinely have to drive and they should have been 
accommodated better.” (Interview 1)

“I wonder if we could make some more changes around 
residential access or one-way residential access in some 
cases. So, there is clearly a bit more work to do. But, there’s 
only so many adaptations that you can make before they 
become a bit pointless. Some of the suggestions I heard were 
just a bit ridiculous, like let’s allow residential access but also 
for all their visiting family members and the delivery drivers 
[…]. On the surface people might say they’re concerned 
about pollution on the main roads. But, by and large, people 
are voting on their own individual convenience. If they used 
to drive that way because it was five minutes quicker, then 
that’s what they want to keep doing, and they don’t like the 
Council telling them otherwise.” (Interview 3)

“The LTN is much bigger than anything that has been tried 
in London before and I think that it’s a good thing that it has 
been withdrawn because it was too big. The way you had to 
go round if you were trying to get out in your car towards the 
far side, it was a very long way around.” (Interview 2)

“I think that we will probably end up with some kind of 
reduced form of what we had last year—I imagine they will 
keep some of them and put in a reduced version of LTN21. 
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At the beginning there were all these stories of ambulances 
not being able to get through on time. That was certainly 
a concern at the beginning and it felt as if the ambulance 
service had not been consulted properly. They got around 
that by removing the posts and putting cameras in, which 
is great—they reacted to the problem. But, to me, that is a 
demonstration that they rushed it all through rather quickly 
and it was not considered in the beginning.” (Interview 4)

“I think in the Netherlands, where they have a lot of LTN-
type situations, they normally have a much higher quality of 
cycle provision on the roads around the outside of the LTN. 
So, in an Ealing context, if you imagine roads like South 
Ealing Road, Northfields Avenue, and so on, as a minimum, 
you would have a segregated cycle track along each of those 
roads and then, if the cars have to queue up to get around, 
people just accept that.” (Interview 2)

There are possibilities for improved participatory mechanisms, with 
improved discussion of project options, facilitated by impact monitoring 
data, and voting mechanisms to gradually reach consensus on options.

“I think it’s got people thinking about how much they 
use their cars, and what they can do to reduce that. It got  
the conversation started, but I just think it’s all been done 
wrong […]. Carrying out proper studies of traffic movement 
are required, when we’re not locked down, not in a unique 
situation when people are not going to work, not going to 
school.” (Interview 4)

“If there are genuinely a range of options, there is no reason 
why you can’t have a single transferable vote with more 
than three options. Because the whole essence of the single 
transferable vote system is that it whittles it down to the one 
that’s least objectionable.” (Interview 2)

The process of project planning and implementation can be much 
more deliberative—where the levels of awareness and support are 
gradually increased and a consensus reached on a particular project 
option. However, the LTN has led to political difficulties and a change of 
leadership in Ealing Council.
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“This is just now a political issue and they’re just trying to 
exit from what the last administration did in a least chaotic 
way possible.” (Interview 3)

“They’re in a situation where the politics of it [is dominating], 
because of the noise. Literally nobody knows how many 
people as a proportion of the population are for or against 
these things. Nobody yet has done a randomized survey on 
what people actually think about these things. It’s always the 
way with anything like this, the negative voices, they always 
put a lot of their energy into these things. If you really hate 
something, you’re really energized by it. If you think it’s 
great, why do you need to do anything more.” (Interview 6)

4.4.8 The Resulting Political Position and Project Status

There has been no formal before and after study of the LTN project by 
Ealing Council, e.g., in terms of traffic movements. This is mainly due to 
the speed of implementation of the project in response to COVID-19 and 
also reflects resource constraints for the local authority.

In May 2021, the Ealing Council leader (Labour), Julian Bell, 
was replaced in the local elections, with the LTNs viewed as a very 
significant factor in the voting. The new leader, Peter Mason, Leader 
of Ealing Council (Local Transport Today 2021), put forward his 
position. 

“Ealing Council promised to listen to local people’s views 
on active travel initiatives like LTNs, and we have done just 
that […]. The remaining LTNs will be subject to a [Controlled 
Parking Zone] CPZ style consultation, with a vote for local 
people on whether they think the LTNs will work in their 
neighborhoods […]. I’ve pledged that the Council I lead 
will be open, transparent and inclusive. That means being 
honest about what works and what doesn’t. This decision 
is about giving local people control over change in their 
neighborhoods. Our commitment to tackling the climate 
emergency and enabling active travel and cycling remains 
unchanged, but we know we must take people with us.” 
(Peter Mason, Leader of Ealing Council)
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A survey was produced by Ealing Council, using SurveyMonkey 
software. The resulting survey had 22,000 responses. About  
4,000  people reported that they lived in the LTN and 1,000 on the  
adjacent roads; 17,000 were non-LTN residents. This was an 
unsampled survey with a very low response rate (6%), relative to the 
345,000  residents in the borough, and indeed it is not known where 
respondents were located. The survey asked all respondents: “Would 
you like the LTN to be made permanent once the trial period ends?” In 
total, 82% of respondents said “no” (Steer 2021). A more robust sampling 
approach is needed when undertaking surveys of this type. Yet, on this 
basis, the trial was abandoned by Ealing Council and the planters and 
barriers have been removed. As a result, the neighborhood streets have 
been returned to the cars and traffic.

There are further views on the process of project implementation.

“I think they’ve made a shocking mistake and have shown 
very weak leadership by not just taking a stance. They 
know very well they’ve got to reduced pollution, [traffic] 
is dangerous, its killing people, there are traffic accidents, 
people aren’t getting the exercise they need to remain fit, it 
puts stress on the NHS. Everybody knows it and all it needed 
was for someone to say, I’m in charge of this […]. If we did, 
people would forget that there was ever a time when they 
could just willfully drive around the block. Instead it’s just 
left everybody unhappy.” (Interview 5)

Hence, a problematic position has been reached. The climate 
change problem is recognized, at least at the abstract level, by most 
politicians and the public. But the politicians are not able to take a 
lead in supporting the LTNs, or even offer any alternative strategy. 
The levels of resident commitment are not consistent with their views 
on climate change; and there is much conflict in positions. The social 
equity of current car use, public transport, walking, and cycling is not 
well studied or assessed. Generally, among residents, there is support 
for some reduction in short journeys undertaken by car, yet the use of 
the car is seemingly too embedded in people’s lifestyles to allow many to 
change their travel behaviors. 

4.5  Conclusions: Reflections for Wider Contexts
Individual car use has become central to many people’s lives as 
contemporary society has produced car-dependent neighborhoods. 
Moving away from this position, toward more sustainable travel 
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behaviors, can be very difficult. The strategic transport strategy for 
London (Transport for London 2018) is relatively progressive, and 
includes many innovative projects, but struggles to implement projects 
that reallocate road space to public transport, walking, and cycling. 
There is a particular reliance on the private car in outer London.

The experience of LTN implementation in London helps to 
illustrate how changes to the street space can be controversial, even 
where the interventions are quite marginal. A well-intentioned project, 
aimed at reducing traffic levels in suburban outer London, is perceived 
to have been poorly implemented and, in effect, has been rejected by 
the local neighborhood, or at least a significant cohort within the local 
population. As Lefebvre (1974) suggests, decades of capitalism, and 
motorization, have affected the use of space. The motor manufacturers 
and associated organizations have been successful in persuading people 
that they need to travel around in their vehicles. Many streets and 
wider urban environments have been shaped around the use of the car. 
In residential neighborhoods in Ealing, this means much of the street 
space is given over to the private car, either for car-based travel or car 
parking. Pedestrians and cyclists have lost the opportunity to use the 
street. Many residents have become used to this way of life and find it 
difficult to imagine another way of living. There is a “fixity” of car-based 
travel (Matthies and Klöckner 2015), which is difficult to overcome. 

Asia has different and varied urban contexts, with different problems 
and opportunities for sustainable mobility. Most Asian cities have busy 
urban areas, but many have poor public transport networks, traffic 
congestion, and little high-quality space for pedestrians or cyclists. 
There is a similar increased reliance on the private car and demands 
for increased traffic capacity, albeit with lower levels of car ownership 
and use. There is inequity in access to transport networks, street space, 
and the associated activity participation. Providing more space for 
walking and cycling can be very difficult. Hence, the controversy around 
the implementation of sustainable transport and streetscape projects 
reflects common issues internationally. 

The experience of implementing streetscape projects in London 
and LTN21 can be generalized to wider contexts in the following ways:

1. Implementation of an Avoid–Shift–Improve strategy needs 
to include a wide-ranging, integrated strategy and projects. 
But the contribution to transport CO2 reduction needs to be 
significant and the social equity impacts be considered.

2. At the local neighborhood level, street space reallocation 
projects can be used to gradually allocate space to public 
transport, walking and cycling, including away from the 
private car. Emphasis can be given to suburban areas, perhaps 
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where public transport accessibility is lowest. Over time, 
major improvements can be made to public transport, walking, 
and cycling networks, and public space and residential 
neighborhoods can become low traffic areas.

3. A proportion of funding can be focused on improving 
public transport, walking, and cycle access in low-income 
neighborhoods. This is particularly important for cities with 
high levels of social deprivation and inequity, as found in Asia. 

4. Different viewpoints and discourses can be assessed within 
the process of project implementation, so that views of the 
protagonists and antagonists are well understood and can be 
mediated and responded to. Often the viewpoints on a project 
may be different to that envisaged by the project promoter. 

In Ealing’s LTN21, the use of Lefebvre’s (1974) spatial triad of 
conceived, perceived, and lived space allows an understanding of how a 
new transport project is produced by the city authorities and transport 
planners, yet understood and used by residents and others in ways that 
were not envisaged. There is polarity and entrenchment of views, often 
informed by cultural positions. Using a participatory and deliberative 
approach is critical to the success of project delivery, particularly where 
projects affect local neighborhoods and aspirations to use the private car. 
This type of process will help raise the level of discussion and debate, so 
that the ownership of projects and effective delivery can be improved, 
consistent with wider public policy goals concerning climate change 
and social equity. The participatory process will differ for each project 
but should aim at raising awareness of the objectives for sustainable 
mobility, as well as achieving consensus on the agreed strategy and 
projects. The process for transport planning hence becomes more 
normative, and participatory and deliberative in nature—and progress 
toward sustainable mobility can be much more effective. 
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Sector through Electrification 
and Biofuel Use in Emerging 

Economies of Asia
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and Rafi Aquary1

5.1 Introduction
The transport sector continues to be a significant contributor of 
global carbon emissions, accounting for approximately a quarter of 
energy-related greenhouse gas emissions (BP 2019). Economic growth, 
infrastructure connectivity programs, rapid urbanization, and rising 
private vehicle ownership are driving major increases in passenger 
and freight transportation throughout Asia. As a result, between 2015  
and 2019, transportation-related carbon dioxide (CO2) emissions 
increased by 41%, with the People’s Republic of China (PRC) and India 
leading the way, followed by Southeast Asian countries (UNESCAP 
2021). Continued growth in demand for private mobility, and the 
persistent reliance on fossil fuels for transport are a major challenge to 
the decarbonization efforts of the transport sector in the region (Pan et 
al. 2018; Kim and Mishra, 2021; Zhang et al. 2018). Formulating transport 
sector strategies will be crucial for meeting the goals of the Paris 
Agreement as expressed by the nationally determined contributions 
(NDCs) by 2030 (Toba et al. 2019; Zhang, Fujimori, and Hanaoka 2018; 
Anbumozhi 2021). Accordingly, several Asian countries that have set 

1 The authors acknowledge the input from Makoto Toba, Shinichi Goto, Shoichi 
Ichikawa, Atul Kumar, and Adhika Widtaparaga for country-specific data and 
support in the scenario model building.
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long-term targets for switching to electric vehicles, biofuels, and related 
development of transport infrastructure have an optimistic view for 
decarbonizing transport (Zhang and Fujimori 2021; Lam et al. 2018; 
Toyota 2019; Mitsubishi Motors 2012). 

Although policies such as the electrification of passenger vehicles, 
the introduction of biofuel blends, vehicle battery technologies, and a 
hydrogen economy have attracted business interest and public debates 
on infrastructure development—the combined influence of alternative 
fuel use to gasoline and electrification of vehicles has not yet been 
evaluated from the viewpoint of decarbonization of the transport sector 
in developing countries. This chapter aims to build an interdisciplinary 
assessment framework to integrate electric vehicle introduction, 
hybrid fuel-efficient technologies, and biofuel on estimating the carbon 
emissions reduction potential. In an attempt to identify effective pathways 
toward deep decarbonization of the transport sector, the chapter 
addresses three policy research questions: (i) how the vehicle type can 
influence travel demand, energy use, and CO2 emissions in the long term; 
(ii) which policies will deliver the least-cost results for decarbonizing 
the transport sector; and (iii) what innovative financing approaches 
could complement the policies that deliver deep decarbonization. The 
chapter is structured as follows. Section 5.2 describes the structure of 
an energy mix model and the basic assumptions for several scenarios. 
Sections 5.3–5.5 present the results of scenario simulations, focusing 
on travel demand, energy mix, and reduced carbon emissions in India, 
Indonesia, and Thailand, and section 5.6 provides a discussion of the 
main findings to draw policy implications. Section 5.7 reviews emerging 
financing modes, and section 5.8 concludes the chapter. 

5.2   Research Methodology  
and Model Assumptions

The energy consumption trend and carbon emissions reduction 
potential of road transportation, both passenger and freight, during 
2015–2030 were simulated by using an improved Energy Mix Model 
developed by the Toyota Motor Corporation based on the International 
Energy Agency’s Sustainable Mobility Project Model as shown in Figure 
5.1. The estimation of road transport CO2 emissions is also possible by 
calculating well-to-tank (WTT) and tank-to-wheel (TTW) with the 
assumed emissions factor of each type of fuel. The Sustainable Mobility 
Project Model that could estimate all types of transportation energy 
consumption globally has been modified to fit the road transportation 
change analysis at local levels and constructed a country-specific energy 
mix model.
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A country’s specific data, such as vehicle fleet, fuel use, and current 
mileage traveled annually, are gathered from the published reports and 
national statistics. The information on transport policies, alternative 
fuels, climate policies including biofuels, and electric vehicle (EV) 
policies, among others, was also collected from the literature. The 
following steps are followed in the decarbonization scenario analysis 
building process:

•	 Identify a government’s transport decarbonization strategy, 
e.g., EV introduction targets in numbers and year.

•	 Scenario building—a simulation that takes into account all types 
of EVs to determine the most cost-effective and efficient vehicle 
and fuel mix.

•	 Evaluate the effectiveness of vehicle mix scenarios in terms of 
reduction of oil consumption and CO2 emissions while using 
biofuels and natural gas. 

•	 Compare the total cost of EV introduction including 
infrastructure cost to judge and propose the most appropriate 
solutions.

The following assumptions are made to see the total cost of 
decarbonization until the target year 2030, either financed by the private 
sector or funded by the state:

Figure 5.1: Calculation of Flow of Carbon Emissions  
by Energy Mix Model

CO2 = carbon dioxide, GDP = gross domestic product, km = kilometer, L = liter, Mt = metric ton.

Source: Authors.
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•	 Higher vehicle costs for EVs compared to internal combustion 
engine (ICE) vehicles, hybrid electric vehicles (HEVs) 126%, 
plug-in hybrid electric vehicles (PHEVs) 146%, and battery 
electric vehicles  (BEVs) 200% including home charger.

•	 Infrastructure cost required depending on the stage of 
vehicle introduction (for example, fast-charging stations cost 
$58,500  every 10 units for BEVs/PHEVs and compressed 
natural gas [CNG] facilities cost $1.8 million per 1,000 units for 
CNG vehicles). The overall cost of fuel for all automobiles on 
the market, including those that have just been introduced.

5.3  Decarbonization Potentials by Mobility 
Electrification and Alternative Fuel in India

Cars, taxis, buses, omnibuses, light commercial vehicles, heavy 
commercial vehicles (HCVs), three-wheelers, and two-wheelers are 
included in the base energy mix model for India. Gasoline, diesel fuel, 
CNG, biodiesel, ethanol, and electricity are among the fuels evaluated. 
The model parameter assumptions are described in further detail 
elsewhere (Toba et al. 2020). Based on a review of the literature and 
consultations with stakeholders, the costs of HEVs and BEVs are 
estimated to be 126% and 200% of those of conventional vehicles, 
respectively. The transport energy mix model for India illustrates 
six scenarios: business-as-usual (BAU) scenario, Alternative Fuels 
Scenario (AFS), Aggressive Electrification Scenario (AES), Moderate 
Electrification Scenario (MES), Moderate Electrification cum Hybrid 
Promotion Scenario (HPS), Aggressive Electrification Scenario (AES), 
and Only Electrification Scenario (OES). A brief description of these 
scenarios follows.

5.3.1 Business-as-Usual (BAU) Scenario

In this scenario, the status quo is maintained and is characterized by 
the continuation of the existing policy trends. Already existing national 
policy measures are not fully attained, thus limiting their effectiveness in 
attaining India’s NDC objectives for the decarbonization of the transport 
sector. The transport sector’s ambitions fall short of the 2030 NDC 
targets. The current trends in motorization will continue, with increased 
road transport shares, reduced reliance on public transport, and rising 
demand for petroleum-based fossil fuels. The basic assumptions made 
for this BAU scenario are presented in Table 5.1.
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5.3.2 Alternative Fuels Scenario (AFS)

The AFS is characterized by increasing the share of CNG-fueled vehicles 
coupled with the attainment of an increased target for ethanol blending 
with petrol and biodiesel blending with diesel. There is a determined 
effort to speed up the development of city gas distribution (CGD) 
infrastructure, which will be accompanied by an increase in the number 
of CNG dispensing stations. Furthermore, providing domestic gas to 
meet the CNG demand of all CGD companies is given high priority. 
The barriers to the uptake of CNG-fueled vehicles are removed partly 
due to these policy interventions causing the new sales of CNG-fueled 
vehicles to increase across all vehicle categories—i.e., three-wheelers, 
buses, taxis, and passenger cars—thereby increasing the share of CNG-
fueled vehicles in the overall transport fleet. In the AFS, it is assumed 
that the country will attain the 10% ethanol blending mandate by 2030. 
The supply of ethanol for blending with petrol will increase with the 
commissioning of proposed ethanol-based projects based on a variety of 
feedstock including lignocellulosic biomass. The direct sale of biodiesel 
(B100) to bulk users such as railways, shipping, and state road transport 
firms is permitted in order to promote the use of biodiesel. A surge in 
domestic biodiesel supply will ensure that this happens gradually by 

Table 5.1: Business-as-Usual Scenario Conditions in India 

Vehicle/Fuel Type 2010 2015 2020 2025 2030

Electric two-wheelers Share 0.1% 0.2% 0.4% 0.6% 0.8%

Electric taxis Share – – – – –

Electric passenger cars Share – – – – –

Hybrid passenger cars Share – – – – –

CNG three-wheelers Share 2.5% 4.5% 5% 6% 7%

CNG buses Share 1% 1.3% 1.5% 1.8% 2%

CNG taxis Share 2.5% 4.4% 5% 6% 7%

CNG passenger cars Share 2% 2% 2% 2% 2%

Fuel efficiency improvement Per annum 0.1%

Ethanol utilization Blend ratio 2% 3.8% 4% 4% 4%

Biodiesel utilization Blend ratio – – – – –

– = negligible, CNG = compressed natural gas.
Source: Based on Department of Heavy Industry (2017, 2018a, 2018b).
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2030, until the 5% biodiesel blending rule is achieved. In regard to the 
other two decarbonization initiatives, road transport electrification and 
fuel efficiency improvements, the conditions of the BAU scenario persist 
with limited electrification levels of road transport and relatively slower 
growth in fuel efficiency.

5.3.3 Moderate Electrification Scenario (MES)

In the MES, the electrification targets as set out by national policies 
are moderately higher compared to the BAU scenario. In comparison 
to the BAU scenario, this scenario includes greater penetration and/or 
use of BEVs and HEVs for passenger movement. Further, in contrast to 
the BAU scenario, where there was a limited deployment of EVs in the  
two-wheeler category, the electrification will be across all categories of 
road transport vehicles including taxis, passenger cars, three-wheelers, 
and buses. There is moderate policy support for accelerating EV 
deployment in this scenario. Compared to the BAU scenario, there is 
an additional effort by all stakeholders for all the road transport modes 
to become more electrified. In terms of the decarbonization strategy 
of increasing the share of CNG-fueled vehicles and alternative fuels, 
the AFS conditions of increased fuel efficiency improvements remain 
unchanged, while the BAU scenario’s condition of relatively slower 
growth in fuel efficiency holds. 

5.3.4 Aggressive Electrification Scenario (AES)

In this scenario, the electrification targets as set out by national policies 
are high when compared to the BAU scenario and encompass the 
aggressive penetration and adoption of BEVs and HEVs for passenger 
movement by road. Furthermore, all types of road transport vehicles, 
including taxis, passenger cars, three-wheelers, and buses, will have 
higher electrification levels. There is strong policy support for EV 
deployment in this scenario. In contrast to the BAU scenario, there is 
a concerted effort by all stakeholders to create an EV ecosystem such 
that all the road transport modes become increasingly electrified. With 
regards to the decarbonization strategy of the increased share of CNG-
fueled vehicles and alternative fuels, the conditions of the AFS persist, 
but with high fuel efficiency improvements. 



Decarbonizing the Transport Sector through Electrification  
and Biofuel Use in Emerging Economies of Asia 169

5.3.5  Moderate Electrification cum  
Hybrid Promotion Scenario (HPS)

In the HPS, the percentage share of new sales of HEVs is enhanced 
compared to that in the MES. In terms of the decarbonization strategy 
of a higher share of CNG-fueled vehicles and alternative fuels, the 
AFS conditions of strong fuel efficiency increases, as well as the BAU 
scenario’s condition of relatively slower fuel efficiency growth, apply in 
this scenario.

5.3.6 Only Electrification Scenario (OES)

This scenario combines the BAU scenario and AES discussed previously. 
Except for the decarbonization plan of a higher share of CNG-fueled 
vehicles and alternative fuels and fuel efficiency improvements in the 
OES, the conditions of the BAU scenario remain with limited shares of 
CNG-fueled vehicles and slightly slower growth in fuel efficiency.

5.3.7  Changes in Carbon Emissions under  
Alternative Transport Scenarios

The results of the energy mix model application show that higher 
deployment of CNG-fueled vehicles and increased use of alternative 
fuels resulted in a marginal reduction in total final energy demand of 
0.41% below BAU by 2025 and 0.64% below BAU by 2030. In comparison 
to the BAU scenario, the electrification-centric scenarios of the MES, 
AES, HPS, and OES show a slight rise in ultimate energy demand. The 
OES has a maximum increase to the extent of 0.57% by 2025 and 1.61% 
by 2030 when compared to their respective BAU levels. In the BAU 
scenario, the model results suggest that by 2030, HCVs will consume 
the most energy (55.3 million tons of oil equivalent [Mtoe] by 2030, 
accounting for about 36% of total energy consumption). This is followed 
by cars and jeeps at 14% (21.7 Mtoe) accounting for 14%, and buses 
accounting for 13% (20.5 Mtoe). 

Figure 5.2 shows that total well-to-wheel (WTW) CO2 emissions 
will more than double under the BAU scenario, rising from 278 million 
tons of CO2 (MtCO2) in 2015 to 523 MtCO2 by 2030, a compound annual 
growth rate (CAGR) of 4.3%. In the AFS, higher use of alternative fuels 
and increased share of CNG-fueled vehicles in the road transport fleet 
result in a reduction of WTW CO2 emissions to 502 MtCO2 by 2030, 
which is a 4% reduction from the BAU levels in 2030. However, in 
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electrification-related scenarios, the WTW CO2 emissions exhibit an 
increase of 14% in the MES, 16% in the AES, 13% in the HPS, and 20% 
in the OES relative to BAU. The HPS witnesses the least percentage 
increase in WTW CO2 emissions relative to the BAU levels. This implies 
that the gains from a reduction in aggressive electrification are more 
than offset by slow improvements in fuel efficiency and comparatively 
lower uptake of CNG-fueled vehicles and alternative fuels. Also, it 
shows that road transport electrification as a policy lever for reducing 
CO2 emissions is effective only with deep decarbonization of the power 
sector. In terms of energy carriers, diesel is expected to account for 
around 70.5% of CO2 emissions in BAU by 2030, which can be attributed 
to the high percentage of diesel consumed by HCVs. Gasoline comes 
in second with 26.8%, followed by LPG, biodiesel, and hydrogen, all of 
which contribute less than 1%.

Figure 5.2: Well-to-Wheel CO2 Emissions  
from Road Transport Sector in India 2015–2030

AES = Aggressive Electrification Scenario, AFS = Alternative Fuels Scenario, BAU = business as 
usual, CO2 = carbon dioxide, HPS = Moderate Electrification cum Hybrid Promotion Scenario, 
MES = Moderate Electrification Scenario, OES = Aggressive Electrification Condition and Only 
Electrification Scenario.

Source: Authors.
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The total tank-to-wheel (TTW) CO2 emissions will be more than 
double, increasing from 247 MtCO2 in 2015 to 463 MtCO2 by 2030 in 
the BAU scenario registering a CAGR of 4.27% (Figure 5.3). In the 
AFS, higher use of alternative fuels and increased share of CNG-fueled 
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vehicles in the road transport fleet result in a reduction of WTW CO2 
emissions to 412 MtCO2 by 2030, representing a reduction of 11.1% from 
the BAU levels in 2030. This, however, contrasts sharply to the results 
of WTW CO2 emissions. In the electrification-related scenarios, the 
TTW CO2 emissions exhibit 15.2%, 16.5%, 15.5%, and 6.2% reductions, 
respectively, in MES, AES, HPS, and OES relative to the BAU scenario. 
The AES witnesses the maximum reduction in TTW CO2 emissions 
relative to the BAU levels followed closely by the HPS.

Figure 5.3: Tank-to-Wheel CO2 Emissions from  
Road Transport Sector in India 2015–2030

AES = Aggressive Electrification Scenario, AFS = Alternative Fuels Scenario, BAU = business as 
usual, CO2 = carbon dioxide, HPS = Moderate Electrification cum Hybrid Promotion Scenario, 
MES = Moderate Electrification Scenario, OES = Aggressive Electrification Condition and Only 
Electrification Scenario.

Source: Authors.
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5.3.8 Estimated Costs of Decarbonization

The overall cost of implementing EV policies depends on three main 
components—fuel cost, vehicle cost, and infrastructure cost. The model 
results show that fuel cost is the highest among the three components. 
The maintenance cost of the vehicles is not considered in the model. 
The electrification scenarios have a higher overall cost compared to the 
BAU conditions due to higher fuel and vehicle costs. The fuel cost is 
high as the cost of electricity is highest followed by the cost of gasoline 
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Table 5.2: Overall Cost of Electrified Vehicle Introduction  
in India for 2030 and Cumulative from 2015 to 2030  

($ billion)

Cost 
Component

2030 2015–2030

BAU AFS AES MES HPS OES BAU AFS AES MES HPS OES

Fuel cost 156 152 163 162 161 167 1,798 1,775 1,813 1,811 1,807 1,836

Vehicle cost 93 95 127 116 103 124 1,060 1,084 1,201 1,169 1,145 1,188

Infrastructure 
cost of 
charging 
stations

– – 9 4 4 9 1 1 38 19 20 38

Total 249 248 299 283 269 300 2,858 2,859 3,052 3,000 2,971 3,062

AFS = Alternative Fuels Scenario, AES = Aggressive Electrification Scenario, BAU = business-as-usual, 
HPS = Moderate Electrification cum Hybrid Promotion Scenario, MES = Moderate Electrification Scenario,  
OES = Aggressive Electrification Condition and Only Electrification Scenario.
Source: Authors.

(Table 5.2). The vehicle cost is high as the cost of HEVs and BEVs are 
considered 1.26 and 2 times higher than conventional counterparts. For 
2030, among all the electrification scenarios, HPS has the lowest cost 
of EVs introduction at $269 billion. For 2015 to 2030, the HPS has the 
lowest cost of EVs introduction. 

The six scenarios illustrate how the implementation of xEV policies 
affects CO2 emissions. Even with aggressive EV adoption, the WTW CO2 
emissions levels are higher than the BAU scenario, implying that with 
the existing electricity generation mix, EVs alone cannot bring down 
emissions levels in India. Although the electrification scenarios show 
a reduction in tank-to-wheel CO2 emissions, indicating if additional 
electricity demand for EVs is met through electricity generated from 
renewable energy, it would result in CO2 emissions reduction. It is 
worth noting that HCVs, light commercial vehicles, and buses account 
for over 70% of energy consumption in India’s transport sector; yet, in 
this model, EV penetration is assumed to be largely in the two-wheeler, 
three-wheeler, automobile, and taxi segments, with a relatively low level 
in buses. Therefore, scenarios assuming aggressive EV penetration do 
not reflect a major reduction in energy demand. However, this will have 
a benefit on air pollution reduction, particularly in major cities. When 
power is generated from renewable energy sources, electrification 
scenarios will have an impact on emissions levels.
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It is important to note that India’s power sector’s installed 
capacity exceeds peak demand by a significant margin. Furthermore, 
the government is pushing the renewable energy strategy vigorously 
by increasing the country’s solar power producing capacity. However, 
considering India’s overall excess power conditions, state energy 
regulatory commissions have recently issued directives to state 
distribution corporations operating under state government sponsorship 
to halt acquiring and/or bidding solar power due to regulatory, financial, 
and technological difficulties. Thus, for additional power generation 
from renewable energy to happen and for solar power plant generators 
to find off-takers for the electricity generated by their plants, there is 
a need to increase the demand for electricity. Electric vehicles provide 
such an opportunity wherein solar power will be used to power EVs.

5.4   Decarbonization Potentials by Mobility 
Electrification and Alternative Fuel  
Uptake in Indonesia

For the transport energy mix model application in Indonesia, six 
scenarios are established with associated assumptions (Table 5.3).

continued on next page

Table 5.3: Scenario Assumptions for Mobility Electrification  
and Alternative Fuels in Indonesia

Business-as-Usual 
Scenario

•	 0.5% per year of fuel economy improvement for all new 
vehicles for a given production year

•	 no introduction of CNG vehicles
•	 following the 2015 biodiesel mandate up to B20, but no 

utilization of ethanol

Increased Biodiesel 
Use Scenario

The increased biodiesel use scenario simulates full 
implementation of the biodiesel mandate to B30 without 
implementation of bioethanol.
•	 0.5% per year of fuel efficiency improvement for all vehicles
•	 no introduction of CNG vehicles
•	 implementation of the 2015 biodiesel mandate up to B30
•	 no ethanol implementation

Increased Bioethanol 
Use Scenario

The increased bioethanol use scenario simulates the mandatory 
content of the Ministry of Energy and Mineral Resources 
Regulation
•	 0.5% per year fuel efficiency improvement for all vehicles
•	 no introduction of CNG vehicles
•	 implementation of 2015 biodiesel mandate up to B20
•	 implementation of 2015 bioethanol mandate up to E20
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CNG 
Implementation 
Scenario

The CNG implementation scenario simulates the introduction 
of new CNG vehicles for public transport with the adoption 
of biofuels, in accordance with the 2015 mandatory biodiesel 
content schedule. Based on 2013 taxi sales, this means that 1.5% 
of passenger car sales are attributed to CNG taxis. Regarding 
CNG buses, it is assumed that 40% of truck chassis sold were 
converted into buses based on the Badan Pusat Statistik (BPS) 
vehicle population increase ratios between buses and trucks. 
New CNG public transport and trucks are assumed to be 
introduced in 2020. Because CNG implementation is unlikely to 
include infrastructure construction over most of Indonesia until 
2035, CNG will not be used in all new public transportation and 
trucks. Thus, this scenario assumes infrastructure constructed 
in Palembang, Jakarta, Surabaya, Bandung, and Medan, allowing 
CNG to be used in 48% public transportation and trucks. The 
following parameters are used to simulate CNG use in this 
scenario:
•	 0.5% per year of fuel efficiency improvement for all vehicles
•	 introduction of CNG for public transport and trucks in 

Palembang, Bandung, Medan, Jakarta, and Surabaya, resulting 
in 48% of all new taxis, buses, and trucks being CNG-capable

•	 adhering to the 2015 biofuel mandate up to B20, but no use of 
ethanol

Vehicle 
Electrification (EV) 
Scenario

This scenario investigates the plan to introduce xEVs and assumes 
the same conditions as the BAU scenario, with the addition of 
xEVs being introduced according to the government’s schedule, 
which includes BEVs for trucks, buses, and motorbikes, all of 
which require additional charging stations. Separate xEV plan 
variations, such as the HEV, PHEV, and BEV scenarios, will be 
analyzed by treating all passenger cars as xEVs.

BAU = business as usual, BPS = Badan Pusat Statistik, BEV = battery electric vehicle, CNG = compressed 
natural gas, EV = electric vehicle, HEV = hybrid electric vehicle, PHEV = plug-in hybrid electric vehicle,  
xEV = electrified vehicle. 
Source: Authors.

Table 5.3 continued

5.4.1  Changes in Carbon Emissions under Alternative 
Transport Scenarios 

The model estimated WTW and TTW CO2 emissions. In the BAU 
scenario, total WTW CO2 emissions will more than double, rising from 
256 MtCO2 in 2015 to 626 MtCO2 by 2030, a 6.1% CAGR. In the AFS, 
higher use of CNG-fueled vehicles in road transport fleets and increased 
use of alternative fuels result in a reduction of WTW CO2 emissions to 
608 MtCO2 by 2030, which is a 3% reduction from the BAU level. In the 
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electrification-related scenarios, however, WTW CO2 emissions increase 
by 5% in the MES, 7% in the AES, 4.7% in the HPS, and 9% in the OES, 
compared to the BAU level. The HPS witnesses the smallest percentage 
increase in WTW CO2 emissions relative to the BAU level. This implies 
that the gains from the reduction in aggressive electrification are more 
than offset by slow improvements in fuel efficiency and less uptake 
of CNG-fueled vehicles and alternative fuels. It also shows that road 
transport electrification as a policy lever for lowering CO2 emissions 
is only successful if the electricity industry is deeply decarbonized. 
In terms of vehicle technology, in the BAU scenario, HCVs are seen to 
contribute about 36% of CO2 emissions by 2030, which can be attributed 
to the large percentage of fossil fuels they consume, followed by buses 
with 18.2%, and cars and jeeps with 15.4%; three-wheelers are observed 
to account for the lowest amount of CO2 emissions by 2030, with a share 
of only 4%.

Total TTW CO2 emissions will more than double, increasing from 
230 MtCO2 in 2015 to 561 MtCO2 by 2030 in the BAU scenario, registering 
a 6.1% CAGR. In the AFS, the increased share of CNG-fueled vehicles 
in road transport fleets and enhanced use of alternative fuels results in 
TTW CO2 emissions reduction to 525 MtCO2 by 2030, translating to a 
6.3% reduction from the BAU level in 2030. TTW CO2 emissions, on the 
other hand, show a reduction of 9.4% in the MES, 10.8% in the AES, 9.8% 
in the HPS, and 4.89% in the OES compared to the BAU level, in stark 
contrast to the results of WTW CO2 emissions in the electrification-
related scenarios. The AES has the greatest reduction in TTW CO2 
emissions compared to the BAU level, trailed by the HPS. From the above 
results, it is considered that the increase in CO2 emissions of WTW due 
to the introduction of xEVs is caused by power generation.

The total carbon emissions from 2015 to 2035 are shown in Figure 5.4 
for the combined EV and biofuel plans. The results are compared with 
the modified xEV plan and BAU. Regarding CO2 emissions, increasing 
PHEV and BEV numbers increases emissions by around 0.1% compared 
with the government EV plan, while increasing HEV numbers will result 
in similar emissions. Despite the higher efficiency of EVs, a significant 
decrease in emissions was not observed. This is likely because of the 
higher specific emissions of electricity compared with the gasoline and 
bioethanol blend.
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Oil consumption will be reduced if biofuels are introduced more 
aggressively in accordance with the 2015 mandated biofuel content 
regulations. Figure 5.5 depicts the oil consumption results for the biofuel 
scenarios. As observed, increasing implementation from B20 to B30 
leads to a 4.6% savings in cost over BAU. Meanwhile, the implementation 
of E20 resulted in an 8.7% reduction, a larger effect. When these two are 
combined under the government’s biofuel strategy, a total decrease of 
13.2% is achieved. Similar to oil use, the E20 scenario reduces carbon 
emissions by 8% more than the B30 scenario (3.3%).

Figure 5.4: Comparison of Carbon Emissions of BAU, EV Plan, 
and Modified EV Plan with BEVs, HEVs, or PHEVs for the Entire 

Population of xEV Passenger Cars in Indonesia

BAU = business as usual, BEV = battery electric vehicle, CNG = compressed natural gas,  
CO2 = carbon dioxide, EV = electric vehicle, HEV = hybrid electric vehicle, Mt = million tons,  
PHEV = plug-in hybrid electric vehicle, xEV = electrified vehicle. 

Source: Authors.
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5.4.2 Estimated Costs of Decarbonization Choices

Figure 5.6 shows the costs associated with implementing the biofuel 
scenarios. In comparison to the BAU scenario, the cost of extra 
biodiesel deployment is less than 1% higher. Increasing the bioethanol 
concentration to E20, on the other hand, will result in a 5.9% cost rise. 
The cost of gasoline accounts for most of the costs in all scenarios.

The introduction of EVs expected to cut oil use as well as carbon 
emissions. However, despite their better efficiency , the large specific 
emissions factor of electricity raises uncertainties about whether or not 
xEVs will reduce emissions.

Figure 5.5: Comparison of Carbon Emissions from 2015 to 2035 
of Biofuel Scenarios and BAU in Indonesia

BAU = business as usual, CNG = compressed natural gas, Mt = million tons.

Source: Authors.
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Figure 5.6: Comparison of Total Cost  
(cost of fuel, infrastructure, etc.) from 2015 to 2035  

for Biofuel Scenarios and BAU in Indonesia

BAU = business as usual.

Source: Authors.
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Figure 5.7: Comparison of Total Cost (cost of fuel, infrastructure, 
etc.) from 2015 to 2035 for xEV Scenarios and BAU in Indonesia

BAU = business as usual, BEV = battery electric vehicle, EV = electric vehicle, HEV = hybrid electric 
vehicle, PHEV = plug-in hybrid electric vehicle.

Source: Authors.
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Figure 5.7 shows a comparison of the total cost for the xEV scenarios 
and the reference/BAU case. Building EV stations for buses, vehicles, 
and motorcycles accounts for a significant portion of the costs. Each 
charging point was estimated to cost $48,500; with each charging point 
facilitating 10 passenger cars. As buses and trucks will travel longer 
distances, it is estimated that one charging point can accommodate 
2.5 buses and/or trucks. For motorcycles, a charging point is assumed 
to be able to accommodate 25 motorcycles. As such, the entire cost of 
accommodating BEV trucks, buses, and motorcycles is estimated to be 
around Rp1 quintillion, with EV motorcycles accounting for most of the 
expenditure. 

Increased vehicle costs were considered as xEVs are more 
expensive. BEVs were assumed to cost 200% of the cost of equivalent 
internal combustion engine (ICE) vehicles (which were assumed at 
$20,000), while HEVs and PHEVs were assumed to cost 126% and 156% 
more, respectively. While there are increased passenger vehicle costs 
due to xEVs being more expensive, the effect is still limited as most 
passenger xEVs were HEVs. Due to the high cost of BEVs, the increased 
cost of vehicles in the BEV scenario is the most substantial, reaching 
as high as the cost of the installation of charging stations. As a result, 
this scenario is the most expensive, with a 15% increase in cost over the 
BAU scenario. Meanwhile, the government EV plan is more moderate 
at a 6.4% hike. A large portion of the cost is to accommodate charging 
stations for electric buses, trucks, and motorcycles, which will grow 
significantly according to the production numbers specified by the EV 
plan. By 2035, there will be more than 35 million electric motorcycles, 
42,000 electric buses, and 112,000 trucks on the road. Figure 5.8 displays 
the cumulative costs for the combined scenarios in comparison to BAU 
and the isolated EV plan and biofuel plan. All plans have an increased 
cost compared to the BAU scenario: biofuels will cost more than fossil 
fuels, the EV plan will have an increased vehicle cost, and both the EV 
plan and CNG will require additional infrastructure. The combined EV 
and biofuel strategy has the highest cost, with a 14.3% increase in cost 
when compared to BAU. Interestingly, adding CNG to the combined 
EV and biofuel plan lowers the cost relative to the initial EV and 
biofuel plan combination, even though CNG station infrastructure still 
requires a significant investment. This is because CNG is significantly 
less expensive than gasoline, diesel, and biofuels. As measures taken to 
reduce oil consumption and carbon emissions will impact the total cost, 
two parameters have been introduced to describe the increase of cost 
required to reduce consumption by 1 Mtoe of oil and the cost required to 
reduce emissions by 1 million tons of CO2.

A similar condition is obtained regarding the cost of the reduction 
of carbon emissions (Figure 5.8). The modified EV plan with BEVs has 
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the highest cost per million ton of CO2 reduction, whereas the biofuel 
plan has the lowest. Implementing an EV plan with a biofuel plan 
somewhat alleviates the high specific cost. In general, both in terms 
of CO2 reduction and oil reduction per rupiah, xEV scenarios are the 
most expensive. The implementation of PHEVs costs the lowest per 
ton of CO2 as it is assumed that PHEVs will be charged at home and 
thus do not require public charging stations. As a result, the PHEV 
scenario achieves a partial CO2 reduction as if it operates partially as a 
BEV, but without the need for extra infrastructure. Nonetheless, as all 
xEV scenarios incorporate BEV trucks, buses, and motorcycles and thus 
require charging stations, the cost per million ton of oil equivalent oil 
consumption reduction and cost per million of  CO2 emissions reduction 
remain high. 

Figure 5.8: Cost per Million Ton of  CO2 Emissions  
Reduction for Each Measure in Indonesia

BEV = battery electric vehicle, EV = electric vehicle, HEV = hybrid electric vehicle, Mt = million 
tons, PHEV = plug-in hybrid electric vehicle, RUPTL = Rencana Umum Penyediaan Tenaga Listrik 
(National Electricity Supply Business Plan).

Source: Authors.
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The BEV scenario was also the most expensive, costing Rp103 billion 
per million tons of CO2, compared to Rp46 billion per million tons of 
CO2 for the government’s EV plan. Likewise, the high cost of all xEV 
scenarios was due to the need for charging stations for BEV trucks, 
buses, and motorbikes. It was also observed that combining biofuels 
with the EV plan resulted in a large cost savings in terms of emissions. 
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In comparison to the isolated EV proposal, the cost was lowered from 
Rp46 billion per million tons of CO2 to Rp2.2 billion per million tons of 
CO2. Adding CNG for HDVs and taxis, on the other hand, resulted in a 
minor cost rise to Rp2.7 billion per million tons of CO2.

5.5  Decarbonization Potentials  
by Mobility Electrification and  
Alternative Fuels in Thailand

For the Transport Energy Mix model application in Thailand, six 
scenarios are established with associated assumptions (Table 5.4).

Table 5.4: Scenario Assumptions for Transport  
Electrification and Alternative Fuels in Thailand

BAU Scenario In addition to the current trends in road traffic systems, this scenario is 
based on the realization of the following biofuel policy objectives.
•	 Gasoline-ethanol (gasohol) E20 and biodiesel B10 are achieved—

the ethanol share shifting to gasohol E15 and biodiesel B10 for 
commercial-grade diesel; and 1,800 hybrid buses are purchased.

Alternative 
Fuels Scenario

This scenario assumes the promotion of biofuels with the following 
assumptions.
•	 Gasohol E20 will succeed (90%) in the automotive market, with 

some E85 share (10%) (assuming the ethanol share in gasohol 
demand is E26.5) in 2036. Biodiesel demand for the transport sector 
will achieve half of the Alternative Energy Development Plan’s target 
or 7 million liters per day in 2036 (assuming that the blending ratio 
of commercial-grade diesel fuel achieves B12).

Plug-in xEV 
Expansion 
Scenario

This scenario assumes that the on-road plug-in xEVs have been 
introduced.
•	 By 2036, 1.2 million units of on-road plug-in xEVs  

(PHEV:BEV = 50:50) will have been sold.

Hybrid 
Expansion 
Scenario

This scenario assumes the case where the introduction of hybrid 
vehicles has been promoted. The following two cases are assumed:
•	 Minimum HEVs: overall HEV sales reach 320,000 units by 2023, 

5 years after the Board of Investment’s commitment to the 
investment plan in 2018 and 4.7 million units in 2036.

•	 Maximum HEVs: HEVs dominate 50% of passenger car sales 
(gasoline-originated) by 2036 and 7.1 million in 2036.

Combination 
Scenario

This combines the alternative fuel promotion scenario and the 
minimum HEV scenario.

BAU = business as usual, BEV = battery electric vehicle, EV = electric vehicle, HEV = hybrid electric vehicle, 
PHEV = plug-in hybrid electric vehicle, xEV = electrified vehicle.
Sources: EPPO (2015, 2017); BOI (2018).
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5.5.1  Changes in Carbon Emissions under  
Alternative Transport Scenarios

Figure 5.9 shows the potential of fossil fuel reduction and thus 
greenhouse gas emissions in the transport sector of Thailand for the BAU 
and five scenarios from 2019 to 2030. In comparison to the 1.2 million 
xEV scenario, the alternative fuels scenario produces lower TTW 
emissions. For WTT emissions, which rely on net energy consumption 
and the WTT CO2 emissions factor, WTT emissions of hybrid expansion 
scenarios are better than the alternative fuels scenario, which implies 
that the impacts of HEV energy efficiency are higher than the difference 
in the WTT emissions between fossil fuel and biofuels. The combination 
scenario can help remove 6.12 million tons of WTW CO2 emissions 
(5.79 million tons from TTW), an amount equivalent to about 5.3% of 
the baseline.

Figure 5.9: Transport Decarbonization Scenarios in Thailand

HEV = hybrid electric vehicle, ktoe = kiloton of oil equivalent, xEV = electrified vehicle.

Source: Authors.
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Two HEV scenarios are more effective for the reduction of energy 
demand and carbon emissions. The most effective scenario to reduce 
energy demand is the combination (minimum HEV + alternative fuel) 
scenario. From the viewpoint of fossil fuel consumption from imports, 
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the alternative fuel scenario is better than the introduction of xEVs, 
including HEVs. In this case, the most effective scenario to reduce fossil 
fuel consumption is the combination (minimum HEV + alternative fuel) 
scenario. 

Aside from the difference in scenarios, the effects of introducing 
alternative fuels and xEVs on energy consumption and global warming 
gas emissions differ substantially between India and Indonesia and 
Thailand. It is presumed that this is due to the difference in the fuel 
used for power generation and the registration status of vehicles by 
fuel. India and Indonesia’s power generation relies heavily on coal-
fired power generation, while natural gas is the main source of power 
generation in Thailand. 

Figure 5.10: Increased Bioethanol Demand  
in the Transport Sector for Scenarios

HEV = hybrid electric vehicle, xEV = electrified vehicle.

Source: Authors.
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The alternative fuels scenario can produce an increase of 
2.85 million liters per day of ethanol and 1.26 million liters per day of 
biodiesel in 2030, based on the biofuel demand factors indicated in 
Figure 5.10 (bioethanol) and Figure 5.11 (biodiesel). According to the 
scenario definition, the proportion of diesel automobiles will decrease 
as the proportion of xEVs increases. Therefore, biodiesel demand will 
be reduced in the 1.2 million xEVs scenario and both the minimum 
and maximum HEV scenarios. However, in those two HEV scenarios, 
ethanol consumption will be slightly higher, whereas in the 1.2 million 
xEVs scenario, it will be lower. In conclusion, the combined scenario 
can help increase ethanol demand by 2.90 million liters per day (46.7% 
of baseline) and biodiesel demand by 1.04 million liters per day (23.3% 
of baseline).

The alternative fuels scenario has lower TTW emissions than the 
1.2 million xEVs scenarios in terms of carbon emissions reductions, both 
WTT and TTW greenhouse gas emissions, as shown by using biofuels 
as carbon-neutral fuel (considered as zero TTW CO2 emissions).  

Figure 5.11: Increased Biodiesel Demand  
in the Transport Sector for Scenarios

HEV = hybrid electric vehicle, xEV = electrified vehicle.

Source: Authors.
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For WTT emissions, which rely on net energy consumption and WTT 
CO2 emissions factor, WTT emissions of the hybrid expansion scenarios 
are better than the alternative fuels scenario, which implies that the 
impacts of energy efficiency of HEVs is higher than the difference in 
WTT emissions between fossil fuel and biofuels. Combination scenarios 
(AES and HEV Board of Investment (BOI), AES and HEV extreme) can 
help cut 4.85 and 5.02 million tons of WTW CO2 emissions (4.68 and 
4.78 million tons from TTW), and this amount is equivalent to about 
4.2%–4.3% of baseline WTW CO2 emissions.

5.5.2 Estimated Costs of Decarbonization Choices

The simulation results from six scenarios: the alternative energy 
scenario, 1.2 million xEVs scenario, HEV BOI scenario, HEV extreme 
scenario, combination AE and HEV BOI scenario, and combination AE 
and HEV extreme scenario together with the BAU scenario (Baseline) 
as a reference. Figure 5.12 depicts the infrastructure cost for battery 
electric vehicles and plug-in hybrid vehicles from 2019 to 2030 under. 

Figure 5.12: Comparison of Infrastructure Costs  
from 2019 to 2030 for Different Scenarios

BEV = battery electric vehicle, PHEV = plug-in hybrid electric vehicle, xEV = electrified vehicle.

Source: Authors.
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From energy cost aspects shown in EV technology (plug-in xEVs 
or hybrid expansion scenarios) can help reduce total energy demand, 
but the alternative fuels scenario is preferable for lowering fossil fuel 
imports. Combination scenarios (in the order of AE and HEV BOI and 
AE and HEV extreme can help reduce imported fossil fuel imports by 
1.50 and 1.55 thousand kilo tons of oil equivalent in 2030 (about 4.6%–
4.7% of projected fossil fuel consumption). In addition, both minimum 
(HEV BOI) and maximum (extreme) HEV scenarios are better than 
the 1.2 million xEV scenario because of the larger stock of HEVs than 
xEVs (4.7 million for the minimum HEV scenario and 7.1 million for the 
maximum HEV scenario).

From an economic analysis of carbon reduction, the impact of HEV 
for both HEV scenarios (HEV BOI and HEV extreme) will be higher 
than that of the 1.2 million xEV scenarios according to the market share 
(Table 5.5). The government vehicle excise tax depends on both the tax 
incentive (per vehicle) and sale share (number of sales) in the automotive 
market. Therefore, the government excise tax will be reduced by 
B7.31 billion, B28.48 billion, and B45.26 billion in the 1.2 million xEVs, 
HEV BOI, and HEV extreme scenarios by 2030 compared to the BAU 
scenario.

Table 5.5: xEV Share in Various Scenarios

2030 sale share (%) HEV PHEV BEV Total

Baseline 1.57% 0.00% 0.00% 1.57%

1.2 million xEVs 1.46% 3.47% 3.47% 8.40%

Min HEV 28.02% 0.00% 0.00% 28.02%

Max HEV 43.60% 0.00% 0.00% 43.60%

BEV = battery electric vehicle, HEV = hybrid electric vehicle, PHEV = plug-in hybrid electric vehicle,  
xEV = electrified vehicle.
Source: Authors.

On the other hand, the 1.2 million xEVs scenario necessitates an 
investment cost for charging station installation, under the assumption 
of about B185,445 per xEV. Therefore, the total government cost of 
1.2  million xEVs scenarios is the highest when comparing the others. 
Figure  5.13 displays the effects of alternative fuel vehicles on CO2 
emissions reduction, showing that the cost per unit of CO2 emissions 
reduction (B per ton-CO2) is reduced as the number of alternative fuel 
vehicles on the road increases.
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From the total cost of ownership (TCO) aspect, the TCO of sedan 
xEVs (HEVs, PHEVs, and BEVs) introduction is still higher than 
conventional ICE sedans due to higher vehicle purchase cost and 
battery replacement cost, even though the operating cost is much lower. 
Because of current biofuels price incentives, the TCO of conventional 
ICE private cars operating on biofuels (gasohol E20 and E85) is lower 
than running on fossil fuel. The TCO of pickup-based vehicles, on the 
other hand, is similar for all three types of biodiesels. In terms of TCO, 
EV technology has a B7.31 billion, B28.48 billion, and B45.26 billion 
opportunity cost to the government (due to lower excise tax rates) of 
B7.31 billion, B28.48 billion, and B45.26 billion for 1.2 million xEVs, 
minimum and maximum HEV scenarios, respectively. Likewise, with 
1.2 million xEVs on the road, the government will need to invest in public 
EV charging stations. In addition, the cost of CO2 emissions reduction 
(baht per ton-CO2) will be as high as B160,000 per ton-CO2 in 2020 for 
the 1.2 million xEVs scenarios (in the early period of EVs entering the 
market). It could further be reduced to B26,500 ton-CO2 in 2030, with 

Figure 5.13: Total Cost of Decarbonization  
and the Investment Required for Charging Stations

AE = alternative fuels, BOI = Board of Investment, EV = electric vehicle, HEV = hybrid electric vehicle,  
ICE = internal combustion engine, PHEV = plug-in hybrid electric vehicle, xEV = electrified vehicle.

Source: Authors.
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declining infrastructure costs. The TCO shows that ICE vehicles are 
still the most cost-effective as from an ownership viewpoint (economic 
aspect) for both private cars and small pickup trucks.

5.6  Pathways for Decarbonization  
of Transport Sector in Developing  
Countries and Policy Implications

The scenarios on decarbonization choices demonstrate that 
electrification scenarios alone do not have much effect in reducing 
the CO2 emissions levels. The use of alternative fuels such as CNG and 
biofuels in road transport will play a crucial role as the CO2 emissions 
levels are highest for HCVs and buses. The electrification of HCVs and 
buses will be a major challenge as they operate for longer distances. 
The battery size required for these vehicles is demanding and dedicated 
efforts are required to develop charging infrastructure along important 
routes and highways to quell “range anxiety”. Their switch to cleaner 
fuels, together with increased fuel efficiency, will amplify the impact 
of the adoption of xEVs in terms of emissions reduction. The policy 
strategy should consider both electrifications as well as alternative fuels 
at the same platform to boost its impact. 

The adoption of xEVs alone will not be enough to cut emissions 
in nations with high greenhouse gas (GHG) emissions from power 
generation, such as India, Indonesia, and Thailand. First, it is necessary 
to promote power generation by using renewable energy, and in parallel 
with this, promote the introduction of xEVs. The cost of implementing 
biofuels and EVs depends on the fuel cost, vehicle cost, and infrastructure 
cost. The model findings show that the infrastructure cost is relatively 
cheap when compared to the other two costs. However, infrastructure 
development should account for the availability of parking for charging 
stations within city limits as most metropolitan cities face parking 
space constraints. The charging time also makes a significant difference 
as even the fast-charging stations require a minimum of 20 minutes 
to attain full charge, which is more than the time taken to fill up with 
fuel at traditional fuel stations. This in turn adds to the infrastructure 
cost in terms of land required. The vehicle and fuel costs determine the 
effectiveness of xEV introduction.

When compared to biofuel, the current cost of xEVs is higher, 
making it difficult for the end user to see it as a viable choice. New EV 
policy guidelines should consider both the needs of the manufacturer 
and the needs of the end user and provide incentives that are mutually 
beneficial. Among the electrification scenarios, it is seen that the 
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AES and HPS have the maximum impact in terms of CO2 emissions 
reduction (TTW) and low costs of implementation. A combination of 
these two scenarios would have brought about a sizable impact on xEVs 
introduction. The major cost component of EVs is the cost of batteries. 
The policy strategy must include a more favorable outline for the battery 
manufacturing companies. To achieve a considerable reduction in CO2 
emissions, policies should adopt an aggressive approach toward xEV 
implementation as well as alternative fuel promotion. 

India, Indonesia, and Thailand have undertaken various measures 
for faster adoption and manufacturing of EVs. Governments have offered 
incentives for electric buses, three-wheelers, and four-wheelers to be 
used for commercial purposes. PHEVs and those with sizable lithium-
ion batteries and electric motors will also be included in the scheme and 
fiscal support offered depending on the size of the battery. Accordingly, 
it is advised that the current policies are sustained and improved to 
make xEVs affordable for the manufacturers and consumers and for CO2 
emissions reduction. 

The EV sector, as well as biofuel industries are nascent in India, 
Indonesia, and Thailand, and there are not many companies that 
manufacture xEVs and produce industrial-grade ethanol locally. This 
also limits consumers’ freedom to choose from different options. As the 
market for xEVs, biofuels, and other alternative fuels such as hydrogen 
expands in India, Indonesia, and Thailand, more manufacturers are 
projected to engage, resulting in increased competition and lower 
alternative fuel prices. As a result, it is imperative for governments to 
create an enabling environment for the private sector to drive local 
alternative production, while also attracting foreign investors to 
establish supporting infrastructure such as EV charging stations.

The effectiveness of both xEVs and biofuel introduction is also 
linked to the source of electricity generation, thus tying it with the 
power sector. Therefore, the policy requires a comprehensive mixture 
of all key components that have an impact on the effectiveness of 
EVs and alternative fuel introduction to reduce the CO2 emissions 
levels. The power generation sector in India, Indonesia, and Thailand 
is currently dominated by fossil fuels. As a result, the adoption of 
xEVs will be effective only if it is accompanied by the development 
of alternative fuels to replace gasoline and diesel. CNG and biofuels 
will be major factors in lowering CO2 emissions, and they can be 
applied effectively by focusing on their availability and affordability. 
The overall xEV and alternative biofuel fuel policy is effective only 
with deep decarbonization of the power sector. The electrification 
of vehicle scenario is effective only when the necessary incremental 
power is supplied from renewable sources. Biofuels, on the other 
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hand, have proven to be beneficial in lowering fossil fuel consumption 
and carbon emissions. It is more effective to reduce energy use and 
GHG emissions when combined with improvements in fuel efficiency 
through the introduction of xEVs. Since current hybrid vehicles are 
mainly gasoline based, the introduction of xEVs may cause a shift from 
diesel to gasoline. Therefore, it is necessary to adjust the production 
amounts of bioethanol and biodiesel flexibly in accordance with 
the spread of xEVs. When introducing xEVs, it will be necessary to 
formulate a renewable energy introduction plan that takes into 
consideration both power generation and biofuel supply.

5.7  Financing Options for Decarbonizing the 
Transport Sector in Emerging Economies

5.7.1  Domestic and International Financing of Transport 
Sector Decarbonization

The cost of introducing decarbonization measures such as EVs and 
alternative biofuels to replace the current use of gasoline and ICE 
vehicles varies across the studied countries. While reliable data on the 
low-carbon investment trends in the transport sector are not readily 
available in India, Indonesia, and Thailand, it could be said from 
government budget outlays that nearly two-thirds of investment in 
transport infrastructure from 2015 to 2019 went to road transport. 

Table 5.6 presents a list of available financial sources that include 
government budgets, the private sector, and special purpose financial 
vehicles in the three countries compiled through a literature survey and 
regional consultation process. 
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continued on next page

Table 5.6: Financing Channels for Low-Carbon Transport 
Infrastructure in India, Indonesia, and Thailand

Source Description
Examples of  

Financing Channels

Mobilizing Public Budgets

Intergovernmental 
transfer of public 
funds 

Transfers of fiscal resources 
from national
government or state 
governments to states
and/or municipalities

Transport and urban 
infrastructure funds 

Taxes Collections and levies 
including fuel taxes, might 
help finance low-carbon urban 
infrastructure initiatives like 
electric vehicles (EVs) and 
biofuels

Property tax, tax on motor 
vehicles, tax on imported fossil 
fuels

Nonrepayable
funds, grants, official 
development 
assistance 

Transfer of monetary resources 
and/or other financial 
support without the need for 
repayments; usually involves 
small grant-in-aid type finance 
aimed at preparing technical 
studies, prototypes, and 
demonstration projects

Project facilitation fund, 
sectoral loans, technical and 
financial assistance programs of 
bilateral development agencies

Direct charges and 
user fees

Collection of fees for the 
provision of a certain type 
of services and/or the use of 
urban infrastructure

Charging for the use of roads 
for private vehicles and parking 
in public spaces

Fines Financial penalties for transport 
rule violations and pollution 

Fines for polluting vehicles and 
compensation for traffic rule 
violations 

Land value capture Financial mechanisms that 
allow recovery of appreciated 
monetary value of real estate’s 
resulting from public actions in 
a designated area

Sale of construction rights 
to EV charging stations, 
certificates for additional 
procurement of biofuels 

Mobilizing Private Finance

Public–private
partnerships (PPPs)

Contracts between city, state, 
and national governments 
and the private sector for 
the implementation of 
infrastructure projects 
Payment is to be made by 
the public sector, with other 
possible compensations

Most common examples of 
PPPs that make road transport 
infrastructure include EV 
charging stations, mass rapid 
transport systems, bioethanol 
plants
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Source Description
Examples of  

Financing Channels

Tax breaks and 
financial concessions

Tax concessions where the 
tariff charged to the road user 
and other transport service 
revenues are sufficient to 
remunerate the concessionaire; 
measures that reduce a certain 
amount of tax to encourage 
favorable private investments 

Tax concessions for investment 
in public transportation; and 
municipal, state, and federal 
park concessions as occurs in 
megacities

Debt Acquisition of monetary funds 
from private institutional 
investors, in addition to 
international, national, and 
regional development financial 
institutions and commercial 
banks 

Financing through national and
international private banks

Capital market Includes public and corporate 
green bonds that can support 
specific low-carbon road 
transport infrastructure 
projects; investment in 
infrastructure system operators 
operating under a PPP or other 
operating authority

Government bonds, securities 
linked to EVs, hydrogen, biofuel 
projects, infrastructure
debentures, incentive 
debentures, and shares

Special Purpose Financial Tools

Dedicated funds National and international 
climate and green funds 
that leverage private funding 
mechanisms specialized in 
serving new risky investments 
that can combat issues like 
climate change 

Urban infrastructure 
development fund, fund for 
biofuel development, national 
environment fund for eco-car 
development

Credit assistance
and guarantees

Arrangements and/or that 
improve the credibility of 
decarbonization activities and 
projects in the transportation 
sector by decreasing inherent 
risks and facilitating access to 
improved funding conditions. 
They may include, among 
others, insurance, revolving 
funds, guarantees, and currency 
hedge funds

Road infrastructure guarantee 
fund, PPP guarantee fund and 
sovereign guarantees

Source: Authors.

Table 5.6 continued
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Low-carbon investments, including EVs and biofuels, are 
traditionally financed by taxpayers and/or by users, while in some 
instances, private entities build them and finance them through project-
based bond issuance. In India, Indonesia, and Thailand, blended 
financing schemes that combine local resources, development aid, and 
private capital have shown to be effective. It is estimated that about 
37% of infrastructure development finance (transport, airports, energy 
and water supply, and sanitation) flows into the transport sector. It is 
difficult to estimate how much would be on decarbonization outlays 
including general education, research, and training for the transport 
sector. However, the transport sector is gaining prominence in “green” 
and other climate-themed bonds, in which the proceeds are earmarked 
for projects with climate benefits. The transport sector represents 20% 
of green bond proceeds in the Association of Southeast Asian Nations 
member states, the PRC, and India, making it the third-largest sector 
after energy (32%) and buildings (30%). At the global level, green 
bonds for transport reached $52 billion in 2019, up 71% from 2015 to 
2019 (Anbumozhi 2021). Green and/or climate bond transportation 
projects have been driven by government-backed entities. Between 
2018 and 2020, there were 10 certified bonds to finance the expansion 
of metro lines in Thailand. In August 2020, a B30  billion ($1 billion) 
Sustainability Bond in August 2020 was issued, with one-third of the 
sum allocated for the construction of the Bangkok Mass Rapid Transit. 
Meanwhile, Indonesian automakers issued certified green bonds to fund 
their electric vehicle and mixed biofuel programs. For urban transport 
infrastructure, other potential sources of revenue include land value 
capture (Yoshino and Taghizadeh-Hesary 2018). 

Given the need to expand and update low-carbon transport 
infrastructure, public revenue sources are insufficient to meet rising 
demand (Anbumozhi 2021). Additional private investment and 
international development finance are required, including the issuance 
of loan guarantees. Another promising option for financing low-
carbon transportation infrastructure is through public procurement 
processes. Almost all publicly procured services have an impact on 
road transportation, and as such can make a significant contribution 
to reducing carbon emissions in the sector. For public procurement 
to regularly support sustainable transport, necessary factors include 
frameworks and regulations that use multi-criteria cost-benefit analyses 
to assess the full carbon costs and benefits of purchasing decisions.

Carbon pricing mechanisms such as taxes on fuels and vehicles, 
fossil fuel subsidy reforms, congestion charging, and parking prices, 
among others, can help address the financing gaps in transport sector 
decarbonization. While different types of fossil fuels and industrial 
decarbonization are covered in the discussions in India, Indonesia, and 
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Thailand, road transport is mostly ignored in talks of carbon pricing and 
emission trading schemes., with few exceptions like Singapore. 

5.7.2  Barriers to Low-Carbon Investments in the 
Transport Sector

The international financial mechanisms such as the Clean Development 
Mechanism, the Clean Technology Fund, the Green Climate Fund, 
the Global Environment Facility, the International Climate Initiative, 
the Joint Crediting Mechanism, and Joint Implementation can 
help to leverage private finance. Figure 5.14 shows several ways 
that international finance can be channeled for decarbonization 
of the transport sector. Even though there are some conceptual 
and methodological controversies about the leveraging effects of 
international financial flows, they typically include credits provided by 
bilateral and multilateral development banks to support national public 
banks, as well as private sector investments. The goal of such a fund is 
to attract support for turning low-carbon, climate-resilient investment 
priorities into finance-ready, implementable projects (CPI 2019; OECD 
2015; Gupta et al. 2014; Flynn 2011). 

The challenges to financing decarbonization in India, Indonesia, 
and Thailand include local issues related to financial and technical 
capacity gaps, to issues that go beyond the scope of infrastructure 
ministries, such as the regulatory environment on carbon emissions, 

Figure 5.14: International and National Financing Channels  
of Low-Carbon Investments in the Transport Sector

Source: Authors.
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including clear climate action guidelines for the transport sector and 
incentives for participation from different funding sources (Conway et 
al. 2020; ERIA 2020; Zulueta 2018). The challenges listed below were 
collected through regional policy dialogues between November 2019 
and March 2020 in New Delhi, Jakarta, and Bangkok. Representatives 
of international, national, and regional financial institutions, as well 
as participants from national and international project preparation 
facilities and public entities, such as municipal technicians, federal 
government, and state entities attended these events.

The barriers to financing low-carbon investments in the transport 
sector can be divided into three major areas: 

(1) National institutional environment 
•	 Low	 level	 of	 coordinated	 governance	 and	 integrated	

planning
•	 Uncertainties	in	the	regulatory	environment

(2) Planning and preparation of low-carbon transport sector 
projects 
•	 Lack	of	urban	planning
•	 Difficulties	in	preparing	project	activities	at	the	local	level

(3) Financing and resource mobilization 
•	 Deficiency	 in	 directing	 resources	 to	 sustainable	 urban	

development
•	 Disability	 in	 directing	 funds	 to	 sustainable	 urban	

development and priority areas 
•	 Precarious	municipal	fiscal	situation	
•	 Difficulties	 in	 overcoming	 the	 financing	 processes	 of	

international, national, and regional development banks

To help overcome these challenges, coordinated actions are needed 
to deepen existing and new initiatives on EVs and biofuels, which foresee 
the inclusion of different actors, including central, state, and local 
governments, the private sector, and environmental agencies. Under 
the leadership of a coordinating agency, long-term policy coordination 
among regulatory, fiscal, and tax policies is required. It is necessary to 
transform the national commitments to the Paris Agreement targets into 
the transport sector action plan ensuring a  coordinated monitoring and 
reporting implementation mechanism. Institutions that are part of the 
financial system, such as central banks, can strengthen their ability to 
support the finance, investments, and innovations required for a low-
carbon transportation transformation. Further monitoring and research 
to understand, quantify, and manage exposure to climate-related risks 
in investors’ portfolios and increasing support for sectoral investments 
such as EVs and biofuels are to be aligned with NDC targets. Furthermore,  
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it is recommended to increase the transparency and standardization 
of the availability and methodology of transport sector emissions and 
climate finance data at the national level. 

For financial institutions and development aid providers, 
developing a taxonomy for decarbonizing the transport industry is a 
growing opportunity to support new investments. Such guidance can 
assist with loans, credits, and guarantees, as well as assisting private 
investors in identifying opportunities for impact investments that meet 
sustainability objectives or meet the Paris Agreement’s climate targets.

5.8 Conclusion
One-quarter of the Asian region’s energy-related GHG comes from 
transport due to the high amount of fossil fuel used. Efforts to decarbonize 
the transport sector are now greater than ever in the developing countries 
of Asia with ambitious targets set for the electrification of vehicle fleets 
and replacement of gasoline fuels with biofuels. The scenario analysis 
indicates that a moderate electrification strategy alone will not be 
enough to reduce carbon emissions to the required levels by 2030, and 
a moderate to aggressive electrification strategy combined with hybrid 
promotion will have the greatest impact on decarbonization. 

The cost of decarbonization options and measures varies by country 
because they require a combination of additional energy, transportation, 
and industry infrastructure investments. While multiple funding 
channels are available, funding gaps for transport decarbonization are a 
significant roadblock to meeting decarbonization targets and ambitions. 
Innovative finance can help in achieving the scale needed to fund 
transport decarbonization. These include climate bonds, asset recycling, 
and carbon pricing.

The road map for decarbonizing the transport sector and meeting 
the 2030 time line will not be easy. The following actions could address 
several technical, market, and financing barriers.

Vision, leadership, and coordinated policies. Changes around 
decarbonization and actions toward net-zero economy may be slow. 
Still, only a few countries in developing Asia have committed to zero-
emissions mobility, with many countries focusing their efforts on phasing 
out fossil fuel and internal combustion engine cars. However, additional 
commitments made in Glasgow at COP26, as well as targets for EVs, can 
only be met with strong political will and integrated policies. Ministries 
of energy, transportation, and industry should work closely with other 
government ministries, including the ministries of environment and 
finance, to scale up incentive schemes for decarbonization.
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Countries need to make the right decarbonization investment 
decisions based on data and evidence. Tools such as the WTW or TTW 
emissions based on a life cycle analysis can help governments make 
better infrastructure investment and policy decisions based on data 
and evidence to achieve low-carbon mobility. Government leaders and 
transport stakeholders also need to be proactive in adapting to shifting 
market demands and needs.

Optimize public and private finance instruments. The existing 
investment gap in transport decarbonization might be viewed 
as either a challenge or an unrealized economic opportunity. As 
transport decarbonization does not affect only one transport mode or 
one stakeholder, comprehensive investment strategies that generate 
synergies across the transport, industry energy, and infrastructure 
sectors are essential. For example, while the electrification of  
private cars has made steady progress, we cannot leave battery 
technologies, biofuels, and charging stations out of the conversation.

Develop a regional policy framework for decarbonization of  
the road sector. The Association of Southeast Asian Nations member 
states and East Asian economies are economically integrated with 
new trade and investment agreements and infrastructure connectivity 
programs. They must, however, construct a decarbonization policy 
framework that resonates with all policy makers and can be implemented 
regionally. It is necessary to assist nations in integrating transportation 
mitigation targets and policies into their NDCs, as well as to support 
substantial demonstration projects that demonstrate that mobility and 
zero emissions are compatible.
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6.1 Introduction
The Asia and Pacific region accounts for almost 60% of the total global 
human population1 and has the largest agricultural production share. 
With large areas under rice cultivation, increased use of synthetic 
fertilizer, and increased livestock production, this region substantially 
contributes to global greenhouse gas (GHG) emissions from the 
agriculture sector (FAO 2020). Over the last 5 decades, the regional 
emissions from agriculture (crops and livestock) have increased by 
144% (i.e., from 1,006 million tons of carbon dioxide [CO2] equivalent 
emissions in 1961 to 2,459 million tons of CO2 equivalent emissions 
in 2012) (FAO 2020). Moreover, the demand for livestock products is 
predicted to double in developing countries by 2050 due to population 
growth.

The contribution of agriculture, forestry, and other land use 
(AFOLU) constituted nearly 24% of total global GHG emissions in 2010 
(IPCC 2007, 2014). Of the total global GHG emissions from the AFOLU 
sector in 2010, Asia’s share (i.e., 44%) was the largest (IPCC 2014). 
During the same period, the share of the AFOLU sector in total GHG 

1 UNFPA. Population Trends. https://asiapacific.unfpa.org/en/node/15207 (accessed 
25 June 2022).

https://asiapacific.unfpa.org/en/node/15207
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emissions was relatively much larger in some Southeast Asian countries 
(e.g., 39% in Malaysia, 71% in Indonesia, and 97% in the Lao People’s 
Democratic Republic) (USAID 2017). In addition, Asia includes the two 
most populous and emerging economies of the world, India and the 
People’s Republic of China (PRC), where agriculture is still one of the 
major sectors contributing significantly to their gross domestic product 
(GDP) and also to total GHG emissions (Huang et al. 2019; Aryal et al. 
2020b). Therefore, a clear understanding of GHG emissions from this 
sector and its transformation toward low-emissions development is 
essential to reduce GHG emissions and to avert the worst impacts of 
future climate change. 

Another crucial issue with the AFOLU sector is that it has to address 
the challenges of climate change and the growing demand for food, fiber, 
and wood simultaneously (Smith et al. 2013). Emissions reduction in this 
sector, therefore, needs to be achieved such that the production of food, 
fiber, and wood products that are essential for human consumption is 
not compromised. Looking into future human population growth, 
dietary changes due to economic growth, and climate challenges, it is 
estimated that the total demand for crops and grass could increase by 
35% to 165% between 2010 and 2100 (Bijl et al. 2017). More importantly, 
the global food demand scenarios show a strong increase in animal-
based products, primarily in developing countries (Bodirsky et al. 2015). 
Accordingly, there is a need to assess multiple factors, including demand, 
supply, and other institutional factors, while transforming the AFOLU 
sector into a low-emissions development pathway (Sutton, Erisman, 
and Oenama 2007; Smith et al. 2013; Pradhan et al. 2017; Pradhan, 
Chaichaloempreecha, and Limmeechokchai 2019; Zeng et al. 2020).

The AFOLU sector is one of the major emitters of non-CO2 GHGs, 
mainly nitrous oxide (N2O) and methane (CH4) (Sirohi and Michaelowa 
2007; Chhabra et al. 2013; Zhang et al. 2013; Zhang et al. 2021). Given 
that existing agricultural production practices are more carbon 
intensive, there is a substantial potential to reduce GHG emissions 
from this sector if proper policies to promote the use of less carbon-
intensive production methods are applied (Huppmann et al. 2018; IPCC 
2018). Responsible consumption and preventing food waste and loss can 
contribute immensely to avoiding the GHG emissions from agriculture 
(UNEP 2021a). Therefore, agriculture is one of the critical sectors in the 
climate change solution.

After 1990, the relative share of GHG emissions from the AFOLU 
sector to total GHG emissions (including emissions from energy, 
transportation, industry, etc.) has declined. This is primarily due to the 
more rapid increase in emissions from other economic sectors, such 
as energy and transport, as well as the declining rate of deforestation 
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(FAO and IFA 2001; FAO 2013). Against this backdrop, this study has 
the following objectives: (i) to examine the trend of GHG emissions in 
the agriculture sector, primarily agriculture and livestock; (ii) to review 
the potential to reduce GHG emissions from agriculture and livestock; 
and (iii) to analyze critically how this sector can contribute to both 
climate change mitigation and food security goals simultaneously. This 
study uses data and information from many national and international 
organizations, including the Food and Agriculture Organization of the 
United Nations (FAO), the World Bank, the Asian Development Bank 
and the Asian Development Bank Institute (ADB and ADBI), the United 
Nations Framework Convention on Climate Change (UNFCCC), and 
the Intergovernmental Panel on Climate Change (IPCC). Further, this 
chapter extensively reviews the varied literature on climate change 
and agriculture to examine the challenges and prospects of agricultural 
GHG mitigation in the Asia and Pacific region.2

The remaining sections of the study are outlined as follows. 
Section  6.2 highlights the current status of GHG emissions from the 
AFOLU sector in the Asia and Pacific region. Section 6.3 reviews 
the potential of GHG mitigation from the AFOLU sector, and 
section 6.4 presents the critical analysis and reviews of climate change  
mitigation policies and measures taken to reduce GHG emissions at 
multiple levels, with a focus on attaining both low-emissions agriculture 
(i.e., in line with the United Nations Sustainable Development Goal 
[SDG] of climate action) and also improving food security (i.e., in line 
with the SDG of reducing poverty). Section 6.5 concludes the study with 
some key recommendations. 

6.2  GHG Emissions from the AFOLU Sector  
in Asia and the Pacific

This section presents the total GHG emissions from the AFOLU sector 
from 1960 to 2018 in Asia and the Pacific and compares this with other 
regions of the world. Overall, this section presents the importance of 
reducing GHG emissions from the AFOLU sector to achieve the Paris 
Agreement climate goals of keeping the temperature rise to below 2°C 
and averting the catastrophic impacts of future climate change. 

2 This study follows the definition set by the Asian Development Bank (ADB) while 
defining the region and countries under it. 
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6.2.1 Emissions from Agricultural Activities

Methane Emissions from Paddy Rice
Countries in the Asia and Pacific region are the major producers and 
consumers of rice globally. About 90% of global rice is produced in this 
region, and the region accounts for nearly 87% of global rice consumption 
(Papademetriou 2000). Of the top 10 rice-producing countries globally, 
the first nine countries belong to this region. The PRC is the largest 
producer of rice globally (about 30%), which is followed by India (24%), 
Indonesia (7%), Bangladesh (7%), Viet Nam (5%), Thailand (4%), and 
Myanmar, the Philippines, and Japan (about 1% each). In 2018–2019, the 
PRC produced 148.5 million metric tons of rice and India 116.48 million 
metric tons. As methane emissions from global rice cultivation account 
for almost 50% of all crop-related GHG emissions, Asia and the Pacific 
contributes significantly to global anthropogenic methane emissions 
(Kritee et al. 2018).

Global warming may increase methane emissions from rice paddies 
in the future (van Groenigen, van Kessell, and Hungate 2013; Zhang et 
al. 2020). The PRC’s share of GHG emissions from agriculture is thus 
expected to increase with higher methane emissions from paddy rice 
(Yue et al. 2017). Figure 6.1 presents the methane emissions from rice 
production (in carbon dioxide equivalent, or CO2eq) in Asia and the 
rest of the world. It shows that about 87% of the methane emissions 
from rice cultivation come from Asia.

Figure 6.1: Emissions from Rice Cultivation  
in Asia and the Rest of the World

CO2eq = carbon dioxide equivalent. 

Source: Author’s compilation from FAOSTAT. https://www.fao.org/faostat/en/#home (accessed 
25 June 2022).
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Emissions from Inorganic Fertilizer Use
Inorganic fertilizer use is accountable for almost 30% of N2O emissions 
from the agriculture sector (IPCC 2014). A large quantity of GHGs, 
including CO2, CH4, and N2O, are also emitted during the manufacturing 
and transportation of inorganic fertilizer (Tian et al. 2020; Cui et al. 2021; 
Liang et al. 2021). In total, agriculture contributes around 60% of global 
N2O emissions (Foley et al. 2011). As excessive use of inorganic fertilizer 
in agriculture is a major source of N2O emissions from agriculture  
(Lu and Tian 2017; Aryal et al. 2021a), its proper use is essential for 
achieving climate goals stated in the SDGs and the target of the Paris 
Agreement to remain below a 2°C warming threshold. 

Emissions from inorganic fertilizer vary with management factors 
and variations in climatic and edaphic factors (Chen et al. 2015). The 
loss of applied nutrients into the environment during agricultural 
production results in fertilizer-induced N2O emissions (Sutton, Erisman, 
and Oenama 2007). Almost 60% of the nitrogen pollution that emanates 
from crop production is related to nitrogen fertilizer application 
(Sapkota et al. 2018). In Asia and the Pacific, India and the PRC are the 
largest emitters, responsible for about 70% of total fertilizer-related N2O 
emissions (Lassaletta et al. 2014). The GHG emissions (CO2eq) from 
synthetic fertilizer increased by 9.5 times from 0.0629 gigatons (Gt) 
in 1961 to 0.6005 Gt in 2019, primarily due to an increase in the use of 
synthetic fertilizer in Asia. Until 1990, GHG emissions from synthetic 
fertilizer in Asia were lower than those in the rest of the world, but after 
1990, emissions were greater than in the rest of the world (Figure 6.2). 

Figure 6.2: Synthetic Fertilizer Emissions  
in Asia and the Rest of the World

CO2eq = carbon dioxide equivalent.

Source: Author’s compilation from FAOSTAT. https://www.fao.org/faostat/en/#home (accessed 
25 June 2022).
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Emissions from Burning of Crop Residues
Burning crop residues on farms contributes substantially to CO2 
emissions and air pollution in many countries of Asia (Streets et al. 2003; 
Lohan et al. 2018; Wu et al. 2020; Bajracharya, Mishra, and Maharjan 
2021; Shen et al. 2021). In 2017–2018, nearly 116 million tons of crop 
residue were burned in India, which emitted 176.1 teragrams (Tg) of CO2, 
313.9 gigagrams (Gg) of CH4, and 8.14 Gg of N2O (Venkatramanan et al. 
2021). In 2003, it was estimated that about 110 Tg of crop residue were 
burned in the PRC, which is almost 44 % of all crop residues burned 
in Asia in that year (Streets et al. 2003). GHG emissions from residue 
burnings of rice, wheat, and corn comprise more than 85% of the total 
crop residue burned (Zhang et al. 2019). Figure 6.3 shows that emissions 
from crop residue burning increased from 0.241 Gt to 0.367 Gt over the 
last 6 decades, and the trend of growth is comparatively similar in Asia 
and the rest of the world. 

Figure 6.3: Emissions from Crop Residue Burning  
in Asia and the Rest of the World

CO2eq = carbon dioxide equivalent.

Source: Author’s compilation from FAOSTAT. https://www.fao.org/faostat/en/#home (accessed 
25 June 2022).
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Emissions from Manure Left on Pasture  
and Manure Management
Manure left on pasture and manure management emit large amounts 
of methane and N2O, which jointly account for almost 18% of total 
agricultural emissions in 2018 (almost equivalent to the emissions 
from synthetic fertilizer use in agriculture) (FAO 2020). The emissions 

https://www.fao.org/faostat/en/#home
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factors and inventory from manure management differ by region and 
management system, due to the multitude of microbial activities in the 
manure environment. For instance, in India, methane emissions from 
bovine manure management varied from 0.8 to 3.3 kg head−1year−1, while 
the N2O emissions varied from 3 to 11.7 megagrams (Mg) head−1year−1 

from solid storage of manure (Gupta et al. 2007). In the Asia and Pacific 
region, manure management has become a major problem due to more 
intensive production of livestock (Petersen et al.2013). 

Figure 6.4: Emissions from Manure Applied  
to Soil in Asia and Rest of the World

Source: Author’s compilation from FAOSTAT.
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Figure 6.5: Emissions from Manure Left on Pasture  
in Asia and the Rest of the World

CO2eq = carbon dioxide equivalent.

Source: Author’s compilation from FAOSTAT. https://www.fao.org/faostat/en/#home (accessed 
25 June 2022).
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Figures 6.4 and 6.5 show emissions from manure applied to soil and 
manure left on pasture, respectively in Asia and the rest of the world. 
Manure applied to soil increased from 0.11 Gt in 1961 to 0.16 Gt in 2019, 
while the share of application in Asia increased from 22% to 45%. 
Emissions from manure left on pasture increased from 0.39 Gt in 1961 
to 0.76 Gt in 2019, and Asia is responsible for 69% of the total emissions 
from manure left on pasture.

Emissions due to Irrigation and Other Management Practices
Irrigation, input management practices, and energy use in farm 
operations affect the GHG emissions from agricultural production. 
With the second-largest quantity of irrigated land in the world, GHG 
emissions from irrigation in the PRC significantly influence the global 
mitigation potential. In 2010, it was estimated that agricultural irrigation 
in the PRC emitted 36.72 million–54.16 million tons of CO2 equivalent 
emissions (Zou et al. 2015). Energy used for irrigation is responsible for 
about  70% of total emissions from energy activities in the agriculture 
sector (Wang et al. 2012; Zou et al. 2015). Nevertheless, irrigation 
strategies matter a lot for GHG emissions (Islam et al. 2020; Sapkota 
et al. 2020). Flood irrigation is the major source of methane emissions 
from rice, indicating that reduced irrigation would be an effective way 
to lower methane emissions. Conversely, the rate of CO2 emissions is 
usually higher under low irrigation, while most studies found low N2O 
emissions in continuously flooded irrigation (Sapkota et al. 2020). 
Between 1980 and 2015, the intensification of agriculture increased food 
production in India 2.5-fold and GHG emissions threefold (Benbi 2018).

6.2.3 Emissions from Livestock

Livestock constitutes an integral component of the agriculture sector in 
the Asia and Pacific region, though in varying degrees. It is also a major 
source of GHG emissions. In East Asia, annual methane emissions from 
livestock in 2019 was 13.22 Tg, accounting for an increase of 231% since 
1961 (Zhang et al. 2021). A major reason behind the increasing emissions 
from livestock is the rising demand for meat products in Asia over 
the past 6 decades. Figure 6.6 shows that meat production increased 
4.8  times from 71.4 million tons in 1961 to 342.4 million tons in 2018. 
Asia’s share in global meat production increased from 12.7% to 42% 
during the same period. 
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6.2.4 Emissions from Enteric Fermentation

Emissions from enteric fermentation vary by region, age group, and 
animal breed. Methane emissions due to enteric fermentation is higher 
among ruminant livestock (cattle, buffalo, sheep, and goats) (Chang et al. 
2019). In India, of the total methane emissions from livestock in 2003, 
enteric fermentation constituted nearly 91% (Chhabra et al. 2013). Cattle 
(55%) and buffalo (37%) are the major contributors to GHG emissions, 
and enteric CH4 constituted almost 90% of the total GHG emissions 
from livestock (Patra 2017). 

Figure 6.7 compares the emissions from enteric fermentation 
between Asia and the rest of the world. The emissions from enteric 
fermentation increased 1.5 times from 1.8 Gt in 1961 to 2.8 Gt in 2019, 
and Asia’s share in global enteric fermentation emissions increased from 
29% to 36%.

Figure 6.6: Meat Production in Asia and the Rest of the World 
(million tons)

Source: Author’s compilation from FAOSTAT. https://www.fao.org/faostat/en/#home (accessed 25 
June 2022).
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Feed Management
Feed efficiency is one of the key drivers of productivity, resource use, and 
GHG emissions intensities from the livestock sector; however, it varies 
largely across production systems, animal types, and animal products 
(Herrero et al. 2013). Therefore, application of better feed management 
measures in forage quality, feed processing, and precision feeding can 
help reduce methane emissions and prevent excessive nitrogen release 
into the environment by the livestock sector (Gerber et al. 2013).

Lower-quality feeding practices explain why Asia has the highest 
share of enteric methane emissions compared to other regions in the 
world. For instance, the enteric methane emissions of producing nearly 
46.3% of ruminant milk and meat energy by North America, Eastern 
and Western Europe, and the non-European Union former Soviet states 
in 2005 was only 25.5%. Conversely, in the same year, Asia, Africa, and 
Latin America produced 47.1% of ruminant meat and milk energy, which 
was associated with 69% of enteric methane emissions (O’Mara 2011). 
The livestock sector has a large influence on global nitrogen flows and 
emissions, as it currently emits one-third of current human-induced 
nitrogen emissions (Uwizeye et al. 2020).

6.2.5 Emissions from Forest and Land Use

Deforestation and other land-use changes due to agricultural practices 
are projected to contribute about 17% of total global GHG emissions 
(IPCC 2007, 2014). Forest and other land uses were responsible for about 

Figure 6.7: Emissions from Livestock Enteric Fermentation  
in Asia and the Rest of the World

CO2eq = carbon dioxide equivalent. 

Source: Author’s compilation from FAOSTAT. https://www.fao.org/faostat/en/#home (accessed 
25 June 2022).
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12% of emissions from 2000 to 2009 (IPCC 2014). Analyzing satellite 
observations of gross forest cover loss and a map of forest carbon stocks 
across tropical regions, it was estimated that 0.81 petagrams of carbon 
emissions per year are due to deforestation (Harris et al. 2012). Moreover, 
in the 1990s, the highest level of deforestation occurred in insular 
Southeast Asia, especially in humid tropical regions (Miettinen, Shi, and 
Liew 2011). Given that the forest ecosystems in insular Southeast Asia 
are an area with exceptionally high biodiversity and also with a large 
amount of carbon stored in forested peat lands, deforestation in this 
region has severe consequences for global GHG emissions and climate 
change. Figure 6.8 shows the emissions from net forest conversion to 
other land use in Asia and the rest of the world since 1990.

Figure 6.8: Emissions from Net Forest Conversion  
to Other Land Use in Asia and Rest of the World

Source: Author’s compilation from FAOSTAT. https://www.fao.org/faostat/en/#home (accessed 
25 June 2022).
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6.3 Mitigation Potential in the AFOLU Sector
The AFOLU sector has a large potential to mitigate GHG emissions and 
to sequester carbon in soils. To realize these potentials, we need to adopt 
improved technology in the farming system (Malla et al. 2005; Kahrl 
et al. 2010; Aryal et al. 2015; Hasegawa and Matsuoka 2015; Pradhan, 
Chaichaloempreecha, and Limmeechokchai 2019); better management 
of inputs such as water, energy, and fertilizer (Zhang et al. 2013); improved 
irrigation methods (Wang et al. 2012); better livestock management 
(Mottet et al. 2017; Enahoro et al. 2019); and better institutional 

https://www.fao.org/faostat/en/#home


214 Climate Change Mitigation: Policies and Lessons for Asia

arrangements (Aryal et al. 2020b). In the agriculture sector, livestock 
manure and enteric fermentation represent about 32% of emissions, 
and rice cultivation produces 8% of global anthropogenic emissions 
(UNEP 2021b). In addition to these supply-side mitigation measures 
in the AFOLU sector, the use of demand-side mitigation measures is 
also crucial if the target of keeping the temperature rise below 2°C is to 
be achieved. To achieve low-emissions agricultural development, it is 
essential to address the root cause of agricultural emissions, particularly 
the rising demand for carbon-intensive agricultural products (Dickie et 
al. 2014). Both supply- and demand-side GHG mitigation measures in 
the agriculture sector are discussed.

6.3.1 Supply-Side Mitigation Measures

Mitigation Options in Agriculture
The agriculture sector has a large potential to mitigate GHG emissions 
by employing efficiency-enhancing agricultural practices (Smith et 
al. 2008; Aryal et al. 2020b; Kiran Kumara, Kandpal, and Pal 2020). 
Conservation agriculture, improved agronomic practices, appropriate 
nutrient management, reduced tillage and residue management, water 
management, and agro-forestry are some of the key management 
practices that have GHG mitigation potential (IPCC 2007).

Conservation Agriculture 
Conservation agriculture (CA) is an agricultural practice that combines 
reduced or zero tillage with permanent soil cover and crop diversification, 
including legumes.3 Unlike conventional, tillage-based agricultural 
practices, CA contributes to GHG mitigation by increasing soil organic 
carbon (SOC) (Lal 1997) and also improving soil quality parameters 
compared to conventional agriculture (Page, Dang, and Dalal 2020). Yet, 
some studies report carbon sequestration potential under CA is much 
less than what is usually claimed (Powlson et al. 2014, 2016).

Practicing conventional, tillage-based rice-wheat cropping systems 
on 1 million hectares of the Indo-Gangetic Plains emits about 29 Mg 
CO2year−1, while it would be 14 Mg CO2year−1 if CA is applied to the 
same area of land (Grace et al. 2003). Grace et al. (2012) projected that 
following zero tillage in India’s rice-wheat system could sequester 
44,100 Gg of carbon over 20 years. Shifting from a conventional, tillage-
based wheat production system to a zero-tillage-based wheat production 

3 https://www.fao.org/conservation-agriculture/overview/what-is-conservation 
-agriculture/en/

https://www.fao.org/conservation-agriculture/overview/what-is-conservation-agriculture/en/
https://www.fao.org/conservation-agriculture/overview/what-is-conservation-agriculture/en/
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reduces GHG emissions by 1.5 Mg CO2eq hectare−1 year−1 (Aryal et al. 
2015), and following zero tillage with residue retention helps reduce 
GHG emissions from residue burning (Jat et al. 2021). Nevertheless, 
regional climate variation largely determine the carbon sequestration 
potential of CA (Sun et al. 2020). Residue retention in the CA system is 
crucial to SOC concentration (Zhang et al.2014). 

Site-Specific Nutrient Management
Soil nutrient management is a crucial factor associated with the GHG 
emissions from agriculture and, thus, has massive mitigation potential 
(Lenka et al. 2017). Proper use of chemical fertilizers is crucial to 
nutrient management. Studies on the North China Plain show that both 
cumulative and yield-scaled N2O emissions from maize fields increase 
exponentially if fertilizer-N is applied above the optimum rate (Song et 
al. 2018). Site-specific nutrient management in rice helps reduce global 
warming potential by 2.5%, or about 12%–20% in wheat (Sapkota et al. 
2021). Following nutrient expert (NE)-based fertilizer recommendations 
in the rice-wheat cropping system, India could produce more food with 
less synthetic fertilizer and reduce GHG emissions by about 5.34 Mt 
CO2eq per year (Sapkota et al. 2021). In the northeast PRC, the adoption 
of the NE system in maize production has reduced reactive nitrogen 
losses by 47% and GHG emissions by 37.2% (Wang et al. 2020). Similarly, 
the adoption of NE in rice production has reduced reactive nitrogen 
losses by 10.1% and GHG emissions by 6.6% (Wang et al. 2020).

Laser Land Leveling
Laser land leveling (LLL) helps reduce irrigation water loss and thus 
energy use for irrigation. Compared to traditionally leveled and unleveled 
fields, LLL helps reduce total irrigation duration significantly—by about 
70 h hectare−1 rotation−1 (Aryal et al. 2015). Further, energy use for 
irrigation in the rice-wheat system is much lower in laser-leveled fields 
(almost 754 kilowatt-hour less) compared to traditionally leveled fields 
(Aryal et al. 2015). Given the coal-dependent electricity generation 
system in India, LLL reduces about 0.15 Mg of CO2eq of emissions per 
year if the rice-wheat system is followed in a hectare of land (Gill 2014). 
A study of Cambodia, the Philippines, Thailand, Viet Nam, and India 
showed that LLL saved energy of 3.0–6.9 gigajoules hectare−1,4 thereby 
decreasing GHG emissions by 1,151–1,186 kilograms of CO2eq hectare−1 in 
rice production (Nguyen et al. 2022).

4 A gigajoule is equivalent to 1,000 million joules.



216 Climate Change Mitigation: Policies and Lessons for Asia

Water Management
Water management practices like alternate wetting and drying (AWD) in 
rice, soil-water potential scheduling in crops, and alternative irrigation 
methods such as drip and sprinkler irrigation are crucial in mitigating 
GHG emissions from agriculture, along with maintaining production 
under water stress (Sibayan et al. 2018; Sapkota et al. 2020; Enriquez 
et al. 2021). At the global level, flooded rice accounts for approximately 
12% of anthropogenic emissions from agriculture (Wassmann, Hosen, 
and Sumfleth 2009; Richards and Sander 2014). Although studies have 
shown variations in the reduction of methane emissions under AWD 
practices, most studies agree that it reduces methane emissions. For 
example, IPCC (2006) reports a 48% reduction in methane emissions 
under AWD practices; Richards and Sander (2014) report that it can be 
between 20% and 70%; and LaHue et al. (2016) showed that it reduces 
methane emissions by 60%–87%.

Soil and water potential (SWP) scheduling is another option to 
reduce N2O and methane from rice production. Compared to AWD, 
seasonal N2O emissions were significantly lower in the broadcast-
SWP (by 64%) and liquid fertilizer-SWP (by 66%) treatments (Islam 
et al. 2020). Also, SWP reduced methane emissions by 34%. Water 
management and irrigation intensity considerably affect the GHG 
emissions from intensive vegetable production in the Republic of Korea 
(Kim et al. 2014). The global warming potential per unit of pepper fruit 
yield was reduced by almost 50% in a treatment that maintains soil 
water potential at 50 kilopascals through controlled irrigation. In the 
North China Plain, Mehmood et al. (2021) found that irrigation methods 
and irrigation scheduling levels affect cumulative CO2 and methane 
emissions. Drip irrigation at 60% field capacity reduces global warming 
potential by 9% compared to the other irrigation methods examined 
(Mehmood et al. 2021). 

Agroforestry System
The agroforestry system (AFS) contributes to GHG mitigation by storing 
carbon aboveground in the form of biomass and belowground in the form 
of soil organic carbon (Dhyani et al. 2020; Mayer et al. 2022). Compared 
to coniferous species, an AFS with broadleaf tree species sequesters 
more soil organic carbon (Mayer et al. 2022). Although the carbon 
sequestration potential of AFS can be improved and can vary by climatic 
zones, its basic potential is estimated to be 0.29–15.21 Mg hectare−1 year−1 

(Dhyani et al. 2020). The mitigation potentials of AFS in India and 
Pakistan are 25.4 Mg C hectare−1 and 29.7 Mg C hectare−1, respectively 
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(Sathaye et al. 2001). Under the AFS, carbon sequestration aboveground 
is between 0.23 and 23.55 Mg C hectare−1 year−1and belowground is from 
0.03 to 5.08 Mg C hectare−1 year−1 (Kumar and Kunhamu 2021).

Mitigation Options for Livestock
Improving livestock management can reduce the emissions intensity of 
livestock production (Nugrahaeningtyas et al. 2018). Feed management, 
genetics, and animal health improvements; improved grazing 
management practices; and the use of energy-efficient livestock shelters 
are among the major strategies to reduce GHG emissions from livestock 
(Thornton and Gerber 2010; Thornton and Herrero 2010). Given that 
the livestock sector emits more GHGs to the atmosphere than the 
entire global transport sector (Gerber and FAO 2013; Rojas-Downing 
et al. 2017), improved livestock management is essential to reduce its 
environmental footprint (Tullo, Finzi, and Guarino 2019).

Feed management substantially reduces GHG emissions from 
livestock (Ouatahar et al. 2021). Nutrition and feeding approaches 
can reduce methane per unit of energy-corrected milk by 2.5%–15.0% 
(Knapp et al. 2014). Improved fodder management, along with better 
herd health and genetics, reduces methane intensity by almost 14.6%–
43.2% and also increases milk yield (Habib and Khan 2018). In the case 
of lactating dairy cows, diet management can reduce enteric methane 
emissions by almost 60% (Roque et al. 2019). Similarly, a combination 
of hydrolysable tannin and condensed tannin at a concentration of 1.5% 
dietary dry matter helps reduce methane emissions from beef cattle 
without negatively affecting animal performance (Aboagye et al. 2018). 
Table 6.1 provides some estimates of methane emissions from improved 
feeding practice, dietary additives, and animal breeding. 

Table 6.1: Methane Emissions from  
Improved Livestock Management

Mitigation Potential
Dairy 
Cows

Beef 
Cattle Sheep

Dairy 
Buffalo

Non-dairy 
Buffalo

Improved  
feeding practice

0.04 0.02 0.02 0.04 0.02

Dietary additives 0.01 0.01 0.0005 0.01 0.002

Animal breeding 0.01 0.01 0.001 0.01 0.02

Note: All figures are in Mg CO2 ha−1 yr−1.
Source: Smith et al. (2007a).
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Mitigation Options in Forestry and Other Land Use 
Afforestation, reducing energy use in forestry, and better land-use 
planning are important GHG mitigation strategies. Forster et al. (2021) 
have shown that forest growth rate is crucial in determining cumulative 
mitigation. Non-forested degraded lands and forested degraded lands 
in India account for 93.68 million hectares (mha) and 35.89 mha, 
respectively, so there is a massive potential to sequester increased 
CO2 through massive afforestation programs. For instance, converting 
40 mha of the surplus degraded lands into forest area can mitigate 
approximately 3.32 Gt in the next 50 years (Singh and Lal 2000). 
Afforestation also improves soil organic carbon storage and reduces soil 
erosion (Shi et al. 2015). Edaphic properties and microbial attributes 
induced by land-use change can, however, influence the level of GHG 
mitigation (Chen et al. 2021).

6.3.2 Demand-Side Mitigation Measures

Reduce Food Loss and Waste
Reducing food loss and waste (FLW) can substantially help reduce GHG 
emissions from agriculture (FAO 2018). About 40% of all food produced 
is not consumed by human beings and is either lost or wasted. FLW 
accounts for about10% of global GHG emissions from food production 
(UNEP 2021a). Approximately 1.2 billion tons of food are lost on farms, 
while about 931 million tons are wasted at the retail and consumption 
stages.5

A recent study by Xue et al. (2021) has shown that nearly 27% of 
food annually produced is lost or wasted in the PRC. Their study 
also claims that the land, water, carbon, nitrogen, and phosphorus 
footprints associated with total FLW in the PRC is almost equivalent to 
the total carbon footprint of the United Kingdom. In 2013, South Asia 
and Southeast Asia had the highest FLW-associated GHG emissions. 
Compared with other regions of the world, industrialized Asia has the 
highest FLW and the highest FLW-associated GHG emissions (Guo et 
al. 2020). More interestingly, the household-level average food waste 
(in kilograms per capita per year) is highest among the lower-middle-
income countries (91 kg capita−1year−1), followed by high-income 
countries (79 kg capita−1year−1) and upper-middle-income countries 
(76  kgcapita−1year−1) (UNEP 2021a). This shows that reducing FLW is 

5 https://www.worldwildlife.org/press-releases/over-1-billion-tonnes-more-food 
-being-wasted-than-previously-estimated-contributing-10-of-all-greenhouse-gas 
-emissions

https://www.worldwildlife.org/press-releases/over-1-billion-tonnes-more-food-being-wasted-than-previously-estimated-contributing-10-of-all-greenhouse-gas-emissions
https://www.worldwildlife.org/press-releases/over-1-billion-tonnes-more-food-being-wasted-than-previously-estimated-contributing-10-of-all-greenhouse-gas-emissions
https://www.worldwildlife.org/press-releases/over-1-billion-tonnes-more-food-being-wasted-than-previously-estimated-contributing-10-of-all-greenhouse-gas-emissions
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one of the possible alternatives to reduce GHG emissions. For this, there 
is a need to develop specific programs related to consumer awareness 
about the adverse impacts of FLW on overall human society.

Reduce Demand for Livestock Products  
or High Carbon-Intensity Food
Increasing demand for livestock products is one of the reasons behind 
the higher GHG emissions from agriculture. The contribution of 
livestock to total global GHG emissions is about 10% of global GHG 
emissions, and this reaches almost 18% if lifecycle assessment (i.e., 
including emissions occurring at input levels such as feed production, 
processing, and land-use change, and emissions related to processing 
and transportation) is followed (Gerber et al. 2011; O’Mara 2011; FAO 
2013). For instance, as livestock units in the PRC have more than tripled 
in the last 3 decades, the GHG emissions from this sector have almost 
doubled, and nitrogen losses to watercourses have tripled (Bai et al. 
2021). Such a massive change in the PRC has a global impact on GHG 
mitigation (Yue et al. 2017; Bai et al. 2021; Si, Aziz, and Raza 2021). As 
the production of 1 kilogram (kg) of cattle meat emits nearly 45 times 
more GHGs than producing the same amount of chicken meat,6 shifting 
from high- to low-carbon intensive food can substantially reduce GHG 
emissions. Although it is difficult to apply regulatory mechanisms 
to consumption behavior, it is possible to disseminate knowledge of 
how carbon-intensive food can deteriorate our environment and our 
existence. Some incentive mechanisms for the consumption of low-
carbon intensive food can also be applied.

Reduce Emissions from Overall Food System
Existing food systems are accountable for one-third of global 
anthropogenic GHG emissions, so it is crucial to modify these food 
systems to reduce emissions (Clark et al. 2020). In 2015, food-system 
emissions were estimated to be 18 Gt CO2eq globally (i.e., 34% of global 
GHG emissions) of total emissions, 71% was from agriculture and land-
use change, and the remaining 29% was from supply chain activities 
(Crippa et al. 2021). Household consumption patterns and level of 
economic progress will largely determine the GHG emissions from the 
future food system. Therefore, lifestyle changes, including changes in 
food habits, are crucial to complement low-emissions development 
(Bjelle et al. 2021). 

6 https://www.fao.org/3/cb1329en/online/cb1329en.html#chapter-4

https://www.fao.org/3/cb1329en/online/cb1329en.html#chapter-4
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6.3.3 Cross-cutting Issues

Agricultural Subsidies
The agriculture sector annually receives around $600 billion in 
government support worldwide (Laborde et al. 2021). Although 
agricultural subsidies can have heterogeneous effects on agricultural 
emissions (Guo et al. 2021), they can also incentivize high-emissions 
farming systems. Beef, dairy, and rice are three major agricultural products 
that account for over 80% of agricultural GHG emissions. In many Asian 
countries, the production of these emissions-intensive commodities is 
supported by subsidies and other government supports (Badiani, Jessoe, 
and Plant 2012; Aryal et al. 2015). For instance, the fertilizer subsidy 
policy has led to unbalanced fertilizer use in India, thereby increasing 
N2O emissions from agriculture (Some, Roy, and Ghose 2019; Aryal  
et al. 2021a). Hence, reducing GHG emissions from agriculture requires 
careful management of subsidies and taxes on agricultural inputs (Luo 
et al. 2017).

Better Spatial Targeting and Informed Policy
Improved spatial targeting is essential to achieve GHG mitigation in 
agriculture. In mitigating soil N2O emissions, accurate assessments 
of crop-specific mitigation potentials are crucial. Using modern 
technology such as geo-referenced field observations helps estimate 
precise emissions factors and design better management practices (Cui 
et al. 2021). About 30% of direct soil emissions of N2O can be mitigated 
without compromising food production; however, almost 65% of this 
potential could be achieved in only 20% of the global harvested land 
area, which thus requires a spatially targeted policy for GHG mitigation 
(Cui et al. 2021, 2014; Tian et al. 2020). 

Equitable Access to Improved Technology
Gender, caste, and class play important roles in defining the adoption of 
improved technologies that are crucial to GHG mitigation in agriculture 
(Paudyal et al. 2019; Aryal et al. 2020a, 2021b; Bryan, Kato, and Bernier 
2021). Regional disparity in clean technology has also been raised as 
a critical issue at the 26th United Nations Climate Conference of the 
Parties in Glasgow (COP26). Transferring innovative technologies 
across countries to enhance the efficient use of agricultural resources, 
while acknowledging the need for policies that benefit both climate and 
social-environmental factors, can contribute largely to GHG mitigation 
initiatives in agriculture (Smith et al. 2007b, 2013; Gołasa et al. 2021). 
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6.4  Current Policies and Implications for  
Low-Emissions Agricultural Development

Most countries have now acknowledged the critical role of the 
agriculture sector in mitigating GHG emissions and in achieving the 
target of keeping the global temperature rise below 2°C, as well as in 
attaining several SDGs. This has increased the scope for low-emissions 
agriculture in the Asia and Pacific region. In their nationally determined 
contributions submitted to the United Nations Framework Convention 
on Climate Change (UNFCCC), many countries have mentioned the 
agricultural mitigation potential. This has been reflected in national 
climate policies also. There has been a massive transformation in the 
consideration of the AFOLU sector in international climate change 
negotiations and priorities. At COP11 in 2005, the UNFCCC agreed to 
initiate a program to explore a variety of policy approaches for reducing 
emissions from deforestation and degradation (REDD), which was 
further strengthened in COP13 by considering REDD as an option to 
GHG mitigation in developing countries (Corbera, Estrada, and Brown 
2010). Although the Bali Action Plan adopted at UNFCCC COP13 in 
2007 acknowledged low-emissions development strategies through the 
concept of nationally appropriate mitigation actions (NAMAs), it did not 
mention agriculture specifically, and the NAMAs were discussed more 
as strategies to attain sustainable development (Wilkes, Tennigkeit, and 
Solymosi 2013). Issues related to GHG mitigation in agriculture were 
considered as an agenda for climate action only in COP17 in Durban. 
The UNFCCC’s Subsidiary Body for Scientific and Technological Advice 
included agriculture as an important sector for GHG mitigation in 
COP17, which was further defined in COP21 in Paris, and then in COP23 
in Bonn (Aryal et al. 2020b). Finally, COP23 proved to be a milestone 
in prioritizing agriculture in climate action. It managed to establish 
the Koronivia Joint Work on Agriculture to design new strategies or 
address global climate change adaptation and mitigation actions in the 
agriculture sector (UNFCCC 2017).

Over the years, many countries in Asia have included GHG mitigation 
in agriculture in their climate plans, and some have developed NAMAs 
that explicitly mention GHG mitigation measures in agriculture sectors 
(Wilkes, Tennigkeit, and Solymosi 2013). For example, Cambodia 
included mitigation from the agriculture sector in its National Green 
Growth Roadmap of 2009; the PRC and the Republic of Korea followed 
with the National Climate Change Program (2007–2010) and National 
Strategies for Green Growth (2009), respectively. The Thai Rice NAMA 
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is one of the major initiatives to reduce GHG emissions from rice 
production in Thailand.7 As rice farming in Thailand accounts for almost 
60% of its total emissions from agriculture (i.e., the fourth largest emitter 
of rice-related GHG emissions globally), a shift from conventional to 
low-emissions rice farming could substantially reduce GHG emissions 
from rice in Thailand. The introduction of climate-smart rice farming 
in Viet Nam,8 soil health card schemes for crop nutrient management 
in India,9 and zero increases in chemical fertilizer use in 2020 in the 
PRC (Ji, Liu, and Shi 2020) are some of the crucial steps taken by Asian 
nations toward GHG mitigation in the agriculture sector. In 2015, the 
PRC introduced an action plan proposing the goal of zero growth in 
fertilizer use. To facilitate this goal, the PRC set up a scientific fertilizer 
management technology system that improves fertilizer use efficiency; 
this program has been successful, and chemical fertilizer use in the PRC 
declined from 60.226 million tons in 2015 to 58.59 million tons in 2017 
(Ji, Liu, and Shi 2020). 

Government policies alone cannot solve the problem as expected. 
A glaring example of the policy–practice gap is observed in the case of 
crop residue burning in India (Kaushal 2020). Although crop residue 
burning is a crime under Section 188 of the Indian Penal Code and the 
Air and Pollution Control Act of 1981, a lack of effective implementation 
is apparent across the country (Porichha et al. 2021), which indicates a 
need to explore cost-effective alternatives to burning to manage crop 
residues.

National policies targeting GHG mitigation can have a differential 
impact across economic sectors. For instance, the potential impact of the 
GHG mitigation policies under the nationally determined contributions 
in Indonesia is estimated to reduce GDP by 1.7% by 2030 compared to 
the business-as-usual (BAU) scenario. Furthermore, there are likely to be 
large negative impacts on agricultural GDP in Indonesia (by about 13.4% 
compared to BAU) due to GHG mitigation policies, while the share of 
the energy sector in GDP is more likely to have positive impacts (+3.5% 
compared to BAU) (Malahayati and Masui 2021). Although agriculture 
has the highest potential to follow a path of low-emissions development, 
there are multiple barriers to implementing these strategies (Norse 
2012; Ghosh et al. 2020; Li et al. 2021). 

7 https://www.nama-facility.org/projects/thailand-thai-rice-nama/
8 https://www.cgiar.org/annual-report/performance-report-2020/low-emission 

-technologies-transform-vietnams-rice-sector/
9 Soli Health Card. https://www.soilhealth.dac.gov.in/

https://www.nama-facility.org/projects/thailand-thai-rice-nama/
https://www.cgiar.org/annual-report/performance-report-2020/low-emission-technologies-transform-vietnams-rice-sector/
https://www.cgiar.org/annual-report/performance-report-2020/low-emission-technologies-transform-vietnams-rice-sector/
https://www.soilhealth.dac.gov.in/
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6.5 Conclusion and Way Forward
The agriculture sector in the Asia and Pacific region emits a large 
amount of GHGs. Rice production, use of nitrogen fertilizer, use of 
energy for agricultural production, and livestock production are the four 
major supply-side sources of GHGs emissions from agriculture. Several 
agronomic measures and improved technologies and practices are found 
to have a high potential to make agriculture less carbon intensive on the 
supply side. On the demand side, rising demand for livestock products 
and increasing FLW are key issues for increasing GHG emissions 
from the agriculture sector. Thus, GHG mitigation in agriculture 
needs an assessment agricultural production and agricultural value 
chains and consumption patterns. Although there is huge potential to 
reduce GHG emissions from agriculture, there are crucial challenges 
to monitoring and verifying emissions from supply-side measures. 
Similarly, on the consumption side, though it has very high potential 
to avoid GHG emissions, its effectiveness is more constrained by 
regulatory mechanisms on human consumption behavior. Overall, the 
transformation of agriculture to a low-emissions pathway requires the 
integration of policies at multiple levels to enhance the adoption of better 
agricultural technologies and practices, to encourage consumption of 
less carbon-intensive food, and to reduce FLW.

Achieving low-emissions agriculture requires policy change in 
multiple directions. On the supply side, agricultural policies should focus 
on upscaling climate-smart agriculture, primarily through expanding 
knowledge and improving input use efficiency in agriculture, such as 
through more incentives to use site-specific nutrient management can 
reduce fertilizer use without compromising crop yield. On the demand 
side, dissemination of knowledge on sustainable consumption and 
the use of both regulatory and incentive mechanisms are essential. 
Increasing people’s knowledge and awareness of the adverse impacts 
of their consumption behavior on the natural environment may help 
reduce such behavior. Therefore, governments need to mobilize 
multiple organizations and civil society to transform human behavior to 
food consumption and to reduce FLW along the value chains.
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7

Best Bets for Achieving  
a Carbon-Neutral  

Global Food System
David B. Lobell1

7.1 Introduction
Global annual emissions of greenhouse gases (GHGs) remain far above 
levels needed to meet ambitious climate goals, such as limiting global 
warming to 1.5° or 2°C above preindustrial levels. The role of food 
systems in global emissions is increasingly recognized, with estimates 
typically attributing 20%–30% of total emissions to food-related 
activities (Poore and Nemecek 2018; Crippa et al. 2021; Tubiello 2018; 
Hong et al. 2021). GHG emissions related to food also show little sign of 
declining, with notable increases in the past 2 decades (Tubiello 2018; 
Hong et al. 2021), although to a lesser extent than emissions from fossil 
fuel use.

The growing recognition of the costs of inaction on climate change, 
coupled with the growing recognition of the food system’s role in driving 
emissions, has led to renewed interest by policy makers in ways to reduce 
food’s climate footprint. Added to this is the prospect that revenues from 
reducing or removing emissions could provide a significant boost to rural 
economies, which is often an important mandate for policy makers. For 
example, a simple calculation suggests that if carbon dioxide (CO2) is 
priced at $70 per ton2 and food systems contribute one-quarter of the 
world’s 50 billion tons of CO2 equivalent (CO2eq) of emissions, then 
emissions from food systems represent roughly $1 trillion each year. 

1 The author thanks Nelson Villoria for providing the data presented in Figure 7.4, and 
Tom Hertel, Keith Fuglie, Chaopeng Hong, Steve Davis, and Jen Burney for helpful 
discussions.

2 The cost of a European Union carbon permit in October 2021. Estimates of the true 
social cost of CO2 can be much higher than this value.
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Predictably, there has been a flurry of claims about how different 
actions can help promote a carbon-neutral food system, some more 
grounded in evidence than others. This has led to widespread confusion 
about which actions are truly effective and scalable enough to make 
a meaningful contribution to climate mitigation. The main goal and 
contribution of this chapter is to synthesize the most recent evidence on 
what the most promising directions for policy may be. 

The primary focus of this discussion is on Asia. In several places, I 
present both global and region-specific estimates, and rely on examples 
from the region. However, the international nature of the food system 
makes consideration of any region in isolation of the rest of the world 
a fool’s errand. This is perhaps especially true when the topic is GHG 
emissions, since deforestation looms very large in accounting of emissions, 
and global commodity markets play a key role in driving deforestation 
(Hosonuma et al. 2012; Pendrill et al. 2019). Thus, domestic policies that 
constrain local producers can often cause leakage of emissions to other 
regions. A more positive but equally strong interdependence is seen in 
the positive spillovers resulting from innovation in one region to the 
rest of the world (Fuglie 2018). As innovation will be critical to reducing 
emissions, factoring in these positive spillovers are no less important 
than accounting for negative spillovers like deforestation. 

Although the discussion here focuses on the supply side—that is, 
the systems that produce food and the associated GHG emissions—there 
are also potential policy interventions that can affect the demand side. 
Examples of demand-side policies include renewable fuels standards 
that incentivize ethanol or biodiesel production, subsidies for GHG-
intensive food products (e.g., beef or milk) that inflate demand, nutritional 
guidelines that promote some food groups over others, or industrial 
policies that affect the growth of the alternative protein industry. I 
pay limited attention to these policies here, largely because of space 
constraints. In aggregate, these policies can be an important lever for 
influencing total food system emissions and are largely complimentary 
to the supply side measures discussed here. The focus here on the supply 
side should therefore not be interpreted as a statement on the potential 
importance of demand-side measures, as both will likely be needed to 
achieve ambitious climate goals.

Section 7.2 provides a quantitative overview of emissions from 
food systems, followed by a summary of the potential mitigation 
benefits of different actions deemed to be cost-effective. Section 7.3 
outlines the general market failures that underlie current emissions 
and the associated roles for policy in addressing these market failures. 
Sections 7.4 and 7.5 focus on two issues that in the author’s view are critical 
to implementing cost-effective solutions at scale—the need to verify 
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emissions reductions on farms, and the need to measure the aggregate 
emissions benefits of investments in research and development (R&D). 
Section 7.6 outlines specific priorities for accelerating progress toward 
the goal of net-zero emissions, and section 7.7 presents some brief 
conclusions and policy recommendations. 

7.2  The Contribution of Agriculture to 
Greenhouse Gas Emissions

Most food-related emissions come from agriculture and land use change 
(LUC), the topic of this chapter, with small but non-trivial contributions 
from post-farm gate activities such as transport, processing, and food 
preparations (Poore and Nemecek 2018). Two key difficulties arise when 
attempting to quantify total emissions from agriculture and LUC, both 
of which are often underappreciated. One relates to measurement itself. 
Emissions are distributed across many small emitters, making direct 
measurement of emissions nearly impossible. In addition, the processes 
giving rise to emissions are complex and difficult to model, especially 
when compared to fossil fuel combustion where emissions are directly 
proportional to use. One manifestation of these measurement challenges 
is that different estimates can often disagree. Global nitrous oxide (N2O) 
emissions from agriculture, for example, are reported by the Food and 
Agriculture Organization of the United Nations (FAO) as 2.1 gigatons 
(Gt) CO2eq but estimates from some global models are nearly twice this 
estimate (Tian et al 2020). The recent estimate of the Global Carbon 
Project is a mean of 3.8 Gt CO2eq, with a range of 2.5 to 5.8 Gt CO2eq 
(Tian et al 2020).

A second considerable challenge is that a substantial portion of 
agriculture’s emissions are from methane (CH4), which is a much 
more potent GHG but also much shorter lived than CO2. The average 
lifetime of a newly emitted molecule of CH4 is just 12 years, compared 
to well over 1 century for CO2 and N2O. Many metrics have been 
developed to convert different GHG to CO2-equivalents, the most 
prominent being the 100-year Global Warming Potential (GWP) that 
underlies the standard CO2eq measure. While an extremely helpful 
construct, GWP is often criticized both for overstating the long-term 
and understating the short-term impact of changes in CH4 emissions. 
The recently proposed GWP* metric focuses more directly on the 
rate of change in CH4 emissions, by contrasting current emissions 
with those from 20 years prior (Allen et al 2016; Lynch et al 2020). 
Even if CH4 emissions are positive, atmospheric concentrations (and 
associated effects on climate) can decrease if emissions are below the 
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level needed to “replace” emissions from 20-year prior. This is in stark 
contrast to CO2, where even small emissions will continue to increase 
atmospheric concentrations. 

Notwithstanding these complications, a few stylized facts about 
agriculture’s role in emissions are clear and worth emphasizing. First, the 
primary contribution stems from CO2 emissions associated with LUC, 
followed by CH4 and N2O (Figure 7.1). The relative importance of CH4 
and N2O depends on both issues discussed above, namely measurement 
uncertainties and different lifetimes. Traditional GWP shows CH4 as 
considerably more important than N2O, but GWP* shows them as more 
equal drivers of warming.

Figure 7.1: Greenhouse Gas Emissions from Land Use Activities

GHG = greenhouse gas.

Notes: (a) Total annual GHG emissions (in Gt CO2eq) based on estimates in Hong et al. (2021). Contributions 
of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are shown in colored lines. Solid lines indicate 
values using traditional 100-year global warming potential, and dashed lines represent values using GWP*, which 
treats CH4 differently as discussed in section 7.2. (b) Total emissions in Asia show similar trends and breakdown by 
gas as compared to global aggregates. (c) The share of total Asian contribution to emissions of land-use-related 
GHG and each component gas. While Asia contributes about 40% to each gas, the relative importance of each 
subregion varies with gas.

Source: Hong et al. (2021).
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Second, whereas CO2 emissions from LUC were stable and even 
declining toward the end of the 20th century, expansion of cropland and 
the associated emissions have increased in the past 2 decades (Figure 7.1). 
As emphasized by others (Cassman and Grassini 2020), these trends are 
the predictable result of high food prices in the 2000s that increased 
incentives to cultivate new land or reclaim formerly abandoned land. 
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Third, Asia represents a major source of emissions in all three 
categories, contributing roughly 40% of each of the three main GHGs 
(Figure 7.1b, c). Although the overall contribution of each gas in Asia 
is similar to the global aggregate, marked differences exist between 
different subregions within Asia. In Southeast Asia, emissions of CO2 
associated with LUC dominate the overall land use emissions, whereas 
in South Asia CH4 (associated with both ruminant and rice production) 
is particularly important. East Asia, in contrast, contributes more N2O 
than any of the other subregions, and alone comprises nearly 20% of the 
global agriculturally related N2O emissions. Based on these differences, 
the best strategy for emissions reductions is clearly likely to differ 
considerably for countries within the region.

7.3  Market Failures and Strategies  
to Reduce Emissions

Based on the discussion above, the goal of achieving a carbon-neutral 
agriculture sector will likely include at least three key objectives: to 
greatly reduce CO2 emissions arising from LUC, on-farm emissions 
of CH4, and on-farm emissions of N2O. A fourth objective that is often 
raised is to actively sequester carbon in agricultural soils, using a variety 
of so-called “climate-smart” practices such as no-till or cover cropping 
as well as application of soil amendments such as biochar or crushed 
rock (Beerling et al. 2020; Roe et al. 2019; Griscom et al 2017).  

The key question for policy makers is how to best accelerate progress 
toward achieving these objectives. In general, it is widely acknowledged 
that policy interventions aimed at reducing environmental damage 
must deal with at least two distinct types of market failures (Popp 2010; 
Acemoglu et al. 2012). The first relates to the negative externalities 
caused by human activities, in this case emissions resulting from farm 
activities, for which the costs are borne by the public rather than by the 
individuals or firms causing the pollution. Regulations and taxes are 
the main tools to address this negative externality, and these are often 
accompanied by the formation of markets in which firms can trade the 
right to pollute and thereby lower the overall cost of compliance. In 
carbon markets, firms that actively sequester carbon can also sell credits 
to others seeking to reduce their pollution liabilities. Critical to the 
functioning of such markets is the ability to accurately measure the net 
flow of emissions from individual firms.

A second market failure relates to the positive externalities that 
arise from innovation in green technologies. For example, an inventor 
of a new type of fertilization method that reduces N2O emissions will 
only be able to capture a small part of the overall societal benefits of the 
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new technology, as other firms will be able to learn from and build on 
the innovation. As a result, societies tend to under invest in innovation 
on pollution-reducing technologies despite their public benefit. The 
policy response to this failure is to subsidize R&D for green technologies 
in order to encourage more investment. Several authors have shown 
that such subsidies are critical to reducing the cost and time spent 
achieving climate goals (Popp 2010; Acemoglu et al. 2012), especially 
when combined with regulations and taxes that spur adoption of the 
innovations. 

Policy makers thus play a central role in both (i) defining rules 
that incentivize adoption of existing technological solutions as well as 
further development of new solutions and (ii) directly funding the R&D 
of new solutions. For the first of these to be effective, it is important both 
that cost-effective solutions exist, and that regulators and businesses 
have an ability to reliably and cheaply verify that solutions have been 
properly implemented. If cost-effective solutions are lacking, then effort 
is better spent on funding R&D to develop new technologies. Similarly, 
if verification is difficult, then policy makers should prioritize reducing 
the costs of monitoring, either by funding new monitoring technologies 
or by subsidizing the cost of (otherwise expensive) monitoring systems. 

In this context, this chapter focuses on three key questions before 
identifying priorities for mitigation in agriculture:

I. What is the plausible mitigation potential of existing solutions 
for different sources of agricultural emissions? 

II. What are the prospects for verifying the adoption of these 
solutions at the level of individual actors (e.g., farmers or 
ranchers)?

III. What is the historical return on R&D in terms of agricultural 
mitigation, and what does this imply for future investments in 
R&D?

7.4  Cost-Effective Potential of Different Solutions
Many studies in recent years have attempted to compile estimates of 
mitigation potential for specific activities related to land management, 
both globally and for specific regions (Roe et al. 2019; Griscom et al. 
2017; Roe et al. 2021). These activities are alternatively referred to as 
land-based solutions, nature-based solutions, natural climate solutions, 
or agriculture, forestry, and other land use (AFOLU) mitigation. Here I 
rely primarily on the recent study of Roe et al. (2021), which includes 
both global and national estimates and distinguishes total potential 
from cost-effective potential—defined as solutions that would cost 
under $100 per ton of CO2eq to implement. As Roe et al. (2021) state, 
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cost-effective potentials “represent a more realistic and actionable 
target grounded in public willingness to pay for climate mitigation, and 
therefore, are more relevant in policy-making than technical potentials.” 
Accordingly, I focus on these estimates and do not discuss those for total 
biophysical potential.

Table 7.1 presents some selected values from Roe et al. (2021) for 
global estimates as well as totals for the Asia region, which includes the 
developing Pacific countries. Globally, the total cost-effective potential 
is estimated as 13.8 Gt CO2eq per year, or roughly one-quarter of total 
global GHG emissions. Notably, this value is nearly equivalent to the 
total current emissions from agriculture shown in Figure 7.1, suggesting 

Table 7.1: Summary of the Potential for Different  
Approaches to Land-Based Mitigation

Main Categories Selected Subcategories

Cost-Effective Potential  
(Gt CO2eq per year)

Global Asia

All land-based 13.80 4.75

Forests and other 
ecosystems

6.58 1.92

Protect 3.84 1.02

Manage 0.93 0.25

Restore 1.81 0.64

Agriculture 5.33 2.04

Reduced enteric 
fermentation

0.10 0.03

Improved manure 
management

0.09 0.03

Improved rice production 0.17 0.15

Improved nutrient 
management

0.22 0.16

Cropland soil  
carbon storage

0.92 0.34

Agroforestry 1.12 0.37

Biochar 1.82 0.79

Demand-side 1.89 0.80

Notes: Cost-effective is defined as costing less than $100 per ton of CO2eq mitigation. Potentials are 
shown both for the global total and for the Asia and developing Pacific region.
Source: Based on synthesis of cost-effective measures by Roe et al. (2021).
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that implementation of all cost-effective measures could make the sector 
carbon neutral.

Nearly half (48%) of this potential is associated with forests and 
other non-agricultural ecosystems, with protection of existing forests 
being the single biggest mitigation measure. This finding is consistent 
with the observation that CO2 from LUC is currently the biggest source 
of total agricultural emissions (Figure 7.1). Actions within agricultural 
lands represent 38% of the total cost-effective potential at the global 
scale, with biochar and agroforestry judged to be the two biggest 
potential measures within agriculture. Demand-side measures, which 
include changes in diets and reducing food waste, represent a smaller 
but non-negligible 10% of total potential. As with current emissions, the 
picture for mitigation potential in Asia is similar to the world. Roughly 
35% of mitigation potential is identified in Asia, only slightly less than its 
40% contribution to current global agricultural emissions. 

Whereas CH4 emissions were a substantial fraction (around 30%) 
of total agricultural emissions (Figure 7.1), they represent a small 
share of the estimated cost-effective potential. Specifically, the sum 
of measures to improve enteric fermentation, manure management, 
and rice emissions amount to roughly 0.36 Gt CO2eq per year, which 
is less than 3% of the total cost-effective potential for the land sector. 
These numbers highlight the difficulty of reducing CH4 with current 
technologies, in part because most of the world’s ruminant production 
is dispersed and not amenable to the type of interventions possible in 
industrial systems, such as feed alterations or methane capture. Other 
estimates of CH4 mitigation potential are somewhat higher, with Smith, 
Reay, and Smith (2021) reporting roughly twice the potential at $100 per 
ton CO2eq. Yet even this doubling would not represent a substantial 
fraction of current CH4 emissions. As Nisbet (2020) points out, other 
sectors provide considerably more low-cost potential to reduce CH4 
emissions than agriculture. 

Similarly, only a fraction of N2O emissions associated with 
agriculture are deemed to be cost-effective to eliminate with current 
technologies. Improved nutrient management is estimated to deliver 
0.22 Gt CO2eq per year globally, with much of that potential (0.16 Gt 
CO2eq per year) from Asia. These numbers represent roughly 10% of 
global agricultural N2O emissions, or 20% for Asia. 

In most estimates, including Roe et al. (2021), the bulk of on-farm 
mitigation potential comes not from reducing CH4 or N2O emissions 
but from increasing soil carbon. Adding biochar to soils and increasing 
tree cover within agricultural lands are each estimated to provide well 
over 1 Gt CO2eq per year for carbon prices up to $100 per ton CO2eq.  
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Not included in these estimates is the additional potential to add 
crushed rock such as basalt to soils to enhance CO2 storage through rock 
weathering. A recent assessment (Beerling et al. 2020) suggests that 
net CO2 removal (i.e., after accounting for emissions associated with 
the energy needed for extraction, grinding, distributing, and spreading) 
could reach as much as 2 Gt CO2eq per year, with costs below $200 per 
ton CO2eq in most countries and below $100 per ton CO2eq in several 
countries, including India. 

One message from current assessments is that reducing on-farm 
emissions of CH4 and N2O is expensive relative to sequestering carbon 
in trees or soils. Potential reduction in CH4 and N2O is therefore a small 
fraction of the overall cost-effective mitigation potential. Again, it is 
worth emphasizing that the above discussion pertains to estimates that 
consider current cost curves associated with current technologies. As 
more investment and experience accrues, the costs would decline and 
thus the mitigation potential for a given carbon price would increase. 

7.5 Monitoring and Verification 
As mentioned, designing effective regulatory and market approaches 
to emissions reductions requires an ability to either directly measure 
emissions from individual firms, or to accurately measure practices 
that can be reliably used to estimate emissions. In policy design 
discussions, these approaches are sometimes referred to as results 
based or actions based, respectively (COWI, Ecological Institute, and 
IIEP 2021). 

Results-based schemes are attractive because they directly target 
the outcome of interest. At the same time, they are often infeasible 
because of an inability to measure the relevant outcomes cheaply 
and accurately at the spatial scales of individual decision makers. An 
additional downside of results-based schemes is that farmers can be 
penalized for changes in outcomes due to factors outside of their control, 
such as weather or pest infestations. Actions-based schemes can help to 
reduce these problems but can be limited when the effects of specific 
actions vary a lot depending on local context. Hybrid schemes, which 
link part of overall payments to actions and part to results, provide a 
middle ground between these two options (COWI, Ecological Institute, 
and IIEP 2021). 

Here I discuss the prospects for monitoring both results and actions 
related to each of the four objectives: reducing CO2 emissions from 
LUC, reducing on-farm CH4, reducing on-farm N2O, and enhancing 
soil carbon. I argue that, with some important exceptions, accurate 
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measurement at the scale of individual actors (i.e., farms) will remain 
very difficult for the foreseeable future. This challenge exists for three 
fundamental reasons: (i) measurements of the gases themselves are still 
limited (although improving) at the scale of individual farms; (ii) the 
biogeochemical processes governing the release of on-farm CH4 or N2O 
or build up of soil carbon are very complex, which can result in very 
loose relationships between most actions and the resulting emissions; 
and (iii)  many of the practices that consistently result in reduced 
emissions, such as split application of fertilizers, are themselves hard to 
measure across large numbers of farms. 

The next section focuses on prospects for measuring GHG fluxes 
themselves, before turning in the following section to measuring specific 
practices thought to be associated with GHG fluxes. 

7.5.1 Monitoring GHG Fluxes from Individual Firms

I take as a starting point the assumption that sampling of CO2, CH4, 
or N2O gases at the ground level would be an intractable approach for 
monitoring emissions in agriculture, given the millions of locations 
involved. It is plausible that ground-based approaches will someday 
become cost-effective, for instance if companies promising rapid 
measurement of soil carbon are successful. Measurements at tall towers 
may also play some role for monitoring, particularly in the vicinity of 
large point sources such as confined animal feedlot operations but are 
also unlikely to be cost-effective in most situations. Therefore, I focus 
on the ability to measure GHG fluxes remotely, by utilizing sensors on 
airplanes, satellites, or perhaps other platforms such as drones or hot air 
balloons. 

Remote measurement of gas concentration utilizes the fact that 
gases interact with light at specific wavelengths. Spectrometers designed 
to measure the light reflected from the Earth at key wavelengths can 
therefore provide relatively precise measures of gas concentrations 
in the atmosphere. For CO2 and CH4, there are sufficiently strong 
absorptions in the solar spectrum to facilitate measurement, and these 
measurements have been available from satellite sensors in some form 
for over two decades. These data have been widely used for a variety of 
purposes, including to understand broad patterns of sources and sinks 
of GHG. For example, comparisons of the spatial and seasonal patterns  
of CH4 in satellite data with rice paddy areas and seasons has been 
used to understand the contribution of rice to CH4 budgets and trends 
in India (Ganesan et al. 2017) and the People’s Republic of China (PRC) 
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(Zhang et al. 2020). However, the spatial resolution of these sensors is 
typically much too coarse to resolve emissions from individual point 
sources. 

Recently, efforts have intensified to monitor CH4 emissions at 
high spatial resolution. For example, an airborne spectrometer flown 
over California over a 2-year period identified CH4 fluxes from over 
500 point sources, including 26% associated with dairies (Duren et al. 
2019). The MethaneSAT instrument, led by the Environmental Defense 
Fund in the United States and planned to be launched in late 2022, 
will provide similar capabilities from space, with a spatial resolution 
of roughly 100 meters. Therefore, remote measurement of large point-
source emitters should be possible in the near term, and this will almost 
certainly be useful in the case of confined animal feedlot operations. 
Whether satellites prove useful for detecting the smaller magnitude of 
emissions typical for the more diffuse animal operations in Asia, or for 
emissions from rice fields, remains an open question.

In contrast to CO2 and CH4, direct measurement of N2O from 
satellite is not currently plausible even at coarse resolution, because N2O 
does not have strong absorption features at wavelengths with significant 
solar radiation (about 400–2,500 nanometers). Some recent work has 
used a combination of real-time airborne gas sampling and inverse 
modeling to estimate surface emissions of N2O, with some potential 
to discriminate high-emitting fields (Gvakharia et al. 2020). However, 
direct monitoring of N2O from remote sensing is unlikely to be available 
in the next decade. Therefore, monitoring efforts must focus on specific 
practices associated with reduced N2O flux.

7.5.2 Monitoring Practices Associated with GHG Fluxes

Land Use Change
As mentioned, the single biggest contributor to GHG fluxes from 
agriculture is CO2 emissions associated with the conversion of native 
ecosystems into new agricultural land (Figure 7.1). Fortunately, 
monitoring of LUC is one of the most mature applications of satellite 
remote sensing. Efforts such as the Global Forest Watch provide real-
time monitoring of forest loss down to very fine special resolutions 
and include estimates of CO2 loss associated with the detected LUC 
at both local and national levels. As new satellites and associated 
data products improve, these estimates of LUC emissions are likely 
to advance even further. For example, an important current source of 
uncertainty is the carbon uptake associated with ecosystem regrowth on 
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abandoned agricultural lands (Harris et al. 2021). New instruments to 
measure aboveground biomass, such as the Global Ecosystem Dynamics 
Investigation should help to reduce these and other uncertainties 
(Dubayah et al. 2020).

Methane
The most relevant practices associated with CH4 emissions relate to 
ruminant husbandry and rice cultivation, because the main sources 
of CH4 associated with agriculture, both globally and within Asia, are 
from just two processes: enteric fermentation in ruminant animals 
and anaerobic soil emissions in rice systems (Figure 7.2). As a global 
average, roughly three-quarters of all CH4 emissions comes from 
enteric fermentation of ruminants, with a similar proportion in South 
Asia and Oceania. Rice cultivation contributes roughly 20% globally 
but with a higher percentage in East Asia (about 40%) and Southeast 
Asia (about 60%). 

Figure 7.2: Percentage of Total Agricultural Methane (CH4) 
Emissions from Each Source Activity

Note: More than 70% of CH4 emissions globally and in South Asia and Oceania are from enteric 
fermentation in ruminants. The percentage is significantly lower in East Asia and Southeast Asia, 
where rice cultivation plays a more important role. 

Source: Data correspond to 2019 and are obtained from FAOstat (faostat.fao.org) (1 November 
2021).
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As mentioned, few cost-effective practices currently exist to 
dramatically reduce enteric fermentation emissions. Historically, 
emissions per kilogram of product have declined as the result of general 
efficiency gains associated with new cattle breeds and greater growth 
rates and slaughter weights. For example, in the PRC, GHG emissions 
per gram of animal protein in 2010 was less than half what it was in 
1980, although total emissions more than doubled over that period as 
total production nearly quintupled (Bai et al. 2018).

Several practices to reduce per animal emissions are currently 
being researched and may gain traction in the future as the technologies 
mature and policy incentives increase. These include feed additives such 
as synthetic CH4 inhibitors or red seaweed, breeding for low-emission 
animals, and vaccination against rumen methanogens (Roque et al. 2021; 
Reisinger et al. 2021). 

For rice production, the most widely recognized practice used to 
reduce CH4 emissions is alternate wetting and drying (AWD) of the soil 
to reduce the amount of time that the system experiences anaerobic 
conditions. For example, changes to flooding practices in rice systems 
are already recognized as a compliance offset project within California’s 
cap-and-trade program. A recent meta-analysis of experiments in 
Southeast Asia reported an average 35% decline in CH4 emissions from 
AWD (Yagi et al. 2019). Yet other studies have cautioned that AWD also 
often leads to increases in N2O fluxes (Kritee et al. 2018) and reductions 
in soil carbon (Shang et al. 2021). Thus, AWD is an example of how 
complex biogeochemical processes can cause imperfect links between 
practices and GHG reductions. 

One appeal of AWD as a mitigation strategy is that the ability 
to remotely monitor the practice is quickly improving. Radar 
measurements from the European Space Agency’s Sentinel-1 sensors 
have shown promise for mapping AWD in Viet Nam (Lovell 2019; Phan 
et al. 2021). Integrating these methods into verification protocols will 
likely require more research—for instance, inundation status gets harder 
to detect toward the end of the season when crops are fuller in size 
(Phan et al. 2021) and yet these stages may be important for determining 
net GHG impact. Overall, though, changes in rice cropping practices are 
likely to be much easier to verify remotely than any changes in animal 
management practices.
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Nitrous Oxide
Practices relevant to N2O pertain mainly to the use of fertilizers (both 
synthetic fertilizer and manure), although practices related to residue 
and manure management are also important in some cases (Figure 7.3). 
Globally, roughly 40% of all agricultural N2O is from fertilizer use on 
cropland (with three-fourths of that from synthetic fertilizer), with 
another 40% associated with manure on grazing lands. These numbers 
are also representative of most Asian countries, although synthetic 
fertilizers play an even larger role in East Asia (Figure 7.3). 

Figure 7.3: Percentage of Total Agricultural Nitrous Oxide (N2O) 
Emissions from Each Source Activity

Note: Emissions from synthetic fertilizers and manures on cropland or pasture account for the bulk 
of N2O emissions globally and in all Asian regions.

Source: Data correspond to 2019 and are obtained from FAOstat (faostat.fao.org) (1 November 
2021).
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As observed N2O fluxes are higher on acidic soils, efforts to raise 
soil pH can also result in significant reductions in N2O, for instance 
following application of lime or crushed basalt (Wang et al. 2021; 
Blanc-Betes et al. 2021). Application of biochar has also been found to 
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reduce N2O, by as much as 38% on average in a recent meta-analysis 
(Borchard et al. 2019), through a combination of mechanisms including 
increasing soil pH. 

The practices mentioned above, with the exception of biochar 
application, are extremely difficult to monitor. While research may 
improve the situation, it therefore appears risky to rely on any market-
based or regulatory approach to N2O that requires verification of farmers 
uptake of specific practices. 

On-farm Carbon Sequestration
Conversion of native ecosystems to agriculture historically resulted in a 
large loss of CO2 to the atmosphere, and a litany of practices have been 
studied for their ability to rebuild carbon stocks in the cropping system. 
Many of these focus on rebuilding soil carbon, either through practices 
such as using reduced tillage and cover cropping or by adding external 
sources of carbon such as biochar or crushed basalt. Agroforestry 
instead focuses on rebuilding woody biomass in trees or shrubs within 
agricultural landscapes. 

As with methods to reduce CH4 and N2O fluxes, methods to increase 
soil carbon tend to exhibit large variability in their effectiveness because 
of many complex interactions with local conditions. Two additional 
factors often complicate analyses of the effectiveness of on-farm carbon 
sequestration. First, many of these practices can also affect CH4 and N2O 
fluxes, which can either counteract or enhance the mitigation benefits. 
For example, cover cropping and no-till have been associated with 
increased N2O fluxes, whereas biochar applications appear to reduce 
N2O flux. Second, soil carbon accumulation can be easily reversed if the 
practices are discontinued, leading to concerns about the permanence 
of the mitigation benefit. Although these concerns can be addressed in 
market design (e.g., through the use of discounts or buffer reserves), 
they also mean that the estimates of cost-effective potentials in Table 7.1 
are likely an upper bound on their potential contribution (Bossio et al. 
2020).

For some of the practices related to building soil carbon, approaches 
to successfully monitoring their implementation have already been 
established in some settings. These include mapping adoption of 
no-till (Azzari et al. 2019), cover cropping (Seifert et al. 2018), and 
increasing tree cover (Chapman et al. 2020). Additional methods 
development is likely needed for robust application across the world, 
but it appears a safe bet that verification of these practices will be 
feasible. Other practices, including large scale applications of biochar 
or crushed basalt, should also be feasible to monitor from satellites 
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given the distinct change in soil color likely to occur upon application, 
although limited research has been done to date. Some practices aimed 
at raising soil carbon, such as adding legumes to pasture species mixes, 
present a more difficult challenge for remote verification.  

7.5.3 Returns on R&D in Agriculture

Here I consider whether public subsidies for R&D are likely to be 
effective in reducing agricultural emissions. Is there evidence, for 
instance, that past investments in new technologies have helped to 
reduce emissions from the sector? A longstanding literature on the 
returns from public and private investments in agricultural R&D has 
shown large positive returns for a range of outcomes, including crop 
yields and total factor productivity (Pardey et al. 2018; Fuglie 2018). Of 
interest here is whether this evidence would also imply that returns in 
terms of GHG reductions are likely to be high. Historically, very few 
R&D efforts have had an explicit goal of reducing GHG emissions, and 
I am not aware of any studies attempting to evaluate the returns on 
these specific investments. At the same time, many efforts have focused 
on reducing the amount of fertilizer and pesticide inputs for a given 
output. Indeed a large fraction of total factor productivity growth in 
developed countries has come from increasing output with constant 
inputs (Fuglie 2018). Given the strong dependence of N2O fluxes on 
excess nitrogen, as discussed in section 7.5.2, it is likely that many R&D 
investments have already helped to reduce on-farm emissions, even if 
that was not their aim. 

More importantly, past R&D efforts have led to large yield increases, 
and these yield changes, when aggregated over large areas, are one of the 
most important determinants of large-scale LUC. Several studies have 
attempted to estimate the net CO2 emissions that result from investment 
in agricultural R&D, by linking models that describe the effects of R&D 
on yields, the effects of yields on LUC, and the effects of LUC on CO2 
emissions. These studies (Burney, Davis, and Lobell 2010; Lobell, Baldos, 
and Hertel 2013; Stevenson et al. 2012; Villoria 2019) have supported a 
few broad conclusions.

First, the aggregate impacts can be large. As already noted, CO2 
emissions associated with LUC are the biggest single contributor to 
agricultural emissions (Hong et al. 2021), and yield changes are a major 
driver of LUC at the global scale. Villoria (2019), for example, estimates 
that global LUC emissions for 2001–2010 would have been up to 70 Gt 
CO2 higher over that period in a counterfactual where productivity was 
stagnant over the same period.



Best Bets for Achieving a Carbon-Neutral Global Food System 253

Second, the cost-effectiveness of these investments is very favorable 
compared to many alternative approaches to reducing emissions. 
Table 7.2 summarizes literature estimates of the return on R&D in terms 
of cost per metric ton of CO2 saved (Burney, Davis, and Lobell 2010; 
Lobell et al. 2013; Fuglie et al. 2022). Even the high end of the range 
reported in Table 7.2 are well under $100 per ton of CO2eq. 

Table 7.2: Estimates of the Effective Cost of Avoiding CO2 Emissions 
via Investments in Agricultural Research and Development 

Study
Time 

Period Method

Estimate 
of $/ton 

CO2 Notes

Burney  
et al. 
(2010)

1961–
2005

CO2 from simple 
counterfactuals of LUC 
in absence of yield 
progress

For cost of yield gains, 
assumes 70% of R&D 
devoted to yields, 1/3 of 
yield gains from R&D

$4–$8 Estimate for past 
investments, using 
counterfactual land use 
scenarios

Lobell  
et al. 
(2013)

2006–
2050

Based on SIMPLE 
Model 

Uses elasticity of crop 
total factor productivity 
with respect to R&D

$11–$22 Estimate for future 
investments, distributed 
across the world in 
order to offset climate 
damages in each region

Fuglie  
et al. 
(2022)

2020–
2050

Based on SIMPLE 
Model 

$56 605B in extra R&D over 
20-year period

Spending only in lesser 
developed countries 
(LDCs), no protection 
of carbon rich lands

Fuglie  
et al. 
(2022)

2020–
2050

Based on SIMPLE 
Model 

$11 Spending only in LDCs, 
with protection of 
carbon rich lands

Fuglie  
et al. 
(2022)

2020–
2050

Based on SIMPLE 
Model 

$37 Some spending in 
developed countries, 
no protection of carbon 
rich lands

CO2 = carbon dioxide, R&D = research and development, SIMPLE = Simplified International Model of 
agricultural Prices, Land Use and the Environment.
Sources: Taken from peer-reviewed literature.
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Third, the local (i.e., in-country) emissions impact of innovations 
that emerge from R&D can differ considerably from the effects in 
other regions. Specifically, yield increases can often lead to local land 
expansion by increasing the profitability of growing a particular crop. 
The degree to which this happens depends on the degree to which the 
local markets are connected to international demand, the responses of 
both consumers and producers around the world to the price changes 
associated with the innovation, and the local availability of new 
cropland (Hertel 2018). In countries in Latin America, for example, 
which are closely integrated into international markets and where 
land that can be converted to new cropland is relatively abundant, 
local innovations can lead to significant increases in local emissions 
(Villoria 2019). In other countries, including many in developing Asia, 
local innovations typically lead to reduced pressure on land expansion 
and thus emissions savings. 

Figure 7.4: The Impact of Total Factor Productivity Increases over 
2001–2010 in Each Region on Cropland Expansion

US = United States. 

Note: The label on the horizontal axis shows the region of total factor productivity (TFP) change, and the 
bars for that region indicate the impact of that TFP change on each other region, as well as the region itself. 
In many regions (e.g., Southeast Asia), local TFP gains lead to local land expansion, as agriculture becomes 
more profitable, but also to contraction of agriculture in other regions that outweighs the local expansion. 
In other regions (e.g., Developing Asia), TFP gains lead to land-saving in all regions, including the region of 
TFP growth. Countries for Asian regions are as follows. Developing Asia: Bangladesh, the PRC, India, Nepal, 
Pakistan, Sri Lanka; Southeast Asia: Indonesia, Lao People’s Democratic Republic, Malaysia, Philippines, 
Thailand, Viet Nam; Oceania: Australia. 

Source: Data taken from Villoria (2019).
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Regardless of the local effects, innovations nearly always lead 
to significant land savings in other regions, and these savings tend to 
dominate any local effects. Figure 7.4, adopted from Villoria (2019), 
shows the estimated impact of total factor productivity (TFP) gains in 
different regions for 2001–2010 on cropland area, using models that 
account for the various factors discussed above. Regions such as Canada 
and the United States, Europe, and Latin America show sizable in-
country expansion associated with the TFP gains, but all these regions 
also show even bigger declines in area outside of the country where the 
gains occurred.  

In Southeast Asia and Oceania, local TFP gains also lead to some 
local expansion but net-saving at the global scale, since out-of-country 
effects again more than compensate for the in-country effects. In 
Developing Asia, which includes the PRC and most of South Asia, even 
the local effects are net land saving, because these countries tend to 
have less room for local land expansion as well as lower exposure to 
international trade than other regions (Villoria 2019).

If these investments are so attractive for reducing GHG emissions, a 
reasonable question is why they have not played a more prominent role 
in national climate mitigation plans. A key conundrum, as mentioned, 
is that the emissions benefits are most often realized outside of the 
country in which the investments and resulting innovations occurred. 
For example, if R&D in the PRC leads to significant gains in local soybean 
production, which then leads to a reduction in global export prices for 
soybean and palm oil, which then leads to reduced deforestation in 
Brazil and Indonesia, which country deserves credit for the avoided 
emissions? In most accounting schemes, countries are only responsible 
for—and only receive credit for—emissions reductions within their 
own territories. The nationally determined contributions (NDCs) that 
underlie the Paris Agreement, for example, typically include a large 
role for reducing emissions from LUC (Grassi et al. 2017) but these only 
pertain to domestic emissions. In this scheme, a country would not 
get credit for innovation that contributes to a significant lowering of 
global food prices that reduces pressure on LUC around the world. In 
many ways, this domestic emphasis is sensible, in part because credit 
for progress in other countries could easily lead to double counting of 
emissions reductions. Nonetheless, it leads to diminished incentives to 
pursue an effective strategy from the global perspective.

In summary, agricultural R&D results in large and cost-effective 
reductions in global emissions, yet at the same time nearly all these 
reductions occur outside of the country from which the R&D investments 
are made. The domestic effects of innovation are often very small and can 
even be net positive, with emissions higher than they would have been 
without the innovation, especially for countries that are well integrated 
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with global markets. This situation creates a dilemma that has not yet 
been solved. One partial solution could be for countries to receive credit 
toward their NDCs for donations to multilateral R&D organizations 
such as the Consortium of International Agricultural Research Centres. 
However, this would only cover a small fraction of potential global R&D, 
and not necessarily the type of R&D that is most effective for reducing 
global LUC. 

7.5.4 Best Bets for Large-Scale Mitigation

Given the above discussion, what areas deserve priority from policy 
makers? Here I first outline a few principles or criteria that, in my view, 
should be used when identifying priorities. I then highlight specific 
areas that deserve the focus of the policy community.

Key Criteria
Scale: First and foremost is the question of whether the proposed action, 
if successful, would result in significant climate benefits. As shown in 
Table 7.1, some actions are estimated to have much more potential than 
others. Of course, Table 7.1 refers only to global and regional potentials, 
and it is possible that an action for an individual country could rank 
much higher or lower locally than it does globally. 

Cost-effectiveness: Agriculture is just one of many sectors in which 
mitigation needs to occur, and governments and businesses need to 
allocate scarce resources across many potential mitigation efforts. Some 
agricultural actions provide opportunities at much lower cost than 
others, and these lower-cost options should be prioritized.

Feasibility: Actions with large potential impact at relatively low cost 
could still fail for other reasons. One point emphasized in section 7.4 is 
that an inability to verify whether the action was taken could hamper 
markets that incentivize such actions. This could be considered another 
aspect of cost, in that an action that is difficult to monitor will involve 
large transaction costs that are typically not included in estimates of 
cost-effectiveness. Another key aspect of feasibility is whether the 
action has significant risks or co-benefits outside of mitigation which 
would hamper or accelerate its adoption. Fortunately, many mitigation 
actions present substantial benefits for soil health, crop and animal 
productivity, and rural livelihoods. These co-benefits should be factored 
into priority setting alongside issues such as scale and cost.

Time scale: A final criteria is how long it will take to realize the benefits 
of an action. On the one hand, given the urgent need for mitigation, 
actions that can leverage existing infrastructure and expertise should be 
preferred to those that require entirely new supply chains. For example, 
proponents of adding ground basalt to agricultural soils point out that 
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rock crushing machinery is already widespread in some countries and 
farmers already have practice in spreading limestone to control soil 
acidity (Beerling et al. 2018). On the other hand, policy makers should 
also ensure that longer-term investments needed in research and 
development are not completely neglected, as these will play a key role 
in lowering costs and increasing mitigation potential.

7.6 Priority Areas

7.6.1 Protecting Forests

Emissions of CO2 from LUC represent both the single biggest source of 
current GHG emissions (Figure 7.1) and the single biggest opportunity 
for cost-effective reduction (Table 7.1). Establishing and enforcing 
policies that discourage deforestation are widely recognized as critical 
to reducing these sources of emissions, and deservedly so. However, 
these efforts must be matched by an equally robust effort to sustain 
productivity increases in the agriculture sector, to reduce the economic 
pressures that contribute to deforestation. A key policy challenge is that 
national climate plans typically focus on domestic emissions budgets 
whereas productivity gains have much of their impact beyond national 
borders (Figure 7.4). 

In the long-term, investing in R&D has proven to be a very cost-
effective mitigation strategy (Table 7.2), even when only considering the 
yield benefits of R&D and the associated impacts on global LUC. Further 
R&D directed at reducing CH4 or N2O emissions, or enhancing soil carbon 
storage, could be equally cost-effective. In the near term, policies other 
than R&D investment can have more immediate impacts on agricultural 
productivity. Among the most important in the Asian context are likely 
policies related to emissions of short-lived climate pollutants, such as 
particulate matter and nitrogen dioxide. The aggregate impact of poor 
air quality on crop productivity has been estimated to be as much as 
30% for some crops in Asia (e.g., Lin et al. 2018). Progress in local air 
quality, driven for instance by energy and transportation policies, could 
thus have important mitigation benefits by reducing LUC and associated 
emissions. 

7.6.2 Storing Carbon on Farms

Policies to encourage carbon uptake on farms appear attractive both in 
terms of potential scale and cost-effectiveness. Moreover, substantial 
co-benefits are likely to accrue from greater soil organic matter and 
establishment of trees in croplands. For example, planting trees in 
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croplands is often encouraged as a strategy for managing climate risk 
(Lasco et al. 2014) and is prominent in many national climate adaptation 
plans. These other benefits increase the attractiveness and thus 
feasibility of these actions. 

The main policy challenge in this area appears to be ensuring that 
compliance protocols are sufficiently robust to result in meaningful 
mitigation. Investing in research to improve low-cost measurement and 
modeling of soil carbon and the associated key practices will help to 
facilitate the effective markets needed to realize the potential of this set 
of activities. 

7.6.3 Reducing Animal and Rice Emissions

Animals produce the bulk of CH4 emissions from agriculture (Figure 7.2) 
and animal manure also contributes a significant fraction of N2O 
(Figure  7.3). In much of the world, including much of Asia, animal 
systems are too dispersed for cost-effective mitigation measures to 
be feasible. This difficulty underlies the small fraction of mitigation 
potential estimated for these measures (Table 7.1). Nonetheless, a 
global trend toward centralization of animal production systems is 
occurring, not least of all in the PRC (Bai et al. 2018). At the same time, 
the emergence of satellite systems capable of monitoring CH4 emissions 
from large point sources should greatly aid efforts to reduce emissions 
from these centralized facilities, such as through alternative feeds and 
methane capture systems. The combined effect of these centralization 
and measurement trends is that an ever-growing share of animal 
emissions are trackable. Moreover, as discussed in section 7.2, CH4 can 
be especially important in shaping near-term warming rates. While 
modest in potential relative to the first two priorities, efforts related to 
reducing CH4 from animal systems thus appear to be a good bet. 

Similarly, methane emissions from rice systems, as well as practices 
that help to shape emissions, are increasingly verifiable at low-cost. 
For countries in East Asia and Southeast Asia, where rice emissions are 
a considerable portion of overall CH4, a policy emphasis on reducing 
these emissions is warranted. 

7.6.4 Improve Technologies for CH4 and N2O Mitigation

Given the high costs of most current measures for CH4 and N2O reduction, 
policy makers should redouble efforts to develop a new generation of 
technologies that provide lower-cost options. For CH4, breeding and 
vaccination offer large potential benefits across a wide range of systems, 
and novel feed supplements and CH4 inhibitors could also play an 
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important role, especially in feedlot operations (Reisinger et al. 2021). 
For N2O, low-cost technologies are needed to better match the quantity 
and timing of fertilizer application to crop needs, as these mismatches 
are the primary drivers of N2O loss. Rapid diagnostics of canopy and soil 
nitrogen status, as well as unmanned vehicles to deliver fertilizer in small 
doses, could help drive cost reductions. More research is also needed to 
understand the potentially significant N2O effects of additives designed 
to increase soil carbon, namely biochar and crushed basalt.  

7.6.5 Demand-Side Policies

While this chapter has emphasized supply-side measures, policy 
makers should also consider demand-side interventions as part of their 
mitigation portfolio. In part, this could emphasize reducing demand for 
GHG-intensive food products, for example by encouraging behavior 
changes related to waste or consumption of animal products, or by 
directly subsidizing climate-friendly alternatives such as plant-based 
dairy and meat substitutes. These measures are, in my view, unlikely to 
be as effective in aggregate as supply-side measures, but nonetheless can 
play an important role. Equally important could be policies that reduce 
demand for non-food uses of crops or cropland. For example, policies 
that promote electrification of vehicles can reduce demand for ethanol 
and biodiesel. 

7.7 Conclusions and Policy Recommendations
The prospects for a carbon-neutral food system are real. Estimates of 
mitigation opportunities at $100 per ton CO2 are equal to the magnitude 
of total current food-related emissions, with on-farm carbon storage 
able to balance residual emissions of CH4 and N2O. Nonetheless, 
achieving carbon neutrality will be difficult and many approaches that 
at first glance appear promising will struggle to deliver large-scale, low-
cost mitigation. 

This chapter argues that the single best bet for achieving carbon-
neutrality is to ensure sufficient investment in agricultural productivity, 
which is critical for determining land use change in Asia and throughout 
the world. History has shown that public investments in productivity 
have had large-scale impact and are very cost-effective as a mitigation 
strategy. The most critical challenge for policy makers is that much, 
or sometimes all, of the impact occurs outside of the country where 
the productivity improvement occurs, and thus a global mitigation 
framework that is centered around domestic commitments will tend to 
greatly underinvest in this pathway. Policy makers, both in and outside 
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Asia, must find ways to make sure that these R&D investments do not 
fall through the cracks of the emerging mitigation policy framework, 
which has tended to focus solely on domestic emissions.

A second critical task facing policy makers is to help establish both 
the rules and the measurement systems that can facilitate investments in 
CH4 and N2O reduction and on-farm carbon storage. Even solutions that 
are otherwise scalable and low-cost will fail to take hold without low-
cost and accurate verification technologies. For the foreseeable future, 
public institutions will play a pivotal role in overcoming the verification 
challenges that are key to unlocking the potential of agricultural 
mitigation. 

In this effort, policy makers in Asia should be able to leverage 
lessons and data from the recent and ongoing efforts being made in other 
regions. For example, the protocols for rice and manure management 
systems established by California’s Air Resources Board, as part of the 
state’s Cap-and-Trade Program, illustrate the power of clear protocols 
to foster investment in agricultural mitigation. Similarly, the recent 
and pending launch of multiple satellites—the result of investments by 
multiple governments, nonprofit organizations, and businesses—will 
drastically improve measurement of CH4 emissions and set the stage 
for low-cost monitoring and verification. Policy makers in Asia should 
build off this recent progress to quickly establish similar protocols and 
emissions markets in the region. 

In summary, the Asian region will play a pivotal role in determining 
whether a carbon-neutral food system becomes reality, as it is currently 
the source of 40% of global food-related emissions. Policy makers should 
play at least two important roles in this effort. First, they must ensure 
a sufficient level of investment in new technologies that are relevant to 
emissions, taking care to not only focus on technologies that reduce CH4 
and NO2 emissions or enhance soil carbon storage, but also to invest in 
improving agricultural productivity that is a key determinant of land use 
change emissions. Second, they should establish clear targets for reducing 
overall emissions and provide the necessary protocols and monitoring 
systems to ensure that actions that reduce emissions can be properly 
incentivized. In both efforts, coordination with policy makers in other 
regions will likely help to magnify and speed up the impact of their actions. 
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8.1 Introduction
As global emissions have been increasing steadily, there is an urgent need 
to speed up the process of reducing emissions for all countries around 
the world. After setting a series of energy and climate policy targets, 
the Government of the People’s Republic of China (PRC) pledged in the 
Paris Agreement that its carbon emissions would peak around 2030, 
while further committing to reach carbon neutrality before 2060 in 
the 2020 United Nations General Assembly (Ministry of Ecology and 
Environment of the People’s Republic of China 2021). To achieve these 
goals, two key targets of reducing carbon dioxide (CO2) emissions and 
fossil energy consumption for 2030 were introduced at the Climate 
Ambition Summit in 2020: a 65% reduction in CO2 intensity compared 
to the 2005 level and 25% of the total primary energy supply coming 
from nonfossil fuels. In addition, in the 14th Five-Year Plan announced 
in 2021, there is also a goal regarding air quality: The share of days 
with good air quality in cities at the prefecture level and above should 
be more than 87.5% by 2025 (State Council of the People’s Republic of 
China 2021). While these targets are interrelated, it seems that it will 
be difficult to achieve all of them with a single climate policy (Mo et al. 
2018; Duan et al. 2021). 

Carbon pricing has been considered the first-best policy worldwide 
to combat climate change, with a carbon tax (CT) and an emissions 
trading scheme (ETS) being the most common forms. While CT is a tax 
levied on the carbon emissions required to produce goods and services, 
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an ETS sets a quantitative cap on the total emissions by all participating 
emitters and provides a market for emission permit trade. Under 
emissions trading, emitters with high marginal abatement costs could 
choose to purchase permits from those with low marginal abatement 
costs, thereby reducing the total abatement cost (Montgomery 1972; 
Tietenberg 1985). As a market-based instrument, carbon pricing could 
lead to effective emissions abatement at the lowest possible costs, and 
therefore is being increasingly implemented by regional, national, and 
subnational jurisdictions (Borenstein 2012; Mo et al. 2021). According 
to the World Bank (2021), 67 carbon pricing initiatives were already 
in place or are scheduled for implementation in the world by 2021. 
In the PRC, the emissions trading scheme has been adopted as the 
most important carbon pricing instrument for emissions reduction 
domestically. Based on a trial run of seven pilot projects at the provincial 
and city levels since 2013, a nationwide carbon market was announced 
at the end of 2017. After 3 years of capacity building, which included 
the construction of a system for reporting, registration, and trading, 
the nationwide carbon market started operating in July 2021. The 
nationwide carbon market is planned to cover the following sectors: 
power generation, petrochemicals, chemicals, building materials, steel 
and iron, nonferrous metals, paper making, and domestic civil aviation. 
The average carbon price is CNY47/tCO2, and the accumulated trade 
volume is 23.44 million tons until November 2021.

The most important purpose of emissions trading is to encourage 
institutions to reduce their greenhouse gas emissions through a market-
based mechanism to optimize resources allocation and achieve maximum 
ecological and economic benefits at the lowest possible social cost (Coase 
1960; Marshall 1998; Kuika and Mulder 2004). Moreover, providing 
incentives for utilizing low-carbon technologies and improving energy 
efficiency has been considered a “second aim” of the nationwide carbon 
market in the PRC. However, there is great uncertainty regarding this 
additional aim, as the emissions trading scheme is expected to improve 
energy efficiency and trigger the innovation of low-carbon technologies 
in an indirect way. In fact, the emissions trading scheme will not always 
capture all potential emission sources due to high market operation 
costs, such as emissions from households and some service sectors. 
For example, the nationwide carbon market in the PRC only includes 
the electricity sector in the initial phase and will cover eight energy-
intensive sectors as planned. Furthermore, imperfect market conditions 
may make the ETS, which is usually a cap-and-trade scheme, fail in 
terms of the optimal output and social welfare (Geng and Fan 2021).

Some empirical studies of the European Union Emissions Trading 
Scheme (EU ETS) have shown that the impact of the ETS on low-carbon 
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technology innovation and energy efficiency has not been that significant. 
For example, it has been found that demand-pull policies like the EU 
ETS can fail to achieve multiple targets unless they are combined with 
complementary policies (Fischer and Newell 2008; Acemoglu et al. 2012; 
Gawel, Strunz, and Lehmann 2014; Borghesi, Cainelli, and Mazzanti 2015; 
Río 2017). In addition, Rogge, Schneider, and Hoffmann (2011) found 
that the impact of the EU ETS on renewables and demand-side energy 
savings has been limited and that the EU ETS may not provide sufficient 
incentives for low-carbon technology innovation. Schmidt et al. (2012) 
evaluated the impact of the EU ETS on technological change using novel 
survey data from the electricity sector in seven EU countries and found 
that the EU ETS has had limited and even controversial effects. They 
therefore suggested that other technology policies should be adopted to 
complement the ETS policy. Calel and Dechezleprêtre (2012) provided 
a comprehensive empirical assessment of the impact of the EU ETS on 
low-carbon technological change in both regulated and unregulated 
companies. Their results showed no evidence of technological change 
from the EU ETS in non-ETS companies, indicating that a single carbon 
price by itself is not enough to have a substantial impact on bringing 
about low-carbon technological change. 

In the context of the PRC, there have been a lot of analysis and 
discussions focusing on the two types of carbon pricing policies—ETS 
and CT (Cui et al. 2014; Zhang et al. 2014; Zhang 2015; Jiang et al. 2016; 
Guo et al. 2020; Yu et al. 2020). Guo et al. (2014) applied a computable 
general equilibrium (CGE) model to investigate the impacts of a carbon 
tax on the PRC’s economy and carbon emissions and suggested that a 
carbon tax would be an effective means of reducing carbon emissions. 
The empirical results in their study indicate that a moderate carbon 
tax would significantly reduce carbon emissions and fossil fuel energy 
consumption in the PRC, while it would slightly reduce the pace of 
economic growth. In order to evaluate the economic impacts of the 
national ETS on different regions, Pang and Timilsina (2021) developed 
a multiregional CGE model and found that emission-intensive regions 
experience higher gross domestic product (GDP) loss in attempting to 
achieve the PRC’s nationally determined contributions in 2030 through 
an ETS. Based on the comparison of carbon tax and carbon trading 
under the same GDP effect using a CGE model, Jia and Lin (2020) 
suggested rethinking the choice of CT and carbon trading in the PRC. 
They found that the emissions reduction efficiency of the CT is higher 
than that of carbon trading, and this advantage increases over time. 
From an environmental regulation perspective, Yang, Jiang, and Pan 
(2020) investigated the employment double-dividend effect of carbon 
trading policy in the PRC and suggested that the PRC needs to form a 
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complete set of strict ecological environment protection policies and 
administrative measures to achieve sustainable development of the 
economy.

Given the uncertainties surrounding the implementation of a 
single carbon pricing, complementary policies may provide a hedge 
against the failure to achieve multiple climate targets (Pizer 1999; 
Newell and Pizer 2003). For example, a mixture of carbon market 
and renewable energy policies is necessary in order to achieve both 
targets of emissions reduction and renewable energy development 
(Tu and Mo 2017; Fan 2018; Wu et al. 2020; Gugler, Haxhimusa, and 
Liebensteiner 2021). Lecuyer and Quirion (2013) argued that the risk 
of the CO2 price dropping to zero cannot be excluded from the ETS 
and that it could be socially beneficial to implement an additional 
instrument to encourage emissions reduction. Hoel (2012) investigated 
the impact of uncertainty when a subsidy is combined with a CT; he 
pointed out that regulatory failures may lead to a carbon price that is 
too low, and additional instruments, such as subsidies, may be required 
in some cases. While carbon pricing is usually considered to be the 
first-best option, Hepburn, Stern, and Stiglitz (2020) and Rosenbloom 
et al. (2020) suggested that a mix of policies may best lead to a deep 
decarbonization at an accelerated pace. An earlier study by Mandell 
(2008) analyzed whether it is preferable to regulate a portion of the 
economy through a cap-and-trade program while subjecting the rest 
to a CT rather than subjecting the entire economy to either a cap-and-
trade program or a CT, and he suggested that mixed regulation can be 
superior in some conditions.

Although a nationwide carbon market is already operating, the most 
ambitious policy would cover only 50% of the total emissions in the 
PRC (Cao et al. 2019). For that reason, it is of great importance to assess 
whether a single cost-effective instrument is enough for developing 
a low-carbon economy or whether a policy portfolio would be more 
effective (Duan et al. 2018). There are few studies trying to consider a 
mixed carbon pricing portfolio in the PRC (Shi et al. 2013; Sun 2014; Bi, 
Xiao, and Sun 2018; Cao et al. 2019). Using a national CGE model that 
incorporates short-run unemployment effects, Bi, Xiao, and Sun (2018) 
compared the impacts of a single ETS, a single CT, and a combination of 
an ETS and a CT. Assuming that an ETS will stimulate increased energy-
saving innovation while a CT will not, their results showed that a mixed 
system will lead to lower GDP losses than a single carbon pricing, which 
is similar to the finding in Zhang et al. (2022). While most studies use 
a fixed CT in the analysis, Cao et al. (2019) compared the impacts of 



Exploiting Complementarity of Carbon Pricing Instruments  
for Low-Carbon Development in the People’s Republic of China 273

implementing an ETS and a hybrid system including an ETS and a CT 
on the national economic costs under the same emissions reduction 
target at a national level, and the results indicated that the hybrid system 
would achieve the same CO2 goals with lower permit prices and GDP 
losses.

While the above studies explore the impacts of a mixed carbon 
pricing portfolio in the PRC using a national CGE model, some existing 
studies have developed multiregional CGE models to discuss the impact 
of carbon pricing (an ETS or a CT) on regional economies (Zhang et al. 
2013; Zhang et al. 2020; Pang and Timilsina 2021; Zhao, Wang, and Cai 
2022). However, there is a lack of discussion on the complementarity of 
different carbon pricing instruments at the regional level. This chapter 
contributes to previous research by investigating the impacts of different 
carbon pricing portfolios on regional CO2 emissions, social costs, 
interregional factor mobility, sectoral outputs, and export and import 
in the PRC. Using a multiregional CGE model in the PRC, we not only 
evaluate the ETS and CT policies separately, but we also simulate the 
combination of an ETS and a CT. Another contribution of this chapter 
is that we further discuss two possible policy portfolios by combining 
carbon pricing with a subsidy for energy-efficient vehicles, to present 
the promotion of new energy vehicles in the PRC. 

Our chapter is organized as follows. Section 8.2 describes the PRC 
multiregional CGE model used in this research, section 8.3 presents 
the policy scenarios, section 8.4 displays and discusses the numerical 
results, and our conclusions are presented in section 8.5.

8.2 Methodology
In this chapter we adopt the Center for Energy and Environmental 
Policy  Research (CEEP) Multi-Regional Energy-Environment-Economy 
Modelling System (CE3MS) to analyze the economic impacts of different 
policies, which is based on a PRC multiregional CGE model. The CE3MS 
was first introduced by Wu, Fan, and Xia (2016a) and has been used in 
various climate policy analyses (e.g., ETS, renewable energy policy, etc.) 
(Fan et al. 2016; Wu et al. 2016b; Wu et al. 2020). The overall framework 
of the proposed model is described in section 8.2.1, and the modeling of 
an ETS and CT will be introduced in section 8.2.2. Section 8.2.3 presents 
the recycling of auction revenues in an ETS and CT revenues under the 
CT policy, and section 8.2.4 explains how we can implement subsidies 
for energy-efficient vehicles in the model.
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8.2.1 Framework of the CGE Model

The CE3MS includes 30 regions in accordance with the administrative 
structure of the PRC (excluding the Tibet Autonomous Region due to 
a lack of data). Each region consists of production sectors, rural and 
urban households, a representative enterprise, and a local government. 
The production sectors are aggregated as 17 representative sectors: 
one agriculture sector, five energy sectors, seven nonenergy industrial 
sectors, and four service sectors (Table 8.1). The model includes six 
modules: production module, emissions trading module, commodity 
trading module, institution module, labor and capital mobility module, 
and macro closure. Details of the different modules are provided in one 
of our earlier papers that was published as a World Bank Policy Research 
Working Paper (Fan et al. 2017).

Figure 8.1: Framework for CE3MS

CE3MS = CEEP Multi-Regional Energy-Environment-Economy Modelling System, CEEP = Center for 
Energy and Environmental Policy Research.

Sources: Fan et al. (2016).
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The production module describes the production activities of 
different sectors under the assumption of cost minimization. We use a 
nested structure of the constant elasticity substitution (CES) function 
to formulate the production structure. Generally, the total output of 
sectors (excluding electricity) is composed of nonenergy intermediate 
inputs and capital-labor-energy inputs. 

 𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (1)

where PAj,r and QAj,r are the producer price and output of sector j in 
region r, QINTAj,r and QVAEj,r are the quantity of intermediate input 
and the value added and energy input, respectively, αj,r and δj,r are the 
efficiency parameter and share parameter of the CES function, and ρj,r is 
the substitution elasticity parameter.

Table 8.1: Sector Declarations and Descriptions

Sector Description

Agriculture Agriculture, forestry, animal husbandry, and fishery

Coal Coal

Oil and natural gas Crude oil and natural gas

Mining Mining

Food Manufacture of foods, beverages, tobacco, textiles, wearing 
apparel, leather, wood, paper, and publishing

Petroleum Coking, gas, and processing of petroleum

Chemical Chemical industry

Nonmetallic Manufacture of nonmetallic mineral products

Metal Manufacture and processing of metals and metal products

Other manufacturing Other manufacturing

Electricity Production and supply of electricity, heat power

Gas Production and supply of gas, water

Construction Construction

Transport Transport, storage, post, information transmission, computer 
services, and software

Wholesale Wholesale and retail trades, hotels, and catering services

Real estate Real estate, leasing, business services, and financial 
intermediation

Other services Other services

Sources: Wu, Fan, and Xia (2016a); Fan et al. (2016).
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The structure of electricity production is given in Figure 8.2, 
which shows that power generation is represented by eight generation 
technologies: coal (Coa), natural gas (Ngs), petroleum (Pet), nuclear 
(Nuc), hydropower (Hyd), wind (Win), solar (Sol), and other renewable 
technologies (Oth). Coal, natural gas, and petroleum are raw material 
inputs of coal-, natural gas-, and petroleum-powered generation and 
thus are considered to be intermediate inputs rather than value-
added or energy inputs for coal-, natural gas-, and petroleum-powered 
generation. 

Figure 8.2: Production Structure of Electricity Sector in CE3MS

CE3MS = CEEP Multi-Regional Energy-Environment-Economy Modelling System, CEEP = Center for 
Energy and Environmental Policy Research, CES = constant elasticity of substitution. 

Source: Fan et al. (2017).
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In the commodity trading module, we adopt the Armington 
assumption to describe the imperfect substitutions between domestic 
commodities (including local commodities and commodities from other 
regions) and foreign commodities. With regard to exports, we use the 
constant elasticity transformation function to distribute the domestic 
products between exports and domestic sales. 

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (2)

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (3)
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𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (4)

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (5)

Equations (2) and (3) describe the allocation of the total output 
of commodity j between domestic market (QDSj,r) and export (QEj,r), 
whereQRDj,r and QRREj,r are the supply of commodity j in region r and 
the total supply to other regions, respectively. Equations (4) and (5) 
describe the total supply of commodity j, which is from domestic market 
(QDCj,r) and import (QMj,r). And the supply from the domestic market 
includes the supply of local production (QRDj,r) and production in other 
regions of the PRC (QRRMj,r).

The institution module describes the income, expenditures, 
and savings of institutions—such as rural and urban households, a 
representative enterprise, and the local government—in each region. 
The utility functions of households and local government are assumed 
as Cobb-Douglas functions in this model. The income of the central 
government is partly from tax revenue from the various regions, and its 
expenditures are fixed transfers to the regional governments.

In the labor and capital mobility module, labor and capital are 
assumed to flow across sectors and regions due to changes in relative 
wages and returns on capital. Finally, the neoclassical closure is adopted 
in the macro-closure of CE3MS. 

8.2.2 Modeling of ETS and CT

The costs of carbon pricing, either via an ETS or a CT, would directly 
affect production in the sectors covered by the policy by increasing their 
total production costs. As shown in Equation (6), the production costs 
of ETS sectors or CT sectors include not only intermediate input costs 
and costs of energy and value added, but also the costs of carbon pricing 
(TCj,r). 

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (6)

PVAEj,r and PINTAj,r are the price of value added and energy input and 
the intermediate input, respectively.
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When there is an ETS, TCj,r is the total costs of abatement cost 
and permit trading cost in ETS sectors. Equation (7) shows that by 
comparing its marginal abatement cost and carbon price, each trading 
sector can determine its actual emissions reduction and trading volume 
under the objective of total cost minimization. A decision to reduce 
emissions will directly affect the production of trading sectors through 
changes in production costs (Eq. (6)). In the ETS setting of this study, 
eight energy and energy-intensive sectors in all regions are regulated as 
trading sectors.

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (7)

 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 (8)

where TCj,r is the total cost, which includes the abatement cost and 
trading cost of trading sector j in region r. COEEj,r is the actual emissions 
under the ETS policy, while 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 is the emissions in the benchmark. 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗[𝛿𝛿𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗 + (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗)𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗

𝜌𝜌𝑗𝑗𝑗𝑗𝑗]
1

𝜌𝜌𝑗𝑗𝑗𝑗𝑗 𝑗       𝑗𝑗 𝑗 𝑒𝑒𝑒𝑒𝑒𝑒𝑗  (1) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑐𝑐𝑐𝑐𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐
𝑗     𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑐𝑐𝑐𝑐𝑐𝑐 > 1 (2) 

𝑄𝑄𝑄𝑄𝑆𝑆𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑑𝑑 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑
𝑗    𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑑𝑑 > 1 (3) 

𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑎𝑎𝑎𝑎 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎)𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑎𝑎𝑎𝑎
 (4) 

𝑄𝑄𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑗𝑗𝑗𝑗𝑗
𝑑𝑑𝑐𝑐 [𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
+ (1 − 𝛿𝛿𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐)𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
]

1
𝜌𝜌𝑗𝑗𝑗𝑗𝑗

𝑑𝑑𝑐𝑐
 (5) 

𝑃𝑃𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 = 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑃𝑃𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 + 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗 𝑄𝑄𝑄𝑄𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝑄𝑄 (6) 

𝑄𝑄𝑀𝑀𝑀𝑀 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗 = 𝑄𝑄𝐶𝐶𝑗𝑗𝑗𝑗𝑗(𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗) + 𝐶𝐶𝑃𝑃1 × (𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗)  (7) 

𝑠𝑠𝑠 𝑠𝑠𝑠 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑗 =𝑗𝑗𝑗𝑗𝑗 ∑ 𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗   (8) 

𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗   𝐶𝐶𝐶𝐶𝑄𝑄𝑗𝑗𝑗𝑗𝑗  

 

 

 is the initial emission quota allocated to sector j in region r,  
and the “grandfathering” approach is adopted in this study, which 
means that initial quotas are distributed across sectors based on historic 
emission levels. CP1 is the CO2 price of the nationwide carbon market.

When there is a CT, TCj,r in Equation (6) is the costs of a CT for the 
sectors on which the CT is imposed.

8.2.3 Recycling of Auction and CT Revenues

So that we can compare the different policies, we recycle the auction 
revenues and CT revenues in the same way in this chapter. In an ETS, 
we assume a perfect auction, such that the auction price is equal to the 
carbon price. To maintain government revenue neutrality, we assume 
that the auction revenues or CT revenues are returned to households 
under both the ETS and CT policies. When we adopt an additional 
subsidy for energy-efficient vehicles, we assume that the auction 
revenues or CT revenues will be used as subsidies rather than being 
returned to households.

8.2.4 Subsidies for Energy-Efficient Vehicles

In this chapter, we also consider scenarios that include subsidies for 
energy-efficient vehicles as a way to encourage emissions reduction in 
the transport sector. Similarly to Imhof (2011), we implement a subsidy 
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on capital that is used to provide transportation services. The purpose 
of this subsidy is to encourage consumers to substitute capital for fuel in 
transportation services, as a way of representing subsidies for energy-
efficient vehicles. 

8.3 Scenarios
This study utilizes five policy scenarios to assess the impact of different 
climate policy portfolios in the PRC (Table 8.2), and we set the national 
CO2 emissions reduction target at 10%.1 An ETS scenario refers to a 
nationwide carbon market covering energy and energy-intensive sectors. 
A CT scenario refers to a unified CT for all sectors. In the ETS_CT 
scenario, both ETS and CT policies are adopted when the ETS refers to 
energy and energy-intensive sectors, and the CT policy refers to the rest 
of the sectors. A subsidy for energy-efficient vehicles is implemented in 
the ETS_SUB and CT_SUB scenarios in combination with the ETS and 
CT policies, respectively. As stated previously, we set the subsidy rate 
at 10%, which means that 10% of the capital price used in the transport 
sector is subsidized. 

1 An earlier study by Cao, Ho, and Timilsina (2016) shows that achieving the PRC’s 
Intended Nationally Determined Contribution would require a 9.8% reduction in 
emissions over the period 2015–2030. In order to evaluate the profound economic 
impacts that may be caused by carbon pricing, we simply adopt 10% as the emissions 
reduction target in this study.

Table 8.2: Scenarios under Different Policies

Scenario Scenario Description

Scenario S0 The base case without any policies

Scenario ETS ETS policy for energy and energy-intensive sectors 

Scenario CT CT policy for all sectors

Scenario ETS_CT ETS policy for energy and energy-intensive sectors and CT policy 
for the remaining sectors

Scenario ETS_SUB ETS policy for energy and energy-intensive sectors combined with 
subsidies for energy-efficient vehicles

Scenario CT _SUB CT policy for all sectors combined with subsidies for energy-
efficient vehicles

CT = carbon tax, ETS = emissions trading scheme.
Source: Authors. 
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In order to present the results clearly, we classified the 30 regions 
into three areas (eastern, central, and western) based on the regional 
divisions used by the National Bureau of Statistics of China (Table 8.3).

Table 8.3: Classification of Regions

Category Regions

Eastern regions Beijing (BJ), Tianjin (TJ), Hebei (HB), Liaoning (LN), Shanghai (SH), 
Jiangsu (JS), Zhejiang (ZJ), Fujian (FJ), Shandong (SD), Guangdong 
(GD), Hainan (HAN)

Central regions Shanxi (SX), Jilin (JL), Heilongjiang (HLJ), Anhui (AH), Jiangxi (JX), 
Henan (HEN), Hubei (HUB), Hunan (HUN)

Western regions Inner Mongolia (IM), Guangxi (GX), Chongqing (CQ), Sichuan (SC), 
Guizhou (GZ), Yunnan (YN), Shaanxi (SaX), Gansu (GS), Qinghai 
(QH), Ningxia (NX), Xinjiang (XJ)

Source: Fan et al. (2016).

8.4 Results

8.4.1 CO2 Emissions

The total emissions rate is decreased in all scenarios, but the results 
show differences in the magnitudes of emissions reduction among the 
different scenarios (Table 8.4). The total emissions reduction under the 
ETS and ETS_SUB scenarios are a little more than we expected (10%) 
due to extra emissions reduction in sectors that are not covered by the 
ETS (non-ETS sectors). The main reason for this is that the non-ETS 
sectors are affected by the rising costs of energy and energy-intensive 
products, reduced final demand for goods under ETS, etc. Therefore, the 
output of these non-ETS sectors—or the intermediate input of energy 
and energy-intensive products in these sectors—is reduced, leading to a 
slight decline in emissions. On the other hand, total emissions decrease 
by 9.35% under the ETS_CT scenario, in which 90% of the emissions 
reduction target is allocated to the ETS and 10% is expected to be 
accomplished by the CT. However, our results show that while 90% of 
the target can be achieved by the ETS under a CO2 price of CNY55.26/ton,  
it is still too difficult for non-ETS sectors to achieve the 10% target 
under a CT of CNY100/ton, as most of these non-ETS sectors are 
service sectors. Given that the CNY100/ton CT is already quite high 
for these non-ETS sectors, we have not imposed a further higher CT to  
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force non-ETS sectors to achieve the 10% of the total emissions reduction 
target. For that reason, the emissions reduction rate under the ETS_CT 
scenario is 9.35%, which is less than 10%.

Table 8.4: Emissions Reduction Rate and CO2 Prices

Scenario

Emissions 
Reduction Rate 

(%)
CO2 Price  

(CNY/ton)
Carbon Tax  
(CNY/ton)

S1: ETS 10.25 64.81 –

S2: CT 10.00 – 77.18

S3: ETS _CT 9.35 55.26 100

S4: ETS _SUB 10.20 50.14 –

S5: CT _SUB 10.00 – 58.07

CT = carbon tax, ETS = emissions trading scheme.
Note: Due to differences in scenario settings, the CO2 prices under the scenarios ETS and ETS_CT are 
quite different to that in the study by Cao et al. (2019). For example, all energy and energy-intensive sectors 
are covered by the ETS in this study, while only the electric power and cement sectors are included in the 
ETS in Cao et al. (2019).
Source: Authors.

By comparing emissions in different sectors, we find that the impact of 
the ETS policy on the energy sectors is more significant than on the other 
sectors. Our results show that the emissions in the coal and electricity 
sectors decrease by 7.0% and 16.2%, respectively, under the ETS scenario, 
while the service sectors only experience a 1.8% to 2.5% emissions 
reduction (Figure 8.3). However, the differences in the emissions reduction 
among the various sectors are relatively smaller under the CT policy than 
the ETS. These results show that the emissions in the energy and energy-
intensive sectors decrease by 5.9% to 15.7% under the CT scenario and 
that the service sectors experience a 3.5% to 8.4% emissions reduction. 
The reason for this difference is that although both the ETS and CT are 
market-based instruments for emissions reduction, the quota allocation 
scheme of the ETS, which is based on sectoral historic emissions, takes 
into account the differences in the emissions reduction potential across 
sectors and allows for higher flexibility in the trading sectors in seeking to 
meet the emissions reduction targets through self-emissions reduction or 
quota purchases. Therefore, the energy and energy-intensive sectors have 
a higher degree of responsibility than the other sectors for reducing their 
rates of emission under the ETS and ETS_SUB scenarios.
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We propose that an additional policy of providing subsidies for 
energy-efficient vehicles will lead to greater emissions reduction in 
the transport sector and energy-intensive industries. The results in 
Figure 8.3 show that the emissions from the chemical, nonmetallic, and 
metal sectors are reduced by 7.2%, 5.9%, and 8.5%, respectively, under 
the CT scenario, and they experience further reductions of 8.9%, 7.2%, 

Figure 8.3: Sectoral Emissions Reduction  
under Different Scenarios

CT = carbon tax, ETS = emissions trading scheme.

Source: Authors.
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and 10.9%, respectively, under the CT_SUB scenario. The results are 
similar under both ETS and ETS_SUB scenarios. The main reason for 
these results is that subsidies for energy-efficient vehicles reduce the 
demand for energy or energy-intensive products. On the other hand, 
the subsidies, which are from auction revenues or CTs, are returned 
to households under the ETS and CT scenarios and thus increase the 
consumption of energy-intensive products to some extent.

Figure 8.4 displays the differences in emissions reduction across 
regions under the ETS_SUB and CT_SUB scenarios. The results show 
significant differences between the two policies and that the emissions 
reduction present larger differences across regions under the CT_SUB 
scenario. Under the CT_SUB scenario, regions such as Jilin, Guizhou, 
Ningxia, and Inner Mongolia Autonomous Region need to reduce 
emissions much more in order to achieve the same emissions reduction 
target. As there is no emissions trading in the CT_SUB scenario, these 
regions will suffer from greater economic loss. Compared with CT_SUB, 
the emissions reduction under the ETS_SUB scenario is more evenly 
distributed across regions and seem to be more reasonable.

Figure 8.4: Regional Emissions Reduction  
under Different Scenarios

CT = carbon tax, ETS = emissions trading scheme.
Note: Refer to Table 8.3 for names of regions.
Source: Authors.
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8.4.2 GDP and Welfare

Table 8.5 summarizes GDP and welfare changes under different 
scenarios. In the five different scenarios we present, the PRC would 
experience GDP losses of 0.07%, 0.13%, 0.05%, 0.13%, and 0.16%, 
respectively, compared with the base case scenario. As expected, the 
policies that include the ETS (except ETS_SUB) face lower economic 
costs than others. It is confirmed that the ETS is more cost-effective 
than the CT policy. In addition, the combination of ETS and CT policies 
has a lower GDP cost than the single ETS policy. When subsidies for 
energy-efficient vehicles are included in the plan, the distortion on 
consumption and investment increases, thus leading to higher social 
costs under the ETS_SUB scenario. 

Table 8.5: GDP and Welfare Changes under Different Scenarios

Indicators ETS CT ETS_CT ETS_SUB CT_SUB

National GDP Change (%) –0.07 –0.13 –0.05 –0.13 –0.16

— Eastern Regions –0.13 0.03 –0.04 –0.20 0.19

— Central Regions 0.09 –0.46 –0.04 –0.01 –0.33

— Western Regions –0.08 –0.248 –0.11 –0.09 –1.12

Welfare Change (CNY billion) 36.7 147.2 56.9 –24.6 16.8

— Eastern Regions 8.0 80.9 26.2 –13.4 24.5

— Central Regions 18.6 30.5 17.0 –7.4 –2.7

— Western Regions 10. 1 35.8 13.7 –3.8 –5.0

CT = carbon tax, ETS = emissions trading scheme, GDP = gross domestic product.
Source: Authors.

Figure 8.5 shows the GDP changes across regions under different 
scenarios. In regard to policy impacts at the regional level, four central 
and western regions—Jilin, Inner Mongolia Autonomous Region, 
Guizhou, and Ningxia—experience more significant GDP losses than 
other regions under the CT and CT_SUB scenarios. This indicates that 
the ETS policy could better reflect regional equity than the CT policy. 
The results in Figure 8.5 show that the GDP in all regions is affected 
less under the ETS and ETS_CT scenarios. Compared with a single ETS 
policy, the combination of subsidies for energy-efficient vehicles and the 
ETS has a larger impact on regional GDP, especially in Shanxi, Hebei, 
Heilongjiang, and Xinjiang. 
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As shown in Table 8.5, total welfare in the PRC increases by 
CNY36.7, CNY147.2, CNY56.9, and CNY16.8 billion under the ETS, CT, 
ETS_CT, and CT_SUB scenarios, respectively, while it decreases by 
CNY24.6 billion under the ETS_SUB scenario. As we have assumed in this 
chapter that either the auction revenues from the ETS or the revenues 
from the CT are all returned to households, the disposable incomes of 
households increase; thus, our results show welfare benefits in various 
regions, especially in the eastern regions. However, when the auction 
revenues and the CT are used as subsidies for energy-efficient vehicles, 
the disposable income of households is directly reduced. Therefore, 
the total welfare increases less under the CT_SUB scenario and even 
experiences a loss under the ETS_SUB scenario. By comparing the ETS, 
CT, and ETS_CT, we find that the ETS_CT improves the welfare in all 
regions. Shanxi, the province with the most coal resources in the PRC, 
experiences the biggest welfare increase compared to the other regions 
under the ETS_CT scenario.

Although we show that the welfare increase under the CT scenario 
is much higher that under the other scenarios, we find that there are 
wide gaps among the welfare increases across regions (Figure 8.6). 

Figure 8.5: Regional GDP Changes under Different Scenarios

CT = carbon tax, ETS = emissions trading scheme, GDP = gross domestic product.
Note: Refer to Table 8.3 for names of regions.
Source: Authors.
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Regions with high emissions, such as Jiangsu, Shandong, Guangdong, 
and Shanxi, have much higher welfare increases than the other regions. 
The main reason is that these regions have more CT revenue if they 
implement a uniform CT, and this leads to a higher income for the local 
households. Regional coordinated development is an important focus in 
the PRC, and our results show that the CT policy might deepen gaps in 
the welfare of households across regions.

Figure 8.6: Regional Welfare Changes under Different Scenarios  
(CNY billion)

CT = carbon tax, ETS = emissions trading scheme.
Note: Refer to Table 8.3 for names of regions.
Source: Authors.
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8.4.3 Interregional Labor and Capital Mobility

Different policy portfolios have different impacts on the reallocation of 
production factors—both labor and capital—across regions. Table 8.6 
presents regional labor and capital changes under all scenarios. The 
results show that the ETS policy and CT policy have opposite effects on 
interregional labor and capital mobility. The ETS policy performs better 
in promoting the transfer of labor and capital from eastern regions to the 
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central and western regions. For instance, labor decreases by 0.11% in 
the eastern regions and increases by 0.20% and 0.07% in the central and 
western regions under the ETS scenario. At the same time, labor in the 
central and western regions transfers to the eastern regions under the 
CT scenario. The results for capital are similar. The main reason is that 
the central and western regions usually have lower marginal abatement 
costs for emissions reduction than the eastern regions, and therefore 
they are major emission permit sale regions in the ETS. Compared with 
the eastern regions, which have high abatement costs, the central and 
western regions can choose to reduce emissions and get trading benefits 
through the ETS, which would increase their relatively higher rates 
of capital return and wages. This would cause interregional labor and 
capital mobility from the eastern regions to the central and western 
regions under the ETS policy. 

The labor and capital both indicate mobility from the central and 
western regions to the eastern regions under the CT and CT_SUB 
scenarios. These findings indicate that the CT policy would probably 
exacerbate the imbalanced allocation of production factors between the 
eastern regions and the central and western regions. With the same cost 
per unit of emissions reduction under the CT policy, the rate of capital 
return and wages in the eastern regions are less affected than in the central 
or western regions due to higher levels of economic development in the 
eastern regions. For that reason, both labor and capital in the eastern 
regions show increases of 0.11% to 0.44%, compared with decreases of 
0.02% to 1.50% in the central and western regions. 

Table 8.6: Labor and Capital Changes under Different Scenarios

Indicators ETS CT ETS_CT ETS_SUB CT_SUB

Labor 
changes 
(%)

Eastern –0.11 0.17 0.00 0.04 0.26

Central 0.20 –0.39 –0.01 –0.10 –0.24

Western 0.07 –0.02 0.03 0.02 –0.45

Capital 
changes 
(%)

Eastern –0.07 0.11 –0.02 –0.16 0.44

Central 0.17 –0.29 0.08 0.40 –0.12

Western –0.12 –0.26 –0.16 0.05 –1.50

CT = carbon tax, ETS = emissions trading scheme.
Source: Authors.
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8.4.4 Sectoral Output and Industrial Structure

The total output of the PRC decreases under all policy scenarios, as 
the emissions reduction policies increase total production costs. Our 
estimation shows that the total output decreases by 1.53%, 2.38%, 1.77%, 
1.84%, and 2.53%, respectively, under the ETS, CT, ETS_CT, ETS_SUB, 
and CT_SUB scenarios. When comparing ETS and CT policies, we can 
see that the CT policy leads to increased reduction in total output due to 
a higher price level for all sectors. Figure 8.7 displays the sectoral output 
changes under the different scenarios. It shows significant differences in 
the impacts of the ETS and CT policies on sectoral outputs, with most 
sectors experiencing more reduction in outputs under the CT and CT_
SUB scenarios.

When an ETS policy is included in a scenario, the energy and 
energy-intensive sectors (except for petroleum) have higher rates of 
reduction in output than other sectors. As energy and energy-intensive 
sectors are the targeted industries for emissions reduction in the PRC 
and are also the main sectors included in the carbon market, these 
sectors are assigned clear emissions reduction targets and are thus 
facing more output reduction. By comparing the ETS, ETS_CT, and 
ETS_SUB scenarios, the electricity industry, which is the largest CO2 
emitter, experiences the biggest reduction in output under the ETS 
scenario. The main reason is that the adoption of a CT or subsidies for 
energy-efficient vehicles will reduce the CO2 emissions from nontrading 
sectors, especially the transport sector, leading to a reduction in the 
demand for emission permits in the carbon market. Therefore, the 
electricity industry will struggle to reduce their excessive output under 
the ETS_CT and ETS_SUB scenarios. The output of the petroleum 
sector experiences increases of 1.50% and 1.63% under the ETS and 
ETS_SUB scenarios, which could be explained by the substitution of 
petroleum and coal. Another explanation for this is the slight increase 
in the demand of households as the auction revenues are returned to 
households. Our results show that the household consumption of 
petroleum slightly increases (0.47% and 0.79%, respectively) under the 
ETS and ETS_SUB scenarios.

Table 8.7 presents the industrial structure under the base case 
scenario and all policy scenarios. As expected, the percentage of energy 
and energy-intensive products in the total output experiences declines 
of 0.34% to 1.10% under all scenarios compared to the base case. This 
indicates that all policy portfolios are effective in reducing the output 
of high-emission industries. When comparing the ETS and CT policies, 
the industrial structure adjustment is more significant due to its 
implementation of a CT. One reason for this is that to reduce emissions, 
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Figure 8.7: Sectoral Output Changes under Different Scenarios

CT = carbon tax, ETS = emissions trading scheme.

Source: Authors.
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the industries with high rates of emission usually choose to change 
their energy input structures or reduce their output under a CT policy. 
However, they have more flexibility in achieving reduction targets by 
purchasing emission permits under an ETS policy, thus avoiding having 
to reduce their output. Therefore, the ETS, ETS_CT, and ETS_SUB 
policies are less effective than the CT and CT_SUB policies in promoting 
changes to the industrial structure. 
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8.4.5 Exports and Imports

Table 8.8 presents the impacts of different policy portfolios on the total 
export of goods and services. The total export of goods and services 
decreases compared to the base case. The results show that the export of 
energy-intensive goods (i.e., nonmetallic mineral products, metals, and 
chemicals) significantly decreases under all scenarios. Compared with 
the ETS and CT scenarios, however, the decline in total exports is more 
significant under the ETS_SUB and CT_SUB scenarios. This indicates 
that while the implementation of an ETS or CT decreases the export 
of energy-intensive goods, subsidies for energy-efficient vehicles cause 
further drops in the export of energy-intensive goods. In contrast to 
energy-intensive goods, the export of coal increases by 11.82% to 29.80% 
under all scenarios. This could be explained by the decreased domestic 
demand for coal, as most industries would reduce their coal input to 
control their CO2 emissions during production. 

Table 8.9 presents the impacts of different policy portfolios on the 
total import of goods and services. This also experiences a decrease, 
which is mainly caused by the decreased domestic demand. As expected, 
the import of fossil fuels also experiences a decline, which is conducive 
to reducing the PRC’s energy dependence. The results show that the 
import of coal and crude oil would decrease by 4.23% to 6.74% and 1.70% 
to 10.09%, respectively, under all scenarios. As compared with the CT 
policy, the import of coal decreases more under the ETS, ETS_CT, and 
ETS_SUB scenarios. However, the import of crude oil has a much more 
significant decrease under the CT and CT_SUB scenarios. 

Table 8.7: Industrial Structures under Different Scenarios

S0 ETS CT ETS_CT ETS_SUB CT_SUB

Agriculture 6.20% 6.28% 6.32% 6.26% 6.29% 6.34%

Energy 8.57% 8.44% 8.03% 8.50% 8.50% 8.01%

Energy-intensive 19.63% 19.30% 19.28% 19.36% 19.24% 19.09%

Other 40.39% 40.66% 40.85% 40.64% 40.77% 41.12%

Service 25.21% 25.32% 25.52% 25.25% 25.20% 25.44%

CT = carbon tax, ETS = emissions trading scheme.
Source: Authors.
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Table 8.8: Sectoral Export Changes under Different Scenarios  
(%)

ETS CT ETS_CT ETS_SUB CT_SUB

Total –0.96 –3.31 –1.02 –0.42 –0.09

Agriculture 1.35 0.20 1.69 5.85 5.20

Coal 21.32 29.80 19.90 15.97 11.82

Oil and natural gas 2.49 5.72 3.22 –1.12 –2.68

Mining 23.91 19.54 17.75 1.42 –6.53

Food 0.08 –1.99 –0.57 2.85 4.31

Petroleum 10.75 –6.46 12.95 1.66 –6.54

Chemical –2.95 –5.84 –1.08 –3.25 –8.01

Nonmetallic –3.54 –9.55 –2.79 –6.89 –16.49

Metal –9.25 –12.72 –7.43 –10.08 –13.01

Other 
manufacturing

–1.08 –3.04 –1.01 –0.98 0.22

Electricity –3.87 –16.39 –2.98 1.95 6.46

Gas –3.65 –11.57 –2.63 –0.99 –10.55

Construction –3.17 –12.34 –4.37 –3.91 –11.54

Transport 0.80 –1.48 –6.57 4.53 2.95

Wholesale 1.33 1.12 1.01 2.15 7.64

Real estate 1.11 10.80 3.05 0.80 14.88

Other services 1.98 4.03 2.62 5.41 10.84

CT = carbon tax, ETS = emissions trading scheme.
Source: Authors.

Table 8.9: Sectoral Import Changes under Different Scenarios  
(%)

ETS CT ETS_CT ETS_SUB CT_SUB

Total –1.57 –1.43 –1.68 –1.55 –1.13

Agriculture –0.35 –0.09 –0.79 –0.73 –0.33

Coal –6.74 –4.90 –6.00 –6.61 –4.23

Oil and natural gas –2.71 –10.09 –2.69 –1.70 –6.43

Mining –9.66 –8.28 –9.67 –12.20 –14.31

Food –0.46 0.22 –0.78 –1.04 –0.55
continued on next page
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ETS CT ETS_CT ETS_SUB CT_SUB

Petroleum –2.29 –4.18 –2.45 –1.81 –3.36

Chemical –1.17 –1.09 –1.65 –1.20 –0.16

Nonmetallic 1.82 4.77 0.08 –0.18 1.29

Metal –0.30 0.46 –0.95 0.01 1.34

Other 
manufacturing

–1.38 –1.00 –1.30 –1.05 –0.40

Electricity 1.83 12.45 1.07 –2.03 11.38

Gas –1.43 –2.21 –1.45 –1.36 –2.83

Construction –0.50 7.41 –0.30 –0.18 –0.06

Transport –1.18 –1.11 –0.86 –2.67 –2.35

Wholesale –1.55 –1.56 –1.90 –1.94 –2.13

Real estate –0.90 0.06 –1.00 –1.13 –2.04

Other services –0.55 –1.01 –1.02 –2.10 –1.14

CT = carbon tax, ETS = emissions trading scheme.
Source: Authors.

Table 8.9 continued

8.4.6 Comparison of Results with Previous Research

It is important to compare the results in this study with those of previous 
studies, as it helps to check the robustness of our findings. We find that 
due to differences in the model structure, database, and setting of policy 
scenarios, the values of results vary across existing studies. For example, 
Pang and Timilsina (2021) developed a multiregional CGE model and 
found that an ETS would cause a national GDP loss of 0.3% to 0.5% in 
2030 under a reduction target of 13%, in which all the production sectors 
are included in the ETS. With a sectoral coverage of seven energy and 
energy-intensive industries in the national ETS, Jia and Lin (2020) found 
that the national GDP would decrease by 0.08% to 0.13% in 2030. In this 
study, eight energy and energy-intensive industries are included in an 
ETS, and we find that the national GDP experiences a 0.05% to 0.13% 
reduction under the ETS, ETS_CT, and ETS_SUB scenarios under a 
10% reduction target. However, both Pang and Timilsina (2021) and this 
study have found that from a regional perspective, some regions would 
benefit from a national ETS whereas other regions would lose out. In 
terms of the existing studies on a hybrid policy of carbon pricing that 
are national-level analyses, the findings in Cao et al. (2019) and Zhang 
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et al. (2022) show that a hybrid policy including emissions trading and 
carbon tax may be the most efficient way to reduce emissions with lower 
economic cost than a single ETS or CT. This finding is comparable to 
that of this study.

8.5 Conclusion and Policy Recommendations
To achieve its climate change mitigation targets by 2030 and 2060, the 
PRC is seeking to implement a variety of measures to reduce emissions. 
The emissions trading scheme has been adopted by the government 
as the most important emissions reduction policy in the PRC, and a 
nationwide carbon market was established in 2017. However, a single 
policy instrument such as an emissions trading scheme might not be 
sufficient to reduce all emissions, as it does not encompass all greenhouse 
gas sources. Therefore, to improve the efficiency of emissions reduction 
in the PRC, it is necessary to examine whether a single policy could 
work well or whether it would be better to adopt a policy portfolio. 

From regional and industry perspectives, we have compared the 
impacts of a separate emissions trading scheme, a carbon tax, and the 
combination of an emissions trading scheme and a carbon tax. We 
have further evaluated the economic impacts of two policy portfolios 
by combining these two instruments with subsidies for energy-efficient 
vehicles. 

Our analysis shows that under the emissions reduction target of 10% 
from the base case, the actual total emissions will be slightly reduced 
by more than 10% with a nationwide emissions trading scheme due to 
the additional emissions reduction in sectors that are excluded from the 
carbon market. Compared with a separate carbon tax, the GDP losses 
caused by a separate emissions trading scheme, or the policy portfolio 
of an emissions trading scheme and a carbon tax are lower, especially in 
some central and western regions. The adoption of subsidies for energy-
efficient vehicles on top of an emissions trading scheme or a carbon tax 
will lead to greater GDP loss. In terms of regional welfare, our analysis 
shows that although the total welfare increase under a separate carbon 
tax is much higher than with other policy portfolios, there are wider 
gaps in welfare increases across regions.

As regards interregional labor and capital mobility, the separate 
carbon tax policy or the policy mix of a carbon tax and subsidies for 
energy-efficient vehicles will probably exacerbate the imbalanced 
allocation of production factors between the eastern regions and the 
central and western regions. Our analysis shows that a separate emissions 
trading scheme performs better in promoting the transfer of labor and 
capital from the eastern regions to central and western regions. When 
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a carbon tax or subsidies for energy-efficient vehicles are implemented, 
the labor and capital both follow the opposite trend of transferring from 
the central and western regions to the eastern regions. 

While implementing a carbon tax increases social costs in the 
PRC, it also causes a higher decrease in total output compared with the 
emissions trading scheme. In addition, although all policy portfolios 
are effective in reducing the output of high-emission industries, the 
industrial structure adjustment is more significant when a carbon tax 
is put in place, especially when combined with subsidies for energy-
efficient vehicles. We saw a similar situation in the export of goods and 
services. While the implementation of an emissions trading scheme or a 
carbon tax decreases the export of energy-intensive goods, the subsidies 
for energy-efficient vehicles cause further drops in the export of energy-
intensive goods.

In conclusion, as the most important emissions reduction policy 
in the PRC, a nationwide emissions trading scheme certainly has its 
advantages compared with a carbon tax, such as cost-effectiveness and 
regional equity. However, compared to other policies, such as a policy 
portfolio of a carbon tax and subsidies for energy-efficient vehicles, it is 
less effective in regard to industrial structure adjustment and emissions 
reduction in sectors that are excluded from the emissions trading 
scheme, such as the transport sector. For that reason, policy portfolios 
could be adopted to improve the efficiency of emissions reduction in the 
PRC. In terms of social costs, a carbon tax for sectors that are excluded 
from the emissions trading scheme or subsidies for energy-efficient 
vehicles could be seen as a supplementary policy for the emissions 
trading scheme in the PRC. As more countries in Asia and beyond have 
developed and are developing carbon pricing mechanisms, the findings 
of this chapter represent an important reference.

The limitations of this study should be noted when interpreting 
our findings. Due to the limitation of industry classification in the 
database, the sectors covered by the emissions trading scheme in this 
chapter are not completely consistent with the sectors included in the 
national carbon market of the PRC. For example, domestic civil aviation 
is included in the transport sector in this study rather than as a trading 
sector in the emissions trading scheme. In addition, this chapter lacks 
a discussion on the long-term impact of carbon pricing because of the 
static model. These should be considered for future research.
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9

What Role for Carbon Taxes 
and Emissions Trading in a 

Portfolio of Policies to Reduce 
Greenhouse Gas Emissions?

Frank Jotzo and Dina Azhgaliyeva

9.1 Introduction
Carbon pricing is becoming a mature policy instrument. The first 
emissions trading system was implemented by the European Union 
(EU) in 2005. Since then, 46 national jurisdictions (e.g., the United 
Kingdom, Australia, Singapore, Kazakhstan, Japan, the People’s 
Republic of China [PRC], and the Republic of Korea) and 36 subnational 
jurisdictions (e.g., Tokyo, Saitama, and California) have implemented 
some form of carbon tax or emissions trading scheme (ETS) for 
greenhouse gas (GHG) emissions, collectively referred to as carbon 
pricing. Other jurisdictions have scheduled the implementation of 
carbon pricing in the future (e.g., Indonesia and Washington), and 
others are considering its introduction (e.g., Thailand, Viet Nam, 
Pakistan, Malaysia, and Türkiye) (World Bank 2022a). ETS and carbon 
taxes now cover more than 20% of total global emissions (World Bank 
2022a). The experiences made in some jurisdictions where carbon 
pricing has been in place for a long time—have provided important 
practical lessons and have allowed policy design to evolve in line with 
experience (Dubash et al. 2002). 

However, carbon pricing is practically never the only policy 
instrument aimed at GHG emissions reduction in jurisdictions where 
policy effort is made to reduce emissions, and in many instances various 
kinds of non-pricing policies are the dominant or exclusive form of 
climate change mitigation policy. In some cases, there is a theoretical 
case for non-pricing policies on the basis of effectiveness or efficiency, 
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while in other cases the preference for them over or alongside carbon 
pricing may stem from political or institutional factors. 

In practice, there are widespread policy overlaps and extensive 
interactions between different policy instruments, some aimed fully 
or primarily at emissions reduction and others that impact emissions 
as a side effect. Increasingly, policies for emissions reduction come in 
packages aimed at providing a more comprehensive basis for climate 
policy, and to allow achievement of policy objectives other than only 
reducing emissions, such as social or regional economic objectives, or 
industrial development goals. Carbon pricing often plays a role in these, 
but that role can differ greatly.

With net-zero carbon emissions goals by around 2050–2060 
having been adopted by many countries (including the PRC, Indonesia, 
Kazakhstan, Viet Nam from developing Asia), alongside stronger 
medium-term emissions targets in some jurisdictions, policy makers 
increasingly need to consider climate policy as a tool to facilitate non-
marginal change. What is the possible, desirable, or likely role for 
carbon pricing in portfolios of policies aimed at decarbonization over 
the coming decades? This chapter approaches this question by drawing 
inferences from a review of some aspects of policy theory and evidence 
from implementation in practice. 

Section 9.2 reviews the respective roles for carbon pricing and 
non-pricing instruments. Section 9.3 examines the implementation of 
policy packages for multiple policy objectives. Section 9.4 reviews some 
aspects of evolution of design of carbon pricing. Section 9.5 draws some 
inferences with policy implications for Asia and concludes.

9.2  Roles for Carbon Pricing and Non-Pricing 
Instruments in Reducing Greenhouse Gas 
Emissions

9.2.1 Principles of and Role for Carbon Pricing

The theoretically most efficient approach to greenhouse gas emissions 
across an economy is to implement policy instruments that put an 
explicit or implicit cost on emitting GHGs, with that cost equal across all 
sources of emissions. For global efficiency, the marginal cost of emitting 
(or marginal cost of abatement) should be equal across all jurisdictions. 

Further conditions for overall theoretical optimality of emissions 
reduction policy are that an expectation of future costs of emissions is 
created in the marketplace so that investment decisions are taken based 
on the expected future costs of emissions. 
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Carbon pricing is the most direct, and generally theoretically 
preferred, policy instrument to achieve this outcome. Nevertheless, 
carbon pricing in practice needs to be combined with regulatory policy 
instruments and selected other approaches, in order to variously achieve 
comprehensiveness, robustness, distributional objectives, or societal 
acceptance. 

An emissions tax (usually referred to as a carbon tax although 
it may also apply to other GHGs), directly sets a price on emissions. 
The tax rate can be varied over time to adjust for changes in desired 
emissions reductions, or for changes in costs of reducing emissions. 
Conversely, an emissions trading scheme (or cap-and-trade system) 
creates an emissions price by way of a government requiring the 
acquittal of permits to cover each unit of emissions by covered entities, 
providing permits into the market according to the required maximum 
amount of emissions, and allowing trading (and possibly banking and 
borrowing) of permits. 

There are variants of carbon pricing systems, for example baseline-
and-credit systems where a price for emissions permits is created in the 
market, but the government is not (or not to a significant extent) an issuer 
of permits and therefore does not take in (or not to a significant extent) 
revenue from carbon pricing. Further, there are emissions reduction 
crediting and credit trading schemes that also create a uniform price 
on emissions within activities that are part of the scheme, typically on a 
voluntary basis. 

Carbon pricing has a range of design options that governments can 
use to tailor the instruments to the specific requirements or objectives. 
These include whether and on what basis to provide free permits 
under emissions trading or exemptions under carbon taxes, provisions 
for minimum or maximum market prices under emissions trading, 
provisions for adjustment of carbon tax rates over time, linkage between 
emissions trading schemes with other jurisdictions or with emissions 
offset schemes, decisions about which emitters are covered, and more. 
These design choices can have consequences for the effectiveness, 
political acceptability, distributional impacts, and fiscal effects of 
carbon pricing. Section 9.4 elaborates on some aspects that have been of 
relevance in practice.

9.2.3  Principles and Roles for Non-pricing  
Policy Instruments

Types of Non-pricing Policy Instruments
Non-pricing policy instruments for GHG reductions include various 
regulatory policies that do not involve a direct price levied on emissions 
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content and that usually involve setting emissions standards, subsidies 
for mitigation action including support research and development 
(R&D), government procurement of low-emissions goods, services, and 
infrastructure, and policies that support voluntary action (e.g., through 
information provisions). 

Regulatory measures include technology standards that prescribe 
the use of certain low-emissions or emissions-reducing technologies 
(e.g., insulation in buildings, green construction material,1 or carbon 
capture-and-storage in gas extraction) or rule out the use of certain 
high-emissions technologies (e.g., a ban on incandescent light bulbs 
and appliances with low energy efficiency performance) (Azhgaliyeva, 
Shen, and Leal forthcoming) or in the future on internal combustion 
engine cars.2 

They also, and importantly, include performance standards that 
prescribe a maximum emissions intensity (or energy intensity) of 
different products or services, for example, emissions intensity of power 
stations, fuel use of cars, or energy use of appliances. These performance 
standards can be tradable, that is many producers or users of specific 
products can fulfill average performance benchmarks collectively 
(across a portfolio) and trade the individual overshoot or undershoot 
with each other. Widely used forms of portfolio standards include 
renewable energy provision in electricity grids, involving the trade of 
renewable energy certificates between power producers or distributors; 
and fuel efficiency standards for car fleets in a jurisdiction, allowing 
trading of efficiency certificates between different manufacturers. 

Governments can also subsidize low-emissions investments and 
activities (including renewable energy, energy efficiency, carbon capture 
utilization and storage, clean transportation, green buildings, green 
hydrogen), including through tax credits, subsidized loans, or direct 
subsidy programs. Governments further have important levers through 
their own purchasing decisions, especially in procuring infrastructure, as 
well as buildings, equipment, and transport facilities, the military and so 
forth. Subsidies for research, technology development, and development 
adaptation to specific circumstances are also important areas for 

1 Five countries—the United Kingdom, India, Germany, Canada, and the United Arab 
Emirates—pledged to support demand for low-carbon steel, cement, and concrete at 
the 26th United Nations Climate Conference of the Parties (COP26) in Glasgow.

2 A declaration to sell only zero-emissions transport vehicles globally by 2040, and by 
no later than 2035 in leading markets, was signed at COP26 by many governments, 
local and regional authorities, and automotive companies and investors. These new 
targets aim to accelerate the transition to zero-emissions transport vehicles in a bid 
to achieve the Paris Agreement’s goals.
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government intervention to support low-emissions technologies and 
practices. 

Governments also have a traditional role in providing information 
that helps in the adoption of low-emissions technologies, for example 
through mandatory energy efficiency labelling of appliances or buildings 
(for more information see Chapter 3). Governments can also initiate or 
support voluntary emissions savings programs, for businesses as well as 
for individuals, typically by providing an institutional framework for the 
harmonization and monitoring of voluntary emissions saving activities.

Theoretical Reasons for the Use of Non-pricing Instruments 
While economic theory suggests a primary role for carbon pricing, there 
are several in-principle reasons why non-pricing policy instruments 
may be required as the sole or primary policy instruments instead of 
carbon pricing, or in addition to carbon pricing. 

These can include the following situations.
Carbon pricing cannot be effectively applied to specific emissions 

sources when transaction costs are too high. This includes situations 
where there many small (or “non-point”) emissions sources, and/or 
where the measurement of emissions from specific sources is difficult 
or costly. A typical example are direct emissions from agricultural 
activities,3 which need to be estimated and typically arise from a large 
number of dispersed sources, making the attribution of precise amounts 
of emissions to individual companies difficult and costly. Usually, such 
small emitters are excluded from a carbon pricing policy.

Carbon pricing cannot be effectively applied when the incentive created 
by carbon pricing is not effective in achieving emissions reductions or split 
incentives. This can include situations where cognitive or perception 
issues preclude effective emissions saving investment or activities. A 
typical example is energy efficiency at the consumer or small business 
level, where those in charge of making investment decisions may not 
be aware of energy costs and the additional costs imposed by carbon 
pricing (and opportunities to save on those costs). Carbon pricing 
can also be ineffective where there are split incentives, e.g., the cost 
savings from lower emissions equipment do not flow to the company 
or individual making the investment—this is often the case in rented 
buildings (Kapoor et al. 2021).

Carbon pricing cannot be effectively applied when there are 
externalities or market failures that mean that the optimal marginal cost 
of emissions in specific applications is higher than the average optimal 
carbon price, and/or that other policy instruments are required. A typical 

3 For decarbonization strategies in the agriculture sector, see chapters 6 and 7.
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case is when there are positive spillovers from emissions reductions 
actions in particular activities. The most prominent example of this 
is low-emissions innovation. The benefits from innovation are to a 
large extent a public good, and consequently individual companies 
under invest in innovation. Further, accelerated deployment of novel 
technologies can result in dynamic cost reductions through learning-
by-doing, justifying investment in new emissions saving technologies at 
higher marginal costs. 

In this situation, dynamically optimal policies may require a 
marginal cost of abatement for the specific activity that is far higher than 
the average (optimal) marginal cost of abatement across the economy; 
the dynamic benefit arises from the cost reductions that are achieved 
by investment into the new technology at initially high unit costs. This 
can involve technology “push” policies such as R&D subsidies, and 
technology “pull” policies such as subsidies or performance standards 
that result in greater deployment. These policies are often used partly in 
parallel, shifting from an emphasis on push policies toward an emphasis 
on pull policies as technologies mature and costs fall. Once costs have 
fallen sufficiently, carbon pricing or other policy instruments applied at 
the average marginal cost will be sufficient to make the deployment of the 
emissions saving technology economically efficient. A standout example 
is solar photovoltaic technology that reduced greatly in production costs 
as a result of R&D and then policy-driven deployment at relatively high 
marginal costs of abatement.

Carbon pricing cannot be effectively applied when other existing 
policies interact with carbon pricing in a way that requires the application 
of other policy instruments. Existing policy instruments of any kind may 
either promote emissions savings or the use of high emissions practices 
and technologies, requiring correction even in the presence of a carbon 
price. A typical example is subsidies for fossil fuels, which result in an 
incentive to use a greater amount of fossil fuels and therefore emissions 
than would be the case without policy. Although many countries 
pledged to remove fossil fuel subsidies, which are usually not effectively 
targeted toward the most vulnerable groups (ADB 2016), if subsidies 
cannot be removed, other measures would be needed to counter the 
incentive to increase emissions that stems from the subsidies.

One or more of these factors apply to many areas of emissions 
reductions. Non-pricing policy instruments (also referred to as 
regulatory policy instruments, although carbon pricing also has its basis 
in governments’ regulatory action) then are needed, whether as sole, 
primary, or additional policy instruments. 

In some cases, the boundary between carbon pricing and non-
pricing instruments is blurred, especially where the requirements of 
a regulation can be achieved through a market-based trading system. 
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Examples are trading of certificates for renewable energy generation or 
energy efficiency improvements, which create a market price for these 
outcomes (e.g., the amount of renewable energy generated) that is not 
a price on emissions, but that creates broadly similar incentives to a 
carbon price in the application. 

9.2.4  Political Acceptability and Institutional Feasibility 
of Different Policy Instruments

An important factor—and on occasion overriding consideration—in 
policy choice and design in practice is whether and to what extent 
different policy instruments are politically acceptable and institutionally 
feasible, including for implementation. 

These factors tend to be strongly context specific. However, it is 
frequently observed that carbon pricing faces hurdles of acceptability, 
in particular at the stage of initial implementation. Carbon pricing 
has faced political difficulties, especially in democracies where one or 
more parties are positioned politically against climate change policy. 
Prominent examples of these political dynamics include the federal 
level of the United States where proposed carbon pricing legislation has 
never succeeded, and Australia where carbon pricing was at the heart 
of a political contest over climate policy for many years and where a 
comprehensive carbon pricing system was legislated and implemented, 
only to be abolished after 2 years.

In these and other cases, opponents of effective climate policy (or 
of carbon pricing in particular) created a narrative of carbon pricing as 
an economically detrimental policy instrument that results in higher 
costs to industry and thus diminished competitiveness, and higher costs 
to consumers and thus diminished standards of living. Such narratives 
usually omit the fact that the revenue from carbon pricing is used to 
reduce other taxes, provide more government services, or is recycled to 
emitters; and usually obscure the fact that non-pricing policy instruments 
tend to have similar effects in terms of rising costs of emissions-
intensive processes and products and thus increase production costs 
and consumer prices. Global carbon pricing revenues have increased 
sharply. In 2021, revenues reached a record high of $84 billion, which is 
a 60% increase from 2020 levels (World Bank 2022a). In 2021, revenues 
from emissions trading schemes exceeded carbon tax revenues for the 
first time.

With carbon pricing, policy makers and politicians have a difficult 
task communicating the rationale and relatively complex effects of the 
policy. It can also be difficult to identify specific examples of where a 
carbon tax or emissions trading scheme results in emissions reductions, 
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because of the diffuse and pervasive nature of the price incentive that 
results in economy-wide marginal changes in investment, production, 
and consumption decisions. 

The practical experience with carbon pricing schemes has shown 
that the gradual implementation of such policy instruments can be 
advantageous, for example through “pilot” ETS that apply only in some 
subnational jurisdictions and where relatively low carbon prices prevail 
at first, such as in the case of the PRC’s pilot ETS schemes. A gradual 
approach also allows continuous refinement of policy design and 
implementation, as was the case with the EU ETS.

Carbon pricing has been shown to be strongly effective in reducing 
overall emissions, for example one large ex post study suggests that in 
jurisdictions that had a carbon price in place, average annual growth of 
covered emissions was 2 percentage points lower than in jurisdictions 
without a carbon price, after accounting for a multitude of other factors. 

However, the solid theory and empirical evidence does not 
necessarily translate into political feasibility, even in cases where the 
use of revenue from carbon pricing was broadly designed to maximize 
voter appeal, as was the case in the Australian carbon pricing system 
(through income tax reform and changes in social security payments 
that left a large majority of people better off ). 

Figure 9.1: Revenues from Carbon Tax  
and Emissions Trading Schemes

ETS = emissions trading scheme.

Source: Authors using data from World Bank (2022b).
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By contrast, non-pricing instruments are typically specific to 
identifiable activities, processes, and products, and their effect on 
emissions is more readily apparent and more easily explained to the 
public, that they can be readily tailored to specific sectors and purposes, 
and that they may more readily be designed to achieve (or avoid) specific 
distributional outcomes. For example, support policies for renewable 
energy deployment typically find relatively strong public support, as  
the purpose of the policy intervention is clearly defined, and the 
proximate purpose of the policy (increased supply of renewable energy) 
is in line with most people’s preferences. The framing of a policy as 
“support” tends to de-emphasize additional costs that are imposed on 
producers and/or consumers, or consumers are more willing to bear 
the additional costs because they understand (better than in the case of 
carbon pricing) what is being achieved.

Institutional feasibility can also be a hindrance to the implementation 
of broad-based carbon pricing, and instead favor more narrowly focused 
regulatory policies. This can be the case where emissions monitoring, 
reporting, and verification or systems for taxation are not uniformly of 
a high enough standard to base a system of payments on. Instead, it may 
be more feasible to implement regulatory policies in specific sectors 
where institutional prerequisites are given.

9.3  Policy Interactions and Packages  
for Multiple Policy Objectives

In the practice of climate policy making, an array of different policy 
instruments is used with the objective of reducing emissions. These 
operate alongside other policies and government measures that affect 
emissions, their effect being to either decrease or increase emissions. 
As a result, in practice there are multiple policy overlaps and policy 
interactions. For best overall effectiveness, policy overlaps and 
interactions should be recognized, and policies designed accordingly.

Increasingly, governments understand multiple policies as 
packages, which can be designed to achieve overall outcomes that 
cover both emissions reductions and other policy objectives. This is an 
expression of mainstreaming climate change policy into core economic 
and noneconomic policy making. In policy packages, focus tends to be 
not on the performance of each policy element in isolation, but on the 
package as a whole. The following subsections explore these themes 
both in principle and with reference to policy packages in practice.
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9.3.1  Overlap and Interactions  
of Multiple Policy Instruments

In practice, there will inevitably be overlaps (as well as gaps) between 
policies that affect emissions, and interactions between different 
policy instruments. This applies both to new and existing policies and 
instruments, including ones whose intent is not to effect emissions, such 
as energy taxes or subsidies. Such interactions can make it complex to 
optimize any single policy instrument and could mean that individual 
policy instruments are most effective or efficient if their design deviates 
from what would be optimal if they operated as stand-alone instruments. 

Policy interactions affecting GHG outcomes are often found 
between energy efficiency policies, and between carbon pricing and tax 
or subsidy policies, and carbon pricing and regulatory interventions. For 
example, a large majority of emissions covered by California’s emissions 
trading scheme are also subject to other policy instruments (Mazmanian, 
Jurewitz, and Nelson 2020). 

In the typical case of emissions policy interaction, two or more 
policies that affect the same emissions source will reinforce each other, 
for example an emitting activity is subject both to an emissions tax and 
an energy efficiency standard or an energy tax. In other, generally less 
frequent cases, the interaction is opposite, for example a carbon tax and 
a fossil fuel subsidy. In the specific case of an emissions trading scheme 
with a fixed cap (fixed total number of emissions allocations), the trading 
scheme can neutralize the effect of other existing policies, although 
these other policies still affect behavior. This is because other policies 
either reduce or increase the underlying level of emissions and thus 
the extent of reductions that need to be achieved through the trading 
scheme, but they do not change the overall outcome (this is referred to 
as the “waterbed effect”).

The overall cost of achieving a given emissions reductions goal will 
typically be greater as a result of policy interactions. But it will often 
not be possible to avoid interactions—for example because existing 
policy instruments are geared toward other objectives, or because 
comprehensive policy reform is institutionally or politically impossible. 
Multiple policies can be justified in light of equity objectives and in some 
cases to achieve greater overall policy effectiveness (Stiglitz 2019), or to 
create greater robustness of the policy response. 



310 Climate Change Mitigation: Policies and Lessons for Asia

9.3.2  Role of Carbon Pricing and Other Policy 
Instruments in Selected Jurisdictions from Asia

Globally, 46 national jurisdictions are covered by carbon pricing,4 
covering 23% of global GHG emissions (World Bank 2022a), half of 
which are covered by the Asia and Pacific region. This subsection 
provides a brief overview of carbon pricing policies (i.e., ETS and carbon 
tax) in several jurisdictions from Asia. The existing literature on the 
experience of carbon pricing in developed countries such as the EU, 
the United Kingdom, and Australia, is abundant. Although Asia and the 
Pacific contributes over 50% of global GHG emissions and is expected 
to contribute two-thirds of energy demand growth by 2040 (IEA 2019) 
there is a relative lack of literature on experience of carbon pricing in 
Asia (other than on the PRC pilot ETS).5 In this section, we are focusing 
on experience with carbon pricing in Asia and mainly on ETS because 
carbon tax is less popular in Asia and the Pacific than ETS (Table 9.1).

4 As of 16 September 2022.
5 For carbon pricing in the PRC, see Chapter 8 of this book.

Figure 9.2: Proportion of Global GHG Emissions  
in Asia and the Pacific

GHG = greenhouse gas, PRC= People’s Republic of China, RoW = rest of the world.

Source: Authors using data from World Bank (2022b).
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Kazakhstan’s Emissions Trading Scheme
Kazakhstan’s Nationally Determined Contribution (under the 
framework of the Paris Agreement) has set targets of GHG emissions 
reduction by 15% (unconditional target) and by 25% (conditional target) 
by 2030 relative to the 1990 GHG level of 386.3 metric tons of CO2  
equivalent. Kazakhstan has also pledged to net-zero carbon emissions 
target by 2060 announced at COP26 in Glasgow. Kazakhstan, the largest 
CO2 emitter in Central Asia and 14th largest in the world (Marteau 
2021), launched its ETS for monitoring, reporting, verification, setting 
of an emissions cap, and trading of CO2 emissions in January 2013. 
Kazakhstan’s ETS covers only CO2 emissions and only entities from a 
list of covered sectors (Table 9.2). The emissions cap is calculated using 
a benchmark of CO2 emissions per output over the 2013–2015 period 
(Zhasyl Damu 2022). Around half of all emissions were covered by 
the ETS in 2019 (Suleimenova 2021; KazEnergy 2022). Kazakhstan’s 
ETS is being developed in phases (Table  9.2). Due to the challenges 
with implementing the ETS, the CO2 emissions cap allocation and 
CO2 emissions trading (but not emissions monitoring) in the ETS was 
suspended from April 2016 to 2018 (Kapsalyamova 2021; KazEnergy 
2022; Zholdayakova et al. forthcoming). Kazakhstan’s ETS was revised, 
particularly the CO2 emissions cap allocation, and relaunched (Zhasyl 
Damu 2022). Currently, CO2 prices in Kazakhstan are low ($1.1/tCO2 
in 2021) to drive the implementation of decarbonization technologies, 
including hydrogen (Suleimenova 2021). 

Table 9.1: Emissions Trading Schemes  
and Carbon Tax in Asia and the Pacific

Carbon Tax Emissions Trading Schemes 

Indonesia, Japan Kazakhstan; People’s Republic of China; Pakistan; 
Republic of Korea; Japan; Thailand; Viet Nam; 
Malaysia; Taipei,China; New Zealand

Note: This table includes implemented, scheduled, and under consideration emissions trading schemes 
and carbon tax. 
Source: World Bank (2022a). 
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Table 9.2: Kazakhstan’s Emissions Trading Scheme

Period Phase
Emissions 

Cap, MtCO2
a Sectors

2013 1st National 
Allocation Plan

147 Power sector, centralized heating 
extractive industries, manufacturing, 
oil and gas mining, metallurgy and 
chemical industry2014–2015 2nd Allocation 

Plan
154.9–152.8

2016–2017 Temporary suspension of Emissions Trading Scheme 

2018–2020 3rd National 
Allocation Plan

485.9 Power sector, centralized heating, 
extractive industries, manufacturing, 
oil and gas mining, metallurgy, chemical 
and processing industry (production 
of building materials: cement, lime, 
gypsum, and brick)

2021 4th National 
Allocation Plan

159.9

2022–2025 5th National 
Allocation Plan

537.2

CO2 = carbon dioxide.
a Kazakhstan’s ETS sets an emissions cap only on CO2, other emissions are not covered.
Source: Authors using data from ICAP (2022).

Singapore’s Carbon Tax
“Singapore is positioning itself as a hub for trading carbon credits 
generated from nature-based solutions, leveraging on existing 
advantages of having an ecosystem of services to engage in carbon finance 
and trading” (Low and Bea 2021, p.1). In 2020, Singapore set a target to 
peak GHG emissions at not more than 65 million tons of CO2 equivalent 
(MtCO2e) by 2030, halve emissions from its peak to 33 MtCO2e by 2050, 
and reach net-zero emissions as soon as viable in the second half of 
this century (National Climate Change Secretariat 2020). However, in 
February 2022, it was announced that the government would raise the 
emissions reduction target to achieve net-zero emissions “by or around 
mid-century” (National Climate Change Secretariat 2020, 2022; Lim 
2022; Low, Ling, and Yi 2022). A carbon tax on large direct emitters 
was implemented in Singapore in 2019 with an initial tax of S$5/tCO2e 
until 2023 (Li and Su 2017). After that carbon tax will increase starting 
from 2024 to gradually reach S$50–S$80/tCO2e by 2030 (National 
Climate Change Secretariat 2022; Lim 2022; Low, Ling, and Yi 2022). 
The government announced the gradual increase of carbon tax rates in 
2024–2030 in advance (February 2022) in order to give businesses time 
to adjust and to plan accordingly. Plans for revenue from the carbon 
tax have been also clearly announced by the government to the public: 
for decarbonization efforts, and to support households and businesses 
(National Climate Change Secretariat 2022). Singapore’s carbon 
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tax policy demonstrates the government’s prioritization of advance 
announcement of future carbon tax rates and its revenue use to the 
public.

Japan’s Carbon Tax and Emissions Trading Scheme
Given over 10 years of Japan’s experience with carbon pricing in Asia, 
Japan’s experience can provide valuable lessons to Asia. Japan has had a 
national carbon tax (called Climate Change Mitigation Tax) since 2012 
(Box 9.1) and two province-level ETS: one in Tokyo (called Tokyo Cap-
and-Trade Program)6 since 2010 (which was the first ETS in Asia) and 
the other in Saitama (called Saitama Target-setting ETS)7 since 2011 
(Box 9.2). 

6 https://www.kankyo.metro.tokyo.lg.jp/en/climate/cap_and_trade/index.html
7 https://www.pref.saitama.lg.jp/a0502/torihikiseido.html

Figure 9.3: Singapore’s Carbon Tax

tCO2e = ton of carbon dioxide equivalent. 

Source: Authors’ data from the National Climate Change Secretariat (2022).
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Box 9.1: Japan’s Carbon Tax
This box is written by Wataru Kodama, research associate, Asian Development 
Bank Institute, and Dina Azhgaliyeva, research fellow, Asian Development Bank 
Institute.

In 2012, Japan introduced a national carbon tax, the Climate Change 
Mitigation Tax—one of the first Asian countries to do so (Gokhale 2021)a. It 
targets the carbon price of ¥286 (approximately $3.58)b per ton of carbon 
dioxide (CO2) by imposing taxes on all fossil fuels such as crude oil, natural 
gas, and coal based on their CO2 emissions intensity (e.g., ¥769 per kiloliter 
for crude oil and ¥670 per ton for coal).c Tax revenues are allocated to 
restraint measures for energy-oriented CO2 emissions.c The petroleum and 
coal tax, which covers the main fossil fuels, functions as an important tax on 
fossil fuels. If one considers this tax as well as the Climate Change Mitigation 
Tax, Japan’s effective carbon price, which includes fossil fuel taxes, carbon 
taxes, and emissions trading schemes, for main fossil fuels results in about 
$5–$9 per ton of CO2 (Table B9.1.1). This price is similar to that of the 
People’s Republic of China’s ETS but is still one of the lowest in developed 
economies (Figure B9.1.1). While Japan’s carbon tax has partially helped to 
reduce around 10% of greenhouse gas (GHG) emissions since 2014, its price 
needs to be higher to achieve Japan’s ambitious national target of 46% GHG 
emissions reduction by 2030, which was announced in 2021.a

Figure B9.1.1: Carbon Price in Selected Countries  
(as of April 2022)

ETS = emissions trading scheme, EU = European Union, PRC= People’s Republic of China,  
RGGI = Regional Greenhouse Gas Initiative, US = United States.

Source: Adapted from World Bank (2022a).
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Box 9.2: Japan’s Provincial Emissions Trading  
Schemes in Tokyo and Saitama

This box is written by Wataru Kodama, research associate, Asian Development 
Bank Institute, and Dina Azhgaliyeva, research fellow, Asian Development Bank 
Institute.

In Japan, the national-level carbon pricing has been a great concern 
to industries, and the government has been encouraging regional-level and 
voluntary mitigation measures. There are two regional ETS (as of September 
2022) in Tokyo and Saitama. 

Introduced in 2010, the Tokyo ETS, called the Tokyo Cap-and-Trade 
Program, regulates the manufacturing and commercial sectors, covering 
1,000 offices and commercial facilities and 400 factories or around 40% 
of GHG emissions in Tokyo.a In March 2022, the Tokyo Metropolitan 
Government released results of the Tokyo Cap-and-Trade Program in the 
first year of the third compliance period, indicating that covered facility 
emissions were reduced by 33% (Figure B9.2.1) in 2020 compared to the 
base year (which is the average emissions of 3 consecutive fiscal years 
selected by facilities between fiscal years 2002 and 2007) due to energy-
saving measures, low-carbon electricity and heat, and the coronavirus 
disease (COVID-19) pandemic.b However, there was no emissions reduction 
between 2016 and 2019 (Figure B9.2.1).

Table B9.1.1: Effective Carbon Price, Japan

Crude Oil  
and Petroleum 

Products

Gaseous 
Hydrocarbon 
(LPG/LNG) Coal

Climate Change 
Mitigation Tax

¥779/tCO2
($7.10/tCO2)

¥400/tCO2
($3.64/tCO2)

¥301/tCO2
($2.74/tCO2)

Petroleum and Coal Tax ¥286/tCO2
($2.60/tCO2)

Effective Carbon Price ¥1,065/tCO2
($9.70/tCO2)

¥686/tCO2
($6.25/tCO2)

¥687/tCO2
($6.26/tCO2)

Note: Annual average exchange rate of ¥109.795 to $1 in 2021.
Source: Authors’ calculation based on Ministry of the Environment (2021).

Box 9.1 continued

continued on next page

a Gokhale (2021)
b The exchange rate of ¥79.8075 to $1 in 2012 and ¥109.795 to $1 in 2021 is calculated using 

annual average interbank exchange rates from the Bank of Japan (2022).
c Ministry of the Environment (2021)
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Indonesia’s Emissions Trading Scheme and Carbon Tax
Indonesia has scheduled the implementation of a carbon tax sometime 
in 2022 (after postponing it twice—initial scheduled date was April 
2022, with the first postponement until July 2022 and the second 
postponement’s date is unknown) and considers implementing an 

Another prefecture, Saitama, introduced an ETS in 2011 with a similar 
design to Tokyo’s ETS.c Saitama’s ETS, called Saitama Target Setting Emissions 
Trading System, covers large emitters that have used 1,500 kiloliters or more 
of crude oil equivalent energy per year for 3 consecutive years.d Even though 
it has stimulated firms’ efforts in GHG mitigationsa and the program lacks 
penalties for noncompliance,d empirical research finds limited reduction 
impactsc due to the relatively low carbon price of around $4 per ton of CO2 
(Figure B9.2.1). 

Box 9.2 continued

Figure B9.2.1: CO2 Emissions of Facilities Covered  
by Tokyo’s Emissions Trading Scheme

Note: Emissions in base year are the average emissions of 3 consecutive fiscal years selected 
by facilities between fiscal years 2002 and 2007.

Source: Authors, using data from Tokyo Metropolitan Government (2022).
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Box 9.3: Carbon Tax Policies in Indonesia
This box is written by Noor Syaifuddin, senior analyst, Fiscal Policy Office, Indonesian 
Ministry of Finance, and Riznaldi Akbar, senior capacity building and training economist, 
Asian Development Bank Institute.

The government has stipulated two regulations that mandate implementation of 
a carbon tax in 2021: President Regulation No. 98/2021 on carbon pricing, and Law 
No. 7/2021 (Article 13 on carbon tax) on Tax Regulation Harmonization. Carbon taxes 
are imposed on individual or corporations who buy goods containing carbon and/or 
emit carbon from their activities. 

Figure B9.3.1 shows that emitters can fulfill their carbon deficit by purchasing 
permits and/or carbon credits or paying the carbon tax. By the implementation 
of the cap-trade-and-tax system in Indonesia, the carbon tax price will tend to be 
the maximum price of both permits and carbon credit. The taxpayer may consider 
purchasing permits and/or carbon credit as it could be more favorable than the 
carbon tax with a higher rate. The carbon tax acts like a penalty in the cap-and-trade 
mechanism. The carbon tax, however, will be liable for the coal-fired power plants that 
are unable to fulfill their carbon deficit from permits and carbon credits. 

ETS in the future. Indonesia’s experience of planning carbon pricing is 
interesting as a case of a country with heavy reliance on coal for power 
generation (Box 9.3). A carbon tax is planned to initially cover coal-fired 
power plants in order to incentivize investments in green technologies 
such as renewable energy, energy efficiency, and clean transport.

Figure B9.3.1: Implementation of Carbon Cap-Trade-and-Tax 
System in Indonesia

Source: Indonesian Ministry of Finance (2021).
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In 2021, the government was planning to implement a cap-trade-and-tax system 
for coal-fired power plants to come into force by 2022 with the potential ceiling 
price (i.e., carbon tax rate) of Rp30,000 (approximately $2.20) per tons of carbon 
dioxide equivalent (CO2e). The revenues collected from this carbon tax can be used to 
support the mitigation and adaptation activities in the country. The carbon tax policy 
will consider the carbon tax and/or carbon market road map.

On the carbon market of the coal-fired power plants, there is a potential of around 
6.4 million tons CO2e carbon deficit subject to the carbon tax in 2022. This amount 
remains a potential because it needs to consider how many carbon credits (e.g., from 
renewable energy etc.) could be used as the carbon tax reduction. 

Box 9.3 continued

Table B9.3.1: Potential Carbon Deficit in 2022

Installed 
Capacity

Cap
(tons CO2e/

MWh)

Surplus
(million tons 

CO2e)

Deficit
(million tons 

CO2e)

Net Deficit
(million tons  

CO2e)

MW >400 0,913 4.6 7.3 2.6

100 ≤ MW ≤ 400 1,013 3.6 6.3 2.7

MW ≤ 100 1.091 – 1.1 1.1

25 ≤ MW ≤ 100 1.300 – – –

Total 6.4

CO2e = carbon dioxide equivalent, MW = megawatt. 

Source: Indonesian Minister of Energy and Mineral Resources (2022).

Table B9.3.2: Existing Carbon Related Levies

Regulation Object Remark

Luxury Goods 
Tax on Motor 
Vehicles

Government 
Regulation No. 
73/2019

Motor vehicles The lower the amount of 
carbon dioxide emitted, 
the lower the tariff. Electric 
vehicle (EV): 0%
Imposed one time (on 
import or production)

Regional Tax on 
Motor Vehicles

• 	Law	No.	28/2009	
on Regional Tax and 
Retribution

• 	Tariff	regulated	by	
Regional Regulation

Ownership and/
or mastery of 
motor vehicle

More vehicles owned the 
higher the tax rate
Imposed annually

continued on next page



What Role for Carbon Taxes and Emissions Trading in a Portfolio  
of Policies to Reduce Greenhouse Gas Emissions? 319

Box 9.3 continued

Prior to the enactment of the carbon tax, there are various levies related to 
carbon. The most recent was Government Regulation No. 73/2019 imposing 0% tariff 
of luxury tax goods on electric vehicles. Even though the levies do not specifically 
entail a carbon levy, it has addressed environmental and carbon issues, while provided 
fiscal incentive to more green projects. 

References
Regulation of the President of the Republic of Indonesia Number 98 of 2021 on the 

Implementation of Carbon Pricing 
Law Number 7 of 2021 on Harmonization of Tax Regulation 
Government Regulation Number 73 of 2019 on taxable goods classified as luxurious in 

the form of motor vehicles that are object to sales tax on luxury goods
Implementation of Carbon Economic Value (NEK) in Indonesia, Ministry of Finance, 

February 2022
Implementation of Carbon Economic Value in the Electricity Subsector, Minister of 

Energy and Mineral Resources, February 2022

Regulation Object Remark

Registration 
Fee on Motor 
Vehicles

• 	Law	No.	28/2009	
on Regional Tax and 
Retribution

• 	Tariff	regulated	by	
Regional Regulation

Transfer of 
ownership of 
motor vehicle

Tax payable for each transfer 
of ownership
EV: 90% tariff reduction 
(national) and 0% tariff  
(DKI Jakarta and Bali)

Regional Tax on 
Fuel

• 	Law	No.	28/2009	
on Regional Tax and 
Retribution

• 	Tariff	regulated	by	
Regional Regulation

Fuel of motor 
vehicle

Source: Indonesian Ministry of Finance (2021).

The Republic of Korea’s Emissions Trading Scheme
The Republic of Korea has set a goal to reduce total national GHG 
emissions by 40% (727.6 MtCO2e) from the 2018 level by 2030 and 
carbon neutrality by 2050. The Republic of Korea launched its national 
ETS in 2015 (Box 9.4). Unlike Kazakhstan’s ETS, the Republic of Korea’s 
ETS covers several GHG emissions, not only CO2. It covers the following 
sectors: industry, power, building, domestic aviation, the public sector, 
and waste. About 73% of emissions are covered by the ETS (World Bank 
2022a).
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Box 9.4: The Republic of Korea’s Emissions Trading Scheme
This box is written by Seung Jick Yoo, professor, Sookmyung Women’s University, Seoul.

In 2015, the Republic of Korea launched its Emissions Trading Scheme (K-ETS). 
The government announced “Low Carbon Green Growth” in 2008 as the new 
national vision for the next 60 years and in 2009 set the greenhouse gas (GHG) 
emissions reduction target by 2020. As a legal framework of the K-ETS, the National 
Assembly of the Republic of Korea passed almost unanimously the Act on the 
Allocation and Trading of Greenhouse-Gas Emission Permits in May 2012. There 
have been extensive efforts by policy makers and regulated entities for the successful 
launch of the K-ETS. Starting in 2012, the GHG Target Management System (TMS) 
was implemented with the participation of the GHG-emitting entities. With the 
implementation of the TMS prior to the implementation of the K-ETS, the regulators 
developed and published guidelines for monitoring and reporting of GHGs at an 
entity level and to prepare an online reporting system managed by the Greenhouse 
Gas Inventory and Research Center (GIR). The annual inventory report of a regulated 
entity is subject to verification by the accredited verifiers before being submitted 
to the GIR. The information and experiences learned through the implementation 
of the TMS are valuable assets in monitoring GHG emissions and in allocating the 
allowances to the regulated entities.

There are some distinct characteristics in the K-ETS. First, the K-ETS covers all 
six GHGs (CO2, CH4, N2O, hydrofluorocarbons, perfluorocarbons, SF6) in the Kyoto 
Protocol and all sectors from the first implementation phase (2015 to 2017). The 
share of GHGs covered by the K-ETS compared to the national GHG emissions has 
been more than 70%. This makes the K-ETS the principal policy tool in achieving 
national GHG emissions reduction targets by pricing the emitted carbon. Other 
energy policies and measures have been implemented, such as voluntary agreements 
and renewable energy portfolio standards. However, the K-ETS is the most effective 
incentive tool to lower GHG emissions or improve the energy efficiency to the 
regulated entities. The aggregate cap for the K-ETS is determined by applying  
the average share of the K-ETS in the previous 3 years to the national GHG emissions 
to be aligned with the national emissions target (cap). The K-ETS started to allocate 
the allowance freely based on a “grandfathering” principle in the first implementation 
phase. The K-ETS gradually increases the share of the allocation by auction and the 
share of the benchmark allocation if allocated freely. 

In the K-ETS, indirect emissions of the regulated entities are subject to cap-
setting and allocation of allowances. It is due to the limited role of carbon prices in 
fuel choice in power generation due to the economic merit order dispatch system 
in which the carbon cost is not included and the regulated price of electricity in 
the retail market. Starting in 2022, the economic merit order dispatch system was 
replaced with the environmental merit order system to have the carbon cost included 
in determining the dispatching order. However, there is still limited pass-through of 
the carbon cost to the retail electricity price. Indirect emissions are subject to the 
allocation of the allowances to the regulated entities even in the third implementation 
phase (2021 to 2025).

continued on next page
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The K-ETS has been successful in its implementation as the principal policy 
tool to lower GHG emissions of the regulated entities since 2015. The market in 
the K-ETS has been stable and the allowance prices showed a steady upward trend 
before the impact of COVID-19 in 2020. The allowance prices in the K-ETS have 
been hovering around $35/ton CO2eq (Figure B9.4.1). The compliance rates of the 
regulated entities have been almost 100%, and the regulated entities increase their 
investment in GHG emissions reduction technologies in addition to the increased 
participation in emissions trading (Figure B9.4.2). Well-designed implementation 
plans and measurement, reporting, and verification systems are prerequisites for the 
introduction of an emissions trading scheme. Given the limited role of the carbon price 
under the emissions trading scheme in the regulated electricity market, the inclusion 
of emissions is a good policy alternative to lower the inefficient use of electricity. 

Box 9.4 continued

continued on next page

Figure B9.4.1: Trends in Total Trading Volume  
and Price by Emissions Permit

KAU = Korea Allowance Unit, KCU = Korea Credit Union, KOC = Korea Offset Credit, kt= kiloton.

Source: Adapted from GIR (2022).
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Box 9.4 continued

Figure B9.4.2: Final Allocation and Certified Emissions by Year

Mt = million tons.

Source: Adapted from GIR (2022).
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9.3.3  Policy Packages for Greater Overall Effectiveness 
and Multiple Objectives

Deliberately designed policy packages (or policy mixes) allow 
interactions between different policy instruments, which can provide 
greater overall coverage of emissions with policy-based incentives or 
regulatory measures to reduce emissions. They can be used to gear 
emissions reduction policies toward achieving longer-term transition to 
more sustainable production and consumption systems, for example in 
transition to low-emissions energy systems (Rogge and Reichardt 2016). 

Key goals of policy packages include comprehensiveness, balance, 
and consistency. Comprehensiveness can relate both to the extent that 
existing emissions sources are covered by policy instruments as well as 
using a suite of different policy instruments to address different pathways 
to impact—for example, emissions trading or taxes where investment 
and practices are price sensitive, minimum standards in areas where 
behavior is not responsive to price incentives (e.g., individual decisions 
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on energy efficiency), and R&D support to achieve longer-term cost 
reductions of low-emissions technologies. 

Policy packages can also be geared to facilitate larger changes 
in economic systems, such as complementing emissions reductions 
policies with social adjustment policies to help smooth energy and 
industrial transition processes.

9.4 Evolution of Design of Carbon Pricing 
Experience with carbon pricing has allowed the refinement of the design 
and implementation of carbon pricing, in particular emissions trading 
schemes, which by their nature allow a large range of modifications. 
Refinements have improved the effectiveness, efficiency, and political 
acceptability of carbon pricing instruments, and the interactions with 
other policy instruments as well as responsiveness to unanticipated 
economic or technological developments. 

These experiences provide valuable insights to governments in 
jurisdictions that are considering or planning to implement carbon 
pricing. Here we review practical experiences in design and incremental 
refinement of three important aspects of carbon pricing. Examples 
include stabilization measures and permit allocation in emissions 
trading schemes, and use of fiscal revenue (revenue recycling). 

The following sections provide an in-principle treatment of these 
issues with examples from specific emissions trading schemes.

9.4.1 Price and Allowance Stabilization Measures

In most GHG emissions trading schemes implemented so far, emissions 
fell or remained below the targeted amount (the predefined “cap” 
under the trading scheme), causing an accumulation of emissions 
permits or allowances over time (Haites 2018). This can indicate that 
underlying emissions trends were overestimated, that trading schemes 
were designed with little or no ambition, that emissions reduction 
was relatively easy to achieve, or that other policies were highly 
effective in cutting emissions. In most schemes, unused allowances 
can be retained for future use (“banked”), so a surplus in one year can 
mean lower scheme effectiveness in future years unless compensating 
measures are taken. 

Policy makers have typically responded by adjustments to the cap 
trajectory, issuing fewer than planned emissions in future years; or 
withdrawing a defined number of allowances from the market under 
certain market conditions. The largest example of such a set-aside 
policy is the “market stability reserve” under the EU ETS (Hepburn et 
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al. 2016). A relatively simple form of an automatic stabilizer is a price 
floor at auction, as it is, for example, implemented in California’s ETS. 
The total number of permits issued is then automatically limited (below 
the predefined cap) if the price paid for newly issued permits does not 
exceed a defined minimum. 

Such policy design features were often lacking from early emissions 
trading schemes but have become commonplace.

9.4.2 Permit Allocation 

Another important area of design evolution of emissions trading 
schemes is how governments allocate allowances to emitters. 

In the early phases of many ETS, including notably the EU 
ETS, a large share of the total emissions allowances was given for 
free to emitters, including on the basis of historical emissions levels 
(“grandfathering”). Providing free permits to existing emitters in this 
way will usually lead to windfall profits in industries where businesses 
tend to pass on increases in productions costs in the form of higher 
product prices. Providing such implicit subsidies, whether through 
free permits or other payments, is often used deliberately to achieve 
buy-in from high-emitting industries that might otherwise politically 
stymie the introduction of carbon pricing (“brown cushioning,” Dorsch, 
Flachsland, and Kornek 2020). 

Over time, however, free allocations to industries that do not need 
them to retain overall competitiveness or profitability are typically 
reduced or eliminated. For example, the EU ETS in its current form 
provides free allocations in the main only to industries that are 
emissions intensive and that operate in international competition, such 
as energy intensive commodity production. In these cases, free permits 
are provided based on the output of specific products, not the emissions 
in the process, using industry- or product-specific benchmarks. This 
disconnection between allocation of free permits and the actual 
emissions level retains the incentive to produce goods at lower emissions 
intensity. The rates of assistance to industry through permit allocation 
also tends to be lower over time.

9.4.3 Fiscal Revenue Use

The shift toward greater shares of auctioned emissions allowances, 
together with a general trend toward higher carbon prices, mean that a 
greater share of the overall amount of emissions allocation is available 
for governments to sell (usually at auction), creating greater fiscal 
revenue. 
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Where permit prices are high, and coverage of emissions is 
comprehensive, public revenue from emissions trading can be large. 
For example, the EU ETS created public revenue of €14 billion over 
the first half of 2021, which was available for member states to spend 
(Haase et al. 2022), while overall global carbon pricing revenue is 
estimated at $84 billion during 2021, of which around two-thirds were 
from emissions trading and one-third from carbon taxes (World Bank 
2022a).

Public revenue from the sale of emissions allowances or from carbon 
taxes usually flows into consolidated government revenue. It thereby 
allows other taxes and levies to be lowered, potentially yielding an 
efficiency benefit (a “double dividend” of environmental and economic 
efficiency gains), public expenditure to be increased, or public debt to be 
reduced. These positive fiscal effects set carbon pricing apart from other 
climate policy instruments. They need to be considered in any economic 
evaluation of the overall effect of carbon pricing. 

Revenue from carbon pricing can also be earmarked to support 
specific spending programs, either as direct earmarking or notionally 
as a justification for other fiscal policy changes. One typical application 
are social adjustment programs, for example increasing social 
security payments or lower taxes for low-income earners, in order 
to counteract any energy or product price increases that may come 
from the introduction of carbon prices. Another type of application 
is to fund climate change-related measures, for example subsidies for 
zero emissions technologies or spending programs on environmental 
protection. 

Linking fiscal income from carbon pricing to such expenditure 
programs can increase public support for, and thereby the political 
viability and sustainability of, carbon pricing policies. 

9.4.4  Cross-Jurisdictional Harmonization Including 
Linkages through Carbon Trading

Carbon Leakage
Due to risks of cross-border carbon leaking and impact on output price 
and competitiveness (as mentioned in section 9.2.3), the importance of 
regional and global cooperation in carbon pricing is widely recognized. 
The downside of carbon leakage is that it reduces the effectiveness of the 
carbon pricing policy. Cross-border leakage could lead to a reduction of 
emissions in a country by moving (leaking) carbon to other countries 
(with lower carbon prices), which will not have the expected impact 
on global GHG emissions reduction and investments in low-carbon 
technologies.
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Carbon Border Adjustment Mechanism
Examples of regional cooperation in carbon pricing include the EU ETS. 
It was also proposed for the Association of Southeast Asian Nations 
(ASEAN). However, regional cooperation in carbon pricing is not an 
equivalent substitution to global cooperation in carbon pricing. That is 
why the Carbon Border Adjustment Mechanism was proposed by the 
European Commission (2021) in the EU, affecting imports of selected 
products to the EU. An alternative to global uniform carbon pricing is 
a border carbon tax adjustment mechanism proposed by the EU. The 
Carbon Border Adjustment Mechanism increases the price of selected 
imported products by adding a carbon price, tax, or duty to prevent 
carbon leakage and protect competitiveness. “The European Union (EU) 
moved closer to adopting its carbon border adjustment mechanism, 
and Canada and the United Kingdom are exploring options for similar 
mechanisms” (World Bank 2022a, p. 10). 

International Carbon Price Floor 
Several international organizations are discovering solutions for global 
cooperation on carbon pricing. Global uniform carbon pricing could 
eliminate the risk of cross-border carbon leaking. However, this is 
hard to implement. As a compromise, the International Carbon Price 
Floor was proposed by the International Monetary Fund (Parry, Black, 
and Roaf 2021) to be implemented simultaneously by large emitting 
countries with a minimum carbon price that depends on countries’ 
income level ($75 per ton of carbon for developed economies, $50 per 
ton of carbon for higher-income emerging economies, and $25 per ton 
of carbon for lower-income emerging economies). The global carbon 
floor price could help to reduce GHG emissions without a large negative 
impact on countries’ competitiveness, and thus economic growth.

9.5  Conclusions and Policy  
Recommendations for Asia

The review and synthesis presented in this chapter show that carbon 
pricing has a key role as part of an effective and efficient system of 
climate policy, alongside an array of other, non-pricing policies; that 
in practice, the role of carbon pricing differs greatly between different 
jurisdictions, including as part of broader policy packages; and that the 
design of existing carbon pricing systems has evolved to better meet 
multiple policy objectives.
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On this basis, what is the role of carbon pricing in policy packages 
that aim to achieve deep reductions in GHG, in pursuit of net-zero 
emissions in the long term? 

One plausible scenario is a continuation or intensification of 
present trends, which have carbon pricing in a key role or as the main 
climate policy instrument across many areas of the economy in some 
countries (or subnational and/or supranational jurisdictions). In many  
other countries, carbon pricing is a part of a policy package but 
limited in its breadth of application and/or limited strength of the 
carbon pricing signal; and other countries have no or very limited 
carbon pricing in other jurisdictions. Non-pricing policies would play 
an important role in many jurisdictions, depending on the overall 
strength of climate policy and the role of carbon pricing in the specific 
jurisdiction. Great heterogeneity of policy approaches would then 
persist, reflecting different political and institutional contexts; design 
features of carbon prices would continue to differ between countries. 
A corollary of this scenario would be that the impetus for international 
integration of carbon pricing systems (e.g., through international 
carbon trading), would remain limited.

In the pursuit of deeper emissions reduction, this scenario 
would typically miss out on opportunities for greatest efficiency and 
effectiveness by not making full possible use of carbon pricing. However, 
this may be the price to pay for achieving stronger climate policy under 
a multitude of practical constraints on policy instrument choice, and 
importance of other policy objectives that are best served through other 
policy instruments.

Another scenario is a gradual shift toward a more central role for 
carbon pricing. In typical jurisdictions, this would have carbon pricing 
being at the core of typical climate policy packages, covering a relatively 
high share of overall emissions, and operating at relatively high carbon 
price levels. Non-pricing policy instruments would then overall take a 
lesser role than in the first scenario, cover specific sectors or activities 
where carbon pricing does not apply, and fulfill an important adjunct role 
in sectors covered by carbon pricing. The high prevalence and central 
importance of carbon pricing may then engender a tendency toward 
harmonization of some design features across countries. International 
integration through cross-border carbon trading could provide greater 
benefits and thus become more attractive and widespread. However, not 
all national or subnational carbon pricing schemes would necessarily be 
harmonized, and non-pricing policies would continue playing different 
and important roles.
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A scenario where carbon pricing becomes the overwhelming 
mainstay of climate change policy in most countries, without a 
significant role for non-pricing policies, appears unlikely. The manifold 
advantages and attractions of non-pricing policies for specific purposes 
are too great.

If an insight for policy makers can be distilled from this, it is that 
it pays to continuously examine the role that carbon pricing could play 
as part of an overall climate policy portfolio, and whether that role 
could beneficially be strengthened including through the adoption of 
improved design of carbon pricing. 
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