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Abstract

State-owned enterprises (SOEs) will play a central role in the decarbonisation of the global
economy. They are also the dominant type of actor in the power sector by both installed power
generation capacity and investment, with China accounting for the largest share. Despite their
obvious prominence, SOEs remain an understudied element in climate policy analysis, design and
implementation. The papers in this thesis begin to address this research gap, focusing on state-
owned power companies (SPCs). The three papers employ, respectively, comparative case study
analysis, a modified version of discounted cash flow analysis, and microsimulation techniques.
Together, they make some initial progress towards more explicit integration of SOEs and
government shareholders into climate policy research. Paper 1 develops a framework for analysing
how SPCs’ characteristics and the context in which they operate affects their response to
government interventions. It finds that SPCs can, under certain circumstances, be more effective
conduits for climate policy than private companies, and that market-wide policies may have less
effect on SPCs than on their privately-owned counterparts. Paper 2 adapts and extends traditional
stranded asset analysis to consider cases in which the asset owners are SOEs, focusing on coal
power in China. It concludes that new coal power investments by Chinese SOEs are unlikely to
deliver positive economic returns, and that dispatchable renewable power will soon be
economically competitive as an alternative even without accounting for the social cost of carbon.
Paper 3 simulates the effect of thermal coal phase-out in China on employment and tax revenue in
the thermal coal value chain. The results show that delaying coal phase-out cannot prevent losses
in employment and tax revenue in China’s coal sector from being realised, and that these losses are
both geographically concentrated and associated with a small number of large SPCs. Overall, this
thesis demonstrates the importance of explicitly accounting for SOEs both in formulating climate

policies and analysing their effects.
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1. Introduction

a. State-owned enterprises and climate change

State-owned enterprises (SOEs) are widely acknowledged as major components of the global
economy and an unavoidable empirical reality. As Whincop (2016) observes in Corporate Governance
in Government Corporations, “Whether one likes it or not, the state-owned enterprise ... remains an
important part of the economic apparatus of virtually every country.” Highlighting the role of SOEs in
developing and emerging economies, he goes on to note that they are particularly prominent in
“jurisdictions which have yet to develop strong markets, and rely on greater levels of public ownership
to overcome weak property rights.” The International Monetary Fund (2020) also finds that SOEs today
occupy a central role in infrastructure investment and construction in emerging markets and low-income
developing countries, often with state-owned financial institutions as the corresponding lenders and

underwriters.

A significant share of global economic activity, and the greenhouse gas (GHG) emissions
(henceforth ‘emissions’) arising from it, is directly associated with SOEs under the explicit control of
national and subnational governments. The presence of SOEs is most salient in high-carbon, capital-
intensive industries, particularly power (i.e. electricity generation), oil and gas, cement and steel (Clark
& Benoit, 2022; Mayer & Rajavuori, 2017; Prag, Rottgers, & Scherrer, 2018). A conservative and
incomplete aggregation of emissions from SOEs — defined as firms in which governments hold more
than 50% of voting shares — finds that they account for at least 7.49 billion tonnes of carbon dioxide
equivalent (GTCOze) in annual direct (‘Scope 1°) emissions alone, representing approximately 15% of
global annual emissions from all sources. If estimated emissions, based on production data combined
with emissions intensities, are included, this figure rises to 8.87 GTCO»e — approximately 18% of global
emissions. Adding indirect upstream and downstream (Scope 3) emissions raises the total to over 12.5

GTCOxe, close to one quarter of the global total (Clark & Benoit, 2022). Nonetheless, SOEs remain



conspicuously absent from mainstream research on the design, effectiveness, and governance of climate

policies and the decarbonisation of national economies.

Straddling elements of government and private enterprise alike, SOEs will play an
indispensable but critically under-researched and not well-understood role in any trajectory towards a
decarbonised economy. In academic research on national and global decarbonisation pathways, SOEs
are almost entirely overlooked as key targets of industrial policies, market-based climate policy
mechanisms, or any other systematic effort to decarbonise national economies. Within literatures on the
economics of climate change and modelling of transition pathways to a net zero-emissions economy,
policy-relevant output is still dominated by integrated assessment models (IAMs) based on generalised
assumptions of firms’ structures and behaviours (Farmer, Hepburn, Mealy, & Teytelboym, 2015; Peng
et al,, 2021). While substantial progress has been made towards incorporating more robust
representations of decision-making under uncertainty, bounded rationality in individual decision-
making, and features of complex adaptive systems with heterogeneous agents, firms are still widely
conceptualised in economic models as self-interested rational actors with solely profit-maximising
objective functions. Given this focus on idealised private markets for goods, services and capital, it is
unsurprising that climate policy discourse has focused on market-based mechanisms and regulatory
initiatives as the primary means of motivating changes in firm activity. This reflects a prevailing norm
that states’ function is to set and enforce rules for free competition between private firms, rather than

intervening directly in firm behaviour (Cullenward & Victor, 2020).

If SOEs were marginal components of global economic activity, or small contributors to
emissions, it might be reasonable to assume that all firms are indeed, to a first approximation, rational
profit-maximisers. As Clark and Benoit (2022) show, however, SOEs’ role is far from marginal.
Through SOEs, governments today are playing a direct role in allocating large amounts of capital
towards investments in emissions-intensive physical asset stocks, and the financing and operation of
existing asset stocks. Underlying these physical assets are both historical emissions associated with
their activities to date, and ‘committed’ emissions based on expected future activities up to the asset’s

retirement. At the same time, SOEs — even those in which governments’ direct shareholding is nominal



— may conceivably operate at greater distance from market forces and less distance from government,
and with a different relationship to both of them, than the profit-maximising private firms generally
represented in the IAMs and other technoeconomic models which currently inform the design and
execution of climate policies. If it is true that capital allocation in an SOE is less subject to market
forces, and subject to different rules, than its privately held peers, it follows that the same is true for

their historical and future emission profiles.

Even if there is no significant difference in how SOEs allocate capital in comparison to their
peers, scholars including Shleifer (1998) and Megginson and Netter (2001) have suggested that SOEs
are sufficiently different from their privately-owned counterparts that they deserve to be analysed as a
distinct category of organised activity. If SOEs do differ systematically from private firms, any model
results and policy prescriptions that assume all firms act homogeneously and to maximise profits are
necessarily biased. This limits these models’ usefulness in understanding or explaining SOEs’ historical
activities. It also runs the risk of under- or over-estimating aggregate economy-wide responses to
climate policies, with corresponding effects on decarbonisation outcomes. It is certainly possible that
existing models fundamentally misrepresent the role of state-owned firms in the economy to the extent
that they exclude factors such as national economic growth, employment targets and service delivery
imperatives from their definitions of SOEs’ objective functions. For state-led economies, this may have

major implications for macroeconomic policy in general, and decarbonisation policy in particular.

Despite the empirical significance of SOEs, there is far less data — particularly structured data
— available on the universe of SOEs than on that of publicly traded firms. There are large literatures on
the history, politics, industrial economics, political economy, sociology and management of SOEs in
general across a wide range of contexts. All of them are potentially helpful for understanding the
historical context, structure and contemporary behaviour of SOEs. The most relevant strands for the
purposes of this research, however, are those that deepen our understanding of how SOEs make
decisions. Scholars of corporate governance and law have found, for instance, that the legal structures
which regulate relationships between governments and SOEs, as well as the market power of SOEs,

also affect the degree of formal and informal control the state can exert over them (Belloc, 2014; Dibley,



2021; Su, Wan, & Song, 2018). Milhaupt and Pargendler (2019) find that governments often provide
their SOEs with financing at below-market rates. This gives them greater flexibility in pursuing
objectives other than profit maximisation and in some cases, an advantage over international or
domestic competitors. Other researchers have claimed that conflicts between profit motivations and
mandates to pursue other policy-related goals inherently limit SOEs’ capacity to invest in innovative
technologies (Tirole, 1994), and by extension, to strengthen long-term productivity growth (Hart,
Shleifer, & Vishny, 1997; Shleifer, 1998) — although more recent work has started to challenge these
findings (Belloc, 2014; Dibley, 2021; Steffen, Karplus, & Schmidt, 2020). See Section 2 for a more

detailed discussion of the relevant literature.

Despite the rich and varied scholarship on SOEs in general, there is very little published work
focusing on SOEs’ contributions to GHG emissions and still less on their role in delivering on their
government shareholders’ pledges to transition to net-zero emissions economies. However, there are
firm foundations for considering SOEs to be distinct in theory and practice from their privately-owned
peers, and for beginning to identify the sources of some of these differences. The authors cited above
collectively identify the clearest sources of divergence across SOEs to be the cost of (and access to)
financing; mandate; corporate and legal structure; investment strategy; market power; and political
context. Nevertheless, scholars have yet to succeed in developing a robust model of SOE decision-

making, either in general or for specific sectors.

b. SOEs in the power sector

SOEs are the dominant type of actor in the power sector, controlling 61% of existing global
electricity generation capacity and accounting for 52% of planned future capacity in 2017 (Prag et al.,
2018). Clark and Benoit (2022) find that the power sector contributes 85% of estimated total direct
emissions from SOEs. In addition, rapid and complete decarbonisation of power generation is necessary

— albeit not sufficient — for the Paris Agreement’s objectives to be met (International Energy Agency,



2021). Power is also a sector in which pre-existing data on physical assets and corporate owners is

relatively widely available and consequently, research questions are more tractable.

These characteristics became a more important consideration for the work represented in this
dissertation when the advent of the COVID-19 pandemic made international travel, especially to China,
impossible for an indeterminate period early in 2020. Having previously planned to conduct interview-
based primary research, the constraints imposed by the pandemic required me to reformulate core
research questions such that they could be satisfactorily addressed with existing data, with or without
the support of collaborators based in China (see Section 3, ‘A note on research design’ for further
discussion on this point). Taking data availability and practical considerations into account, the power
sector therefore presented a useful and logical entry point for studying the role of SOEs in economy-

wide decarbonisation.

The extant literature on the state-owned power companies (SPCs) that are the focus of this
dissertation is largely limited to studies incorporating a narrow range of input data, and to individual
case studies (Bellas & Nentl, 2007; Steffen et al., 2020; Tonurist, 2015). An econometric study of SOEs’
asset portfolios and investments by Prag et al. (2018) is one of few to make use of large quantitative
datasets and statistical methods. The ‘state-of-the-art’ in this field reflects the challenges faced in
making theoretical or empirical claims on SOEs and their role in net zero transitions that can be
generalised or reproduced. Quantitative research methods and formal modelling tools are commonly
deployed to enrich our understanding of the behaviour of firms and their response to policy stimuli in
the context of economy-wide decarbonisation.' The relative absence of data and the deeply
heterogeneous, historically grounded and inherently political nature of SOEs makes them a difficult
target for these methods. Given the heterogeneity SOEs exhibit across the aforementioned
characteristics, it is at present unrealistic to build a formal, generalised model of SOE behaviour on this

basis. Indeed, the existing literature provides a very limited basis for attempting to construct a ‘theory

! Data availability has improved even since the research in this dissertation was conducted and possible
quantitative extensions are explored in Section 6.



of the state-owned firm’ as a complement to the general ‘theory of the firm’, particularly given that the
decision-making rules being followed by this heterogeneous group may be so varied as to resist any
generalised classification of SOEs. At this stage in the research agenda on SOEs, there is still much to
do, both to (i) understand sources of variation across SOEs and the dynamics of interactions between
states, SOEs, markets and private firms, and (ii) generate testable conjectures on the basis of observed
patterns or shared characteristics. This dissertation aims to being to fill this gap, motivated by SOEs’
central role in decarbonisation and the concern that existing technoeconomic models’ failure to account
for state ownership may be generating biased or otherwise misleading results with major consequences

for climate policy design and execution.

In summary, there is a clear case for further investigation into the implications of state
ownership for power sector decarbonisation, and how this maps to the financial and non-financial risks
and opportunities associated with this transition, both at the level of individual assets and across the
sector as a whole. In attempting to address the clear and empirically consequential gap within existing
research on the economics and policy of decarbonisation, the thesis papers of which this dissertation is
composed focus on addressing several distinct aspects of the role of SPCs in the transition towards ‘net
zero emissions’ in the power sector. In this context, ‘net zero’ refers to achieving a balance between
flows from sources of greenhouse gases, and sinks thereof, such that the net contribution to total stock

over a given period — typically one year — is zero.

The first paper aims to construct an improved understanding of the relationship between SPCs
and decarbonisation in the power sector through a comparative analysis of major SPCs in six countries,
the options available to government (in its dual role as policymaker and shareholder) for influencing
their activities, and how SPCs’ characteristics may affect their responses to government action. The
remaining two papers are applied specifically to the role of state-owned coal industries in the Chinese
economy. China is the world’s largest national emitter and consumer of electricity, with a high degree
of dependence on the coal sector for economic growth, a heavily-regulated electricity sector and a
ubiquitous state presence in the major industrial sectors — including but not limited to coal mining, oil

and gas, power, steel, and cement. China’s government has also committed to achieving economy-wide



carbon neutrality (referring to net zero carbon dioxide emissions, but not necessarily other GHGs) by
2060 and peaking national emissions before 2030. This places China’s SOEs in a central position of
responsibility in executing a transition from a highly-carbon intensive economy to effectively a net zero

economy in less than four decades, on a historically unprecedented scale.

The second thesis paper uses a pro forma analysis of a proposed investment in a new coal-fired
power plant in China to investigate how state ownership of power generation assets and the upstream
and downstream industries associated with them is relevant to the decision whether or not to invest. It
examines the net country-level economic benefits (henceforth simply ‘economic’), and project-level
financial benefits (henceforth, ‘financial’), respectively, of continuing to build new coal plants
domestically in light of a moderate but overwhelmingly likely tightening of climate policy during the
plant’s operating lifetime. It engages with the existing literature on stranded asset risks in China to show
that an economic framing (as opposed to solely a financial one) of such investments — particularly
pertinent where the corresponding value chain is as comprehensively state-owned as it is in China — can
be used to better model and understand government decision-making. The same framing can also better

highlight the economic risks of continuing to expand coal power investment in China.

The third paper offers a methodologically different and more applied approach to the same
core ideas developed in the first two: namely, that non-financial objectives are important considerations
for government, and that these objectives are more directly relevant to firm-level activities when those
firms are directly state-owned. Using an asset-level dataset of Chinese coal plants and mines, it models
the effects of phasing out thermal coal power in China on employment and fiscal revenue from the coal
industry, two aspects of relevance to China’s government as it navigates pathways towards achieving
its stated policy goals. Employing a range of scenarios, it analyses the results at the national level, but
also explores inter-provincial dynamics, and the role of specific SPCs in accelerating or slowing losses

in jobs or tax revenues from coal as the industry declines.

The remainder of this synthesis document is structured as follows. Sections 1(a) and 1(b) — this

section — introduce the dissertation and place it in context. Section 1(c) outlines the contribution of the



three thesis papers to our knowledge and understanding of the role that SOEs play in climate policy
generally, and the decarbonisation of the power sector specifically. Section 2 provides an overview of
the relevant literature and theoretical perspectives underpinning the thesis papers. In Section 3, a
summary of each of the thesis papers is presented, along with an overview of their limitations. Section
4 considers the policy implications of the body of work in this dissertation. In Section 5, possible
extensions and avenues for future research are explored. Section 6 concludes and outlines the contours
of a possible future research agenda. In addition, four appendices are attached to this document (A1,
A2, A3 and A4). The first three contain offprints of the thesis papers as they appear in the peer-reviewed
academic journals in which they have been published, along with the supplemental material provided
as appendices to each publication. The first page of each appendix also details the respective
contributions of the authors to each of the papers. The final appendix provides an overview of other
published work that is related to the thesis papers but not submitted as formal components of this

dissertation.

c. Contributions

The literature on SOEs’ and SPCs’ role in decarbonisation is still nascent. A well-developed
framework for modelling and predicting SOE decision-making does not exist either in general, or in the
specific context of climate policy. The three thesis papers investigate different angles of the ‘SPC
problem’ and use a combination of deductive and empirical tools, theoretical constructs, and data
analysis to do so. Together they lay a theoretical foundation (Paper 1 and 2) and empirical foundation
(Paper 3) for continued research into what the decarbonisation-relevant characteristics of SPCs are, and
in particular how both SPCs themselves and their government shareholders may be motivated by factors
other than the price and market signals traditionally used to guide quantitative modelling of firms’ real-
world decision-making. This work aims to make some initial sector-specific inroads into the empirical

challenge that state ownership presents in the context of the transition to a net zero-carbon economy.



Paper 1 draws on existing research on SOE decision-making, in combination with a meso-level
comparative analysis of a small sample of representative SPCs in China (SPIC), India (NTPC), Mexico
(CFE), South Korea (KEPCO), South Africa (Eskom), and Indonesia (PLN). It develops a framework
for assessing how their shared and divergent characteristics — and those of the markets in which they
operate — might affect their response to measures taken by their government shareholders. It also
considers the implications of these relationships for the effective implementation of sector-wide
decarbonization strategies. In so doing, it questions some of the central — but often not explicitly
justified — normative and positive assumptions underpinning decarbonisation pathways as represented
in the results of technoeconomic modelling exercises. The first assumption is that all firms, including
SOEs, will (a positive claim) and should (normative) maximise profits. The second is that governments
will (positive) and should (normative) confine themselves to legislative and regulatory roles. While
Paper 1 is not designed to support a quantitative recalibration of formal modelling to account for the
relaxation of these assumptions, it does strengthen the theoretical and empirical bases for claiming that
decarbonisation pathway modelling is both positively and normatively divergent from the assumptions

that typically underpin transition pathway modelling exercises.

Continuing in a similar vein, Paper 2 makes a theoretical contribution to extending concepts
and debates in stranded asset estimation and measurement frameworks to better account for state-owned
assets. Existing frameworks for estimating stranded asset risks are built on the assumption that the assets
in question are owned by private firms seeking to maximise financial returns. The paper adapts this
standard framework to more convincingly describe contexts in which considerations other than private
profit influence decisions on future and existing investments, such as those where the asset owner is an
SOE, and/or the upstream and downstream value chain are under state control. This exercise provides
some preliminary explanations for the otherwise surprising observation that China is continuing to build
coal-fired power plants that are unlikely to deliver financial profits, despite its clear policy commitment

to carbon neutrality.

Paper 3 develops a bottom-up model that estimates the employment and tax revenue impact of

the transition away from a coal-heavy power generation asset base in China, an economy both



dominated by SOEs and explicitly committed to decarbonisation. Besides being one of the first
empirical studies to construct a model of the Chinese coal sector at the asset-level by compiling multiple
publicly available sources of data, it is also a useful complement to existing macro-level modelling
approaches. Such approaches are capable of reflecting general equilibrium effects of changes in one
sector on others (and on macroeconomic indicators) but their ability to resolve changes at sub-provincial
level, and certainly asset-level, is very limited. The asset-based approach developed here, while limited
to the thermal coal value chain, is a useful addition to top-down modelling and can become more useful

as it extends into other sectors and embraces greater complexity (see Section 5).

Further study of SOEs in the power sector, and other high-emitting sectors, can help researchers
and policymakers to understand how generalisable the findings of the work in this dissertation are, how
feasible it is to represent SOEs in formal modelling, and where more theoretical and applied research
is needed to understand SOEs’ (and SPCs’) role in decarbonisation in more detail and with more
precision. Methodological innovations and the creation of new datasets may also expand the
possibilities for testing the conjectures developed in this work. Indeed, the scope for further work in
this field is very broad and has the potential to make exciting and practical contributions to designing

effective energy transition policy.
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2. Literature Review

Each of the thesis papers herein contains a dedicated literature review. This section summarises
some of the key findings in the wider literature on complexity theory, climate policy, and state-owned
enterprises, both in general and in the specific context of state-owned power companies and
decarbonisation. Many of the works referenced in this section are also cited in the thesis papers’
respective literature reviews. It also provides an overview of the literature consulted in the process of
identifying appropriate research designs and developing the theoretical perspectives underpinning the

work conducted in this dissertation.

a. Theoretical underpinnings

The theoretical tools and perspectives employed in this dissertation stem from a view of
economic decision-making and socio-economic relations as exhibiting key features of a complex
adaptive system. In such a system, incentives and power relations between agents influence their
individual behaviour. The boundaries around each agent (reflecting their ability to interact with other
agents), and the emergent dynamics from the resulting interactions between agents, can change the
nature of the system over time (Arthur, 1995; Beinhocker, 2007). Features of complex systems that do
not typically feature in orthodox economic modelling approaches, but are particularly relevant to
modelling interactions within and between human and ecological systems, include interdependency
between agents; heterogeneous agents each with different utility functions; preferences that change over
time and in response to others’ actions; and a thorough mapping of feedback mechanisms (in which a
stimulus to one part of the system can directly or indirectly affect other components of it, and in some
circumstances ‘tip’ a system from one stable state into another, or into an unstable self-reinforcing
positive feedback loop (Balint et al., 2017; Farmer et al., 2019; Farmer et al., 2015; Mattauch &

Hepburn, 2016).

This theoretical perspective explicitly allows for many of the key assumptions underpinning

the standard free market model of incentives and actions to be relaxed in pursuit of a more realistic
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understanding of how agents’ preferences are shaped and what phenomena emerge from their individual
and collective actions. The most important of these assumptions are (i) rational decision-making, in
which agents with exogenously determined, fixed preferences maximise utility subject to their budget
constraint; and (ii) free mobility of capital — including human capital. The foundational features of SOEs
—namely that they (i) can have complex objective functions that are not purely profit-maximising, not
well-defined and change over time, and (ii) can limit the ability of capital to flow to where it is
theoretically most productive (whether inside or beyond the government shareholder’s borders) through
their use as instruments of industrial and developmental policy — suggest that the model of behaviour
central to free market economics may not be appropriate in describing SOEs as agents in economic
systems. In the context of this research (SOEs and power sector decarbonisation), empirical data on the
structure and dynamics of economic relationships between SOEs, governments, and markets, can
undermine the case for retaining many of the core assumptions of a free market model in at least five

ways.

First, in power markets and energy value chains in which the state features heavily as an asset
owner and manager, as well as a political entity, the assumption of atomistic, profit-maximising firms
is unlikely to hold. In cases where a large proportion of the power sector is state-owned, the free-market
model may diverge very substantially from observed activity both in terms of outcomes, and the

decision-making heuristics explaining them.

Second, SOEs can be different not just from private firms, but also from each other, depending
on their own characteristics, as well as their strategic significance and political value to individuals or
the state. In the Chinese context on which much of this work focuses, these differences can arise from
differences in what the SOE produces and the markets in which it competes, where it is located, the
political and historical context in which it is embedded, whether it is owned by national or local
governments, whether it features listed subsidiaries or not, and myriad other factors that are not yet fully
understood. This potential for widespread heterogeneity further complicates any effort to model firms

in the power sector on the basis that they are (even approximately) identical.

12



Third, the key assumption of free markets — that is, perfect competition — is unlikely to be a
realistic representation of cases where power markets are either under the monopoly control of a single
state-owned entity, or where the majority of market share is held by state-owned companies ultimately
under government control. Additional market distortions induced by price controls and subsidies, and
other factors contributing to preferential treatment for SOEs, such as privileged access to financing,
would further differentiate the competitiveness and incentives of state-owned and private agents even

if they had the same objective functions.

Fourth, any restrictions on capital mobility implied or mandated by state ownership limit the
free movement of capital assumed in basic free market models (e.g., where certain pools of capital are
restricted to SOEs) and can either constrain or facilitate the reallocation of resources towards the most

profitable or socially beneficial uses possible.

Finally: the existence of SOEs further complicates the calculus of governments engaging in
decision-making under uncertainty when designing climate policies. With respect to designing policies
for decarbonisation, uncertainty predominantly refers to government having limited information on (i)
the fixed and marginal costs faced by firms that would determine such firms’ responses to market-based
mechanisms; and (ii) the true social cost of carbon, both of which are fundamental to the design of
carbon trading and/or pricing regimes. These sources of uncertainty are not necessarily made less
relevant by the existence of SOEs. Indeed, in some respects, the presence of SOEs may reduce
uncertainty, as government may be able to access more information on the fixed and marginal costs
faced by the firms for which it is a direct shareholder. But where SOEs diverge from idealised profit-
maximising private firms, their presence can increase uncertainty, since their response to a given policy
may be driven by a combination of factors (e.g. a service delivery mandate, employment targets,

incentives of managerial staff), of which profit maximisation is only one.

In summary, the presence of SOEs in market economies appears to be more consistent with the
characteristics of complex system frameworks than idealised free market modes. This is not to say that

the latter are not useful: they can still provide helpful approximations or theoretical baselines against
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which the actual performance of economic systems can be assessed and policies can be calibrated.
However, there are several core assumptions of free market models that are unlikely to approximate
reality, given the dominant presence of SOEs across several sectors critical to decarbonisation, not least

in the power sector.

By contrast, some of the central tenets of complex systems analysis resonate powerfully with
the SOE context, particularly the notions that preferences are endogenously determined, and that the
tools of network analysis (formally described in graph theory) can help to explain how these preferences
are formed and the influence of resulting decisions on other agents in a network. Additionally, SOEs
exhibit a high level of heterogeneity driven not only by their political-economic context, but also by
their political and historical background, the features of the markets in which they operate and a range
of other possible factors explored in more depth in the first of the thesis papers. In light of this, the
features of complex systems modelling may well be better suited to describing how economic systems
operate than the free market framework. This possible divergence between the theoretical and empirical

has potentially significant implications for policy design and implementation.

However, while the view of economies as complex adaptive systems appears more appropriate
than the free market paradigm, limited availability of detailed quantitative or other machine-readable
data on SOEs curtails the use of many of the data-intensive, network-driven modelling approaches that
feature prominently within the disciplines of complexity science and economics. The papers in this
dissertation alone cannot address the fundamental problem of insufficient data; but the central insights
of complex systems theory (most notably heterogeneous agents, endogenous preferences, and feedback

effects) provide the foundation on which the research questions addressed in this dissertation are built.

b. Governments’ net zero commitments
The decision document of the 21* Conference of Parties (COP21) to the United Nations
Framework Convention on Climate Change (UNFCCC) in 2015 — generally referred to as the ‘Paris

Agreement’ — marked a decisive shift away from the top-down model of national greenhouse gas
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emissions controls embedded into the Kyoto Protocol of 1997, to a more flexible multi-level approach,
characterised by voluntary commitments by national governments (in the form of Nationally
Determined Contributions), and periodic global assessments of progress against them. The Paris
Agreement’s core goal is to deliver “well below” 2°C average global temperature rises over pre-

industrial levels by 2100, with an additional aspirational goal of 1.5°C (UNFCCC, 2015).

In principle, an array of non-governmental organisations, civil society groups, media
organisations, and even businesses in some cases, would act as coordinators and enforcers of
accountability against these declarations, complementing the role of the UNFCCC and the
governmental signatories of the Paris Agreement. The Marrakech Partnership for Global Climate
Action, established after COP22 in 2016, accelerated efforts to track and report progress on a growing
set of parallel pledges made by non-state actors ranging from subnational governments and authorities
to large corporations. It is not yet clear whether the institutional architecture underlying the Agreement
is sufficient — or arguably, necessary — to deliver on these targets. Since its entry into force in 2016,
however, a large and growing number of governments have made formal pledges — ranging from policy
announcements to binding legislation — committing their national economies to reaching net zero
emissions by a given year. Meanwhile, the performance and cost of low-carbon technologies relative to
their high-carbon equivalents has improved significantly and is expected to continue to do so,
particularly in areas critical to decarbonisation such as clean electricity generation, zero-emissions

hydrogen production, and long-duration battery storage (Way, Ives, Mealy, & Farmer, 2022).

The world’s governments are increasingly making net zero commitments in policy and law
(referring in this context to the achievement of net zero emissions within a national territory by a certain
date, and maintaining negative or zero emissions thereafter) in the coming decades. Sweden became the
first country to legislate for a pre-2050 net zero target in 2017. The share of global emissions covered
by a governmental net zero pledge subsequently rose from 16% in 2019 to 68% in 2021 (Hans,
Kuramochi, Black, Hale, & Lang, 2022). As of January 2023, 133 national governments representing
87% of global GHG emissions, 91% of GDP, and 80% of the global population, have made

commitments to achieving net zero across their entire national economies. These commitments are
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enshrined in law in twenty-two countries. A further eight countries claim to have already achieved net
zero emissions, with 21 others having made formal pledges, and 81 referring to net zero emissions
targets in published policy documents (Energy & Climate Intelligence Unit, Data Driven Envirolab,
New Climate Institute, & Oxford Net Zero, 2023).> Among the top 20 global emitters (Table 1), six
have enshrined a net zero target in law, seven more in policy documents, and three more have made

declarations or pledges. Of the remaining four, three have a target under discussion.

Table 1. National net zero emissions commitments, ranked by estimated annual GHG emissions. Source. Energy & Climate
Intelligence Unit et al. (2023), author's analysis. P = In policy document, L = In law, D = declaration or pledge, UD = under
discussion.

Rank  Country Target Population GDP GHG emissions Target

status (million) (real, US$ billion) (GTCO2e) Year

1 China P 1,426 24,861 12.1 2060
2 US P 337 20,932 5.8 2050
3 India D 1,408 9,301 34 2070
4 Indonesia UD 274 3,246 2.0 2060
5 Russia L 145 4,080 1.9 2060
6 Brazil D 214 3,128 1.5 2050
7 Japan L 125 5,124 1.1 2050
8 Iran - 82 1,131 0.8 2030
9 Canada L 38 1,832 0.8 2050
10 | Saudi Arabia P 36 1,594 0.7 2060
11 | Germany L 83 4,400 0.7 2045
12 | Mexico UD 127 2,416 0.7 2050
13 | South Korea L 52 2,283 0.7 2050
14 | Australia P 26 1,269 0.6 2050
15 | South Africa D 59 788 0.6 2050
16 | Turkey P 85 2,658 0.5 2053
17 | Pakistan UD 231 1,324 0.4 2050
18 | Vietnam P 97 1,032 0.4 2050
19 | Thailand P 72 1,223 0.4 2065
20 | UK L 67 3,086 0.4 2050

Although progress on policy design and implementation for net zero varies substantially across

countries, there is a clear emerging consensus among policymakers on targeting net zero emissions

2 Note that these figures differ from those reported on the Net Zero tracker website at the time data was
accessed, because European Union (EU) emissions and GDP are incorrectly double counted with those of its
member states. The figures here treat EU countries as individual states. Additionally, emissions for the
Democratic Republic of Congo are overstated by a factor of 100 in the Net Zero tracker.
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within their national economies. The fact that existing declarations, policy statements and legislation
cover the vast majority of global population, economic activity and emissions, implies an economic,
social, and technological transition of unprecedented scale and depth over the next three to four decades.
Successfully executing this transition will require substantial acceleration in markets’ reallocation of
capital towards zero-emissions activities and away from high-carbon activities, as well as a suite of
major technological advances and the early retirement or stranding of at least some existing
infrastructure and resources (Curtin et al., 2019; International Energy Agency, 2020b, 2021; McGlade

& Ekins, 2015; Mercure et al., 2018; Pfeiffer, Hepburn, Vogt-Schilb, & Caldecott, 2018).

In parallel to commitments by national governments and complementary commitments by a
wide range of subnational government actors, a range of additional initiatives have emerged making
use of variations on net zero rhetoric and principles. Companies in publicly traded and private markets
for capital, goods and services, are starting to make individual pledges and in some cases associate
themselves with groups claiming to have net zero ambitions or be compliant with voluntary standards.
The significance of these pledges, in terms of absolute emissions reductions in the real economy, is
uncertain and subject to a range of nuances and caveats. Their total contribution to the realisation of the
Paris goals (or even to the more specific goal of net zero) in principle and in practice are not yet clear.
A large and growing research community is working to understanding what national, subnational and
corporate net zero targets entail in reality, how they are and should be governed, and what policies and

corporate actions are necessary in order to realise them.

Most notable for the work in this thesis is the observation that SOEs have a non-marginal
presence in emissions-intensive sectors in all of the top five emitting economies, and eighteen of the
top 20 (the only exceptions being Japan and the UK). SPCs play a particularly central role in electricity
generation in China, India, Indonesia, Canada, Saudi Arabia, Mexico, South Korea, South Africa,

Vietnam, Pakistan, and Thailand (from database generated for Clark & Benoit, 2022).
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c. State ownership and the power sector

The empirical and theoretical study of state ownership of productive enterprises, referred to
variously as public enterprises, government commissions, and elements of state capitalism, is rich and
broad. Appropriately determining the scope, extent and nature of direct government participation in the
ecosystem of organised economic activities has been an active scholarly debate and a highly relevant
policy issue for many decades. Indeed, in his discussion of “public enterprise systems”, Wettenhall
(1985) reminds us that “scholars and thinkers now mostly forgotten” had already been engaged in
detailed discussion of state-owned capital assets, enterprises and the form they should take for nearly a
century by the mid-1980s. Contrary to contemporary perceptions in the economic discourse, Millward
(2011) further contends that SOEs are often mischaracterised as primarily a socialist device for
curtailing excessive worker exploitation, and a means of “overcoming problems of natural monopoly”,
showing instead that SOEs have historically played more significant roles as tools of social and political
integration, national security and strategic resilience, and economic growth, “with regulatory failures

and socialist pressures playing a more subsidiary and/or occasional role”.

The end of the Cold War accelerated a wave of privatisation already under way in Western
Europe and extended it to the former Soviet economies. As noted by Belloc (2014) and Bernier (2014)
this was accompanied by influential theoretical and applied scholarship extolling the virtues of the
private corporation as a model of economic organisation, and highlighting the perceived inefficiencies
and political gaming associated with SOEs (Boycko, Shleifer, & Vishny, 1996; Hart et al., 1997;

Shleifer, 1998; Shleifer & Vishny, 1998).

A survey of empirical studies conducted in the early 2000s suggest that the privatisation efforts
of the preceding years enjoyed a degree of success in terms of improving the efficiency, profitability,
and the returns seen by investors from private firms that were formerly SOEs (Megginson & Netter,
2001). More recent scholarship on SOEs, however, is increasingly questioning the findings of this
earlier literature, reconsidering what SOEs are ‘for’, and the corresponding metrics of success. Where
previous scholars focused primarily on notions of efficiency and profit, more recent work has sought to

understand the role of state ownership in catalysing innovation and the adoption of new technologies.
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This discourse has increased in relevance as the need to undertake major technological transitions across

multiple sectors to meet climate ambitions has become manifest.

Recognising this trend, Florio and Fecher (2011) made an explicit call for a new research
agenda on SOEs and their role in the 21% century. In the following years, a number of important studies
advanced the discussion on the relationship between firm performance (including innovation) and state
ownership. Belloc (2014), for instance, argues that where SOEs are inefficient relative to their private
peers, this is “not due to state ownership per se”, but a function of other conditions that SOEs are likely
to exhibit. He further finds that corporate governance reforms to limit political interference and
corruption may be more successful than privatisation in improving firm efficiency. The notion that
privatisation is not the only adaptive tool available to SOEs is lent further support in an analysis by
Chandra (2018) showing how SOEs in India’s coal industry have successfully adapted to accommodate

multiple significant changes in the policy environment they face.

Other work suggests that regardless of the potential merits of privatisation, “many governments
(and their constituencies) remain reluctant to privati[s]je firms in nationally strategic sectors”
(Musacchio, Lazzarini, & Aguilera, 2015) and research agendas must account for this reality in
exploring the causes of heterogeneity in firm performance across the various forms of state participation
in firms, ranging from full nationalisation to minority stakes and strategic support to specific industries
(Musacchio & Lazzarini, 2014; Musacchio et al., 2015). In an illustration of why this perspective
matters, [noue, Lazzarini, and Musacchio (2013) find, in a study of Brazilian firms, that minority state
ownership can have positive effects on performance-relevant variables, such as return on assets — but
that this is largely conditional on which public entities hold the shares, and the extent to which local
market, capital and labour institutions are developed. This foreshadows a similar argument advanced

by Milhaupt and Zheng (2015) with respect to SOEs in China.

Interesting results have also emerged from recent literature specifically examining SOEs and
innovation, with some such as Bernier (2014) calling for research to go beyond “the governance of

these institutions or the particularities of ownership” to consider public enterprises as policy instruments

19



for entrepreneurship. Indeed, Sterlacchini (2012) finds that reductions in research and development
(R&D) expenditure among electric utility firms from 1990-2004 was much more pronounced for
privatised and newly-privatised utilities than state-owned counterparts. Meanwhile, Tonurist and Karo
(2016) argue that SOEs can be important actors in the implementation of national innovation policies.
In their work on the “entrepreneurial state”, Mazzucato (2018) and Mazzucato and Semieniuk (2017)
make a more general argument for public financing of innovation, including through SOEs, as a means

of creating and shaping new markets rather than simply regulating them.

In the environmental and resource economics subfield, Hertog (2010) questions the well-known
‘resource curse’ hypothesis by highlighting the experiences of large SOEs in successful contemporary
rentier states (predominantly large oil exporters). Moving closer to the topic of interest to this thesis,
namely SOEs’ role in addressing climate change, Hsu and Liang (2017) find that large SOEs in
emerging economies are on average more engaged in environmental issues than their private
counterparts, indicating that they may be more able or willing to deal with environmental externalities,
although more research is required to understand more clear why this is the case. In the policy literature,
an OECD (2022) “stocktaking report” collects and analyses data on the integration of climate change
considerations by SOEs through a voluntary questionnaire based on the OECD’s already-established

Guidelines for Corporate Governance of SOEs.

There also exists a very substantial literature on the governance and political economy of SOEs
in China specifically. This is unsurprising, given their central role not only in propelling the country’s
unprecedented speed and scale of development over the last half century, and the more recent rapid
extension of Chinese SOEs’ international footprint. Indeed, the dominance of SOEs in China is such
that any analysis of firm behaviour or industrial economics in China necessarily requires accounting for
SOEs. While the literature is consequently far too large to survey in depth, key findings from recent
literature are generally consistent with the broader SOE canon. For instance, Belsie (2019) shows that
SOEs see higher wages and better working conditions than their private (often much smaller)
counterparts, suggesting that they play a social as well as financial role; and Milhaupt and Zheng (2015)

argue, in tandem with claims in the wider literature, that there is no sharp analytical distinction to be
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made between SOEs and non-SOEs in China and that government control over firms is perhaps better
explained as “capture of the state” by corporate interests than it is by government ownership of those
interests alone. In subsequent work, Milhaupt (2020) and Lin, Lu, Zhang, and Zheng (2020) review
China’s experience with SOEs, identifying tensions between ‘sound’ corporate governance practices
and the non-financial industrial policy goals that they are — implicitly or explicitly — often tasked with
promoting. The environmental role of China’s SOEs has not escaped scholarly attention, as evidenced
by work on the political economy of the Three Gorges Dam project in the 2010s (Webber, 2012). There
is a large body of work on China’s energy transition, and particularly its development of renewable
energy sources, but only more recently have scholars begun to explicitly examine the intersection of
state ownership and progress on climate policy targets, including SOEs’ role in accelerating the

deployment of wind power in China (Zhu, Qi, Belis, Lu, & Kerremans, 2019).

A review of the relevant literature shows that SOEs have been the subject of scholarly attention
for well over a century, across multiple fields of inquiry and national contexts. Despite recent work
linking SOEs to decarbonisation indirectly through their role as entrepreneurs and innovators, the
literature explicitly linking SOEs to climate policy remains relatively thin, particularly for those
operating in the power sector. This is a striking omission given the dominance of SPCs in the power
sector in a number of large economies, most notably China. This may partly be a function of the lack
of comparable, detailed, audited and publicly available corporate data on most SPCs and financial
SOEs, restricting the literature largely to discrete case studies, with only a handful of studies employing
statistical and econometric techniques to identify more general features of the relationship between state
ownership and observed variables such as efficiency (Fungacova, Klein, & Weill, 2020) and the share
of renewable energy in total investment (Prag et al., 2018). Nevertheless, the study of economic and
market dynamics in the power sector has yet to properly account for two key empirical facts, with major
consequences for the underlying assumptions that drive key results and inform understanding of

decarbonisation pathways.

The first point of empirical divergence from the version of reality Implicit in the existing

stranded asset literature is the degree of government control over power companies, and therefore their
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asset portfolios. Over half of the world’s electricity generation capacity is controlled by SPCs under
majority public sector ownership. SOEs controlled 61% of installed electricity generation capacity
globally in 2017 and accounted for 52% of planned future capacity. In the same year, they financed
55% of global thermal power investment (Prag et al., 2018). Three-quarters of global energy investment
is estimated to be made either through SOEs, or in the form of private investment directly enabled by
government policies (International Energy Agency & OECD, 2017). In some cases, these SOEs are
publicly listed companies with a proportion of shares freely traded on stock markets; in others, they are
unlisted companies; and in still others, they are partnerships between regional governments or

governments of multiple countries.

As already noted, very little of the well-established and varied literature on SOEs across
multiple disciplines considers how state ownership of firms in the power sector interacts with
decarbonisation specifically. Some of the findings in the SOE literature do, however, provide a useful
and relevant grounding for the work pursued in this dissertation. Some studies suggest that the mere
presence of government as shareholder in a company is not necessarily the main indicator, or even a
relevant one, in predicting how it might act (Benoit, 2019; Mayer & Rajavuori, 2017; Mayer, Rajavuori,
& Fang, 2017). Older studies of SOEs conducted in the 1990s suggest that their objective functions
were indeed — even at the time — determined by a number of factors other than profit maximisation
(Holmstrom & Milgrom, 1991; Shleifer & Vishny, 1998). More recent work suggests that government
owners have a significant degree of control over the cost of finance for SOEs and the distribution of
real and financial resources among them (Milhaupt & Pargendler, 2019). Other scholars find that the
legal context, and the relative market power of SOEs and private firms, affects the degree to which
governments can dictate the behaviour of an SOE (Belloc, 2014; Dibley, 2021; Su et al., 2018); and that
SOEs, far from presenting an additional constraint on decarbonisation, may in fact be vehicles for

accelerating the process (Mazzucato & Semieniuk, 2017; Steffen et al., 2020; Sterlacchini, 2012).

The second point of divergence is that, state ownership aside, power markets in the jurisdictions
with the largest fossil capacity and highest growth rates remain highly regulated and subject to

significant price and incentive distortions that largely serve to protect fossil fuel generation from free
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market forces. These factors are particularly prevalent for coal power generation, the most carbon-
intensive form of electricity generation and the largest source of power globally. Of the world’s
currently operating coal plants, an estimated 93% are operating in markets with price or quantity
controls, typically in the form of long-term guaranteed revenue streams, capacity payments, regulated
equity returns, or government mandates to provide power at fixed or heavily regulated prices (Bodnar
et al., 2020). These and other distortions to the free-market paradigm may allow coal and other fossil
fuel plants or related infrastructure to remain competitive, even profitable, when renewables are cheaper
on a cost basis, and can be accompanied by powerful incentives to avoid breaking contracts due to the
legal, financial, or political consequences (Boston University Global Development Policy Center, 2022;
Gelpern, Horn, Morris, Parks, & Trebesch, 2021; Tienhaara & Cotula, 2017). Further market distortions
can appear at the sectoral level in the form of electricity price subsidies, fossil fuel production and

consumption subsidies, and tax credits.

Among the jurisdictions in which state ownership and market distortions loom largest, China
is by far the most prominent. In 2021, the country became host to over half of the world’s operating
coal power generation capacity for the first time. China accounted for 75% of global commissioned
coal capacity in 2020, and 85% of capacity in the planning stages (Shearer & Myllyvirta, 2021) —
although this latter share may yet be substantially reduced following the Chinese government’s
announcement in September 2021 that it would no longer provide finance for new coal capacity outside
China. Of China’s domestic coal power capacity, 94% was estimated to be under government control
in 2015, either through SOEs or government-sponsored joint ventures (Hervé-Mignucci & Wang,
2015). China’s electricity system is highly regulated, with coal prices subject to price controls, and
electricity prices subsidised by the state (Gengsii & Chen, 2019). Restrictions on competition in the
power sector, managerial incentives misaligned to long-term firm performance, and the politicisation
of corporate governance, present further structural and practical obstacles to establishing competitive,
liberalised power markets (Leutert, 2016). Any comprehensive attempt to understand and model the
trajectory of electricity generation must, therefore, account for China, given its share of global

electricity generation capacity and corresponding emissions — as well as for the other high-emitting
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countries in which SPCs are prominent, as described in Section 2(b). In turn, any such attempts should
explicitly consider how the prevalence of SPCs in these countries — particularly China — affects the

design and cost of policies intended to decarbonise electricity supplies.

d. Stranded asset risks and state ownership

The implications of the transition to net zero for the market (financial) value of current and
future stocks of greenhouse gas-emitting assets are highlighted in a well-established literature on
‘stranded assets’. According to the most accepted definitions in the literature, asset stranding occurs
when an asset’s value is permanently impaired (Caldecott, Dericks, et al., 2017). In the context of the
environment and climate change, the term is most commonly used to describe shareholders of (or
lenders to) fossil fuelled power plants forced to accept irreversible financial losses as a result of climate
policies, environmental change (including climate change), technological advances, or a combination
of all three. The owners and/or creditors of the companies operating the assets suffer from stranding
when they observe “unanticipated or premature write-downs, devaluation or conversion to liabilities”
of these assets (Caldecott, Howarth, & McSharry, 2013). The term ‘stranded asset’ is also used in
association with fossil fuel resources (oil, gas, and coal reserves), industrial manufacturing assets
(power plants, steel plants, cement plants), and even vehicles (ships, trucks, aeroplanes, cars). For the
purposes of this dissertation, the term is used only in reference to the power sector, in the form of power

plants generating electricity from the combustion of fossil fuels.

Accounting for state ownership has an important bearing whether existing conceptions of
stranded assets are still appropriate when government is the asset owner. Researchers have employed a
range of approaches to estimate the extent and value of stranded assets in the power sector. One such
approach measures foregone generation — that is, ‘electricity not generated’ by a power plant or portfolio
of plants compared to a baseline, given a set of constraints (e.g. a cap on cumulative carbon emissions,

or optimising for levelized cost of electricity (LCOE)). The magnitude of asset stranding is then
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expressed in terms of forgone electricity generation, typically in TWh (Lu, Cohen, Smith, & Pfeiffer,

2022; Pfeiffer, 2018; Pfeiffer, Millar, Hepburn, & Beinhocker, 2016).

An alternative approach (and the methodological basis for Paper 2) is to treat the expected
financial return on a plant when it is built as the baseline. For coal plants, this typically means assuming
an operating lifetime of thirty years or more, at a relatively high load factor. The stranded asset value is
then measured as the difference between either (i) the expected return on the plant, or (ii) the return
required to fully recover the initial investment; and the return expected to be realised under a given
scenario. The stranded asset risk of a portfolio of assets in a given scenario is the total expected loss to
be incurred by investors in the power plants compared to the chosen baseline (Caldecott, 2019;

Caldecott et al., 2016).

For a complex portfolio of assets in which dispatching one set of power plants has an impact
on others (such as a national or regional electricity grid), estimating the relative stranding exposure of
each asset requires devising a set of rules governing how individual plants are affected, which in turn
solve the problem of how total forgone electricity generation is distributed across individual power
plants. One approach for these cases is to optimise the dispatch of different electricity sources on the
basis of short-run marginal costs (the merit order dispatch system generally used in liberalised
electricity markets), and to consider plants to be no longer operating due to a lack of viable markets
once long-run marginal costs permanently exceed revenue, which can be the result of factors including
but not limited to climate policies, such as declining renewable energy costs leading to the displacement
of existing fossil fuel generation (Gray & Sundaresan, 2020a, 2020b). A second approach, employed
by Caldecott, McCarten, and Triantafyllidis (2018) to identify assets in a portfolio that are at high
relative risk of stranding under different constraints, combines estimates of marginal abatement costs
and cumulative committed emissions, to determine whether or not investments in abatement for existing
fossil assets are competitive against alternative options (such as renewable energy generation), and
which remaining unabated assets in the given portfolio are incompatible with given carbon budgets
once any abatement decisions are taken. This framework offers flexibility on how to prioritise

uncompetitive assets for (early) retirement — on the basis of efficiency, marginal operating cost, age,
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emission intensity, technology type, or other combinations of variables. Once placed in order, those
assets within the cumulative carbon budget are considered to be subject to lower stranding risk, although

the binary nature of the result is somewhat artificial.

Asset stranding estimates can also be derived from least-cost optimisation models for a given
electricity grid. Economic modelling of the power sector at the global level (Ives et al., 2021; Mercure
et al., 2018; Way et al., 2022) shows increasingly clearly that this approach leads to the conclusion that
meeting marginal demand with renewable capacity additions is already the most cost-effective option
for increasing electricity supply across most countries. This is the case even without considering climate
change-related externalities or local pollution externalities tied to fossil fuel production, extraction and

combustion for electricity generation.

It also shows, reinforced by more recent work, that it is cheaper in the short- and long-run to
build and operate new renewable capacity than to continue operating existing fossil-fuelled capacity in
a growing range of national economies (Meng, Way, Verdolini, & Anadon, 2021; Way et al., 2022).
The key inflection point, financially speaking, is the point at which it becomes cheaper to build, finance
and operate new renewable capacity than to continue operating legacy fossil assets, even where these
assets carry outstanding debt. At this this point, a profit-maximising firm would be better off committing
new capital to expanding its renewable production while ceasing operation of fossil assets. If the
technology cost forecast trajectories on which these models are based are correct, new investment in
fossil capacity is very likely to be uncompetitive on a technology cost basis in almost every economy
by 2030. The continued operation of existing fossil capacity is also very likely to become uncompetitive
in a smaller, but growing, set of countries, by 2030 (Way et al., 2022). Even for highly carbon-intensive
power sectors with heavy reliance on subsidised and locally available coal, such as that of China, further
declines in renewable energy costs imply that a policy requiring 50% reduction in annual power sector
emissions by 2030 while still meeting demand growth could in principle be cheaper than the business-

as-usual alternative (He, Lin, Sifuentes, et al., 2020).
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Assuming that the real LCOE of renewable technologies continues to fall more rapidly than the
real operating costs of fossil generation capacity, and that increases in electricity demand can be met
with renewable capacity additions, fossil fuel assets will be progressively more likely to become
stranded either by foregoing generation, incurring financial losses, or both. In this framing, the value of
asset stranding can be calculated on the basis of optimising for least cost across the electricity system
at an assumed rate of demand growth and deriving the extent of asset value write-downs from lower

utilisation or early closure of uncompetitive fossil assets.

None of these approaches or calculation methods, however, make explicit provision for the
significant economic distortions and regulatory constraints characterising many of the markets in which
fossil-fuelled power plants operate today, nor do they account for cases in which the primary objective
of the plant owner is not solely to maximise profits — as may well be the case for SOE-owned assets.
For state-owned assets where financial returns and the marginal cost of production are not the only, or
necessarily the primary, determinants of whether a power plant is built or operates, respectively, any
stranded asset calculations made on the basis of minimising the cost of electricity generation are likely
to incorrectly predict the actual decision-making of affected SOEs and the financial and social losses
that would be incurred by their government owners. Correspondingly, they might also incorrectly
predict the pace at which the power system will decarbonise by omitting important constraints and
incentives affecting stranding risks for existing and planned assets under government ownership. In the
literature surveyed here, the monetary estimates of stranded asset values in the power sector capture
financial or electricity generation losses that would be incurred by homogeneous, profit-maximising
firms operating in an environment of perfect competition and merit-based dispatch. Modifications to
these models can be made to alter how electricity is dispatched and the prices different firms or power
plants can command, but they are not designed to properly account for cases in which SPCs and their

government shareholders play a central role in resource allocation.
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3. Outline of the Thesis Papers

After explaining the general approach informing the research design of the thesis papers, this
section provides a summary of the motivation, methodology, and results from each of the three papers,
bringing together the material presented up to this point. The full text of each paper in its published
form is provided in Appendices 1-3. In each case, supplementary material available alongside the

published paper immediately follows the paper itself.

A note on research design

At a high level of abstraction, SOEs may be thought of as vehicles for governments to pursue
policy goals, whether these are broad (e.g., macroeconomic growth, unemployment, financial stability)
or specific (e.g., enforcing plant-level pollution controls or coal consumption targets). In practice, as
noted above, assessing how the range of possible policy priorities affect SOEs’ operation is both

empirically challenging and subject to constant change as these priorities shift.

It was clear at the outset of the research design process that any economic model designed to
simulate the role of state ownership and make falsifiable predictions on SOE behaviour, would have to
allow for heterogeneous agents. In early iterations of possible research designs, one option considered
for Paper 1 was to develop a political economy-driven formal model of SOE decision-making, drawing
on a wide range of possible data points to build and test the model. These data points could include
elements such as formal mandates, managerial incentive structures, accountability and promotion
mechanisms, governance structures, financial analysis, and legal status. Some of this information would
be publicly available, but accessing and confirming some other data points would likely require access

to institutional and/or national archives, and access to interviewees.

By using a combination of open data, archival research and interviews, I hoped to establish
what the key components of the objective functions and decision-making rules of SOEs were, and how

heterogeneity among them affected the relative importance of each of these components. I would then
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use this information to build a bottom-up agent-based model (ABM) in which the response of
heterogeneous SOEs to different policies could be simulated, starting with agents representing
government, SOEs, and private firms and limited to the power sector. Although this remains the ideal
outcome of my research programme in the longer term, my ability to conduct the field-based data
gathering required by such a research design was foreclosed by the suspension of nearly all international
travel in early 2020 due to the COVID-19 pandemic with, at the time, a highly uncertain endpoint. Prior
to the start of the pandemic, there had been some prospect of gathering non-public data from SOEs and
archival sources, complemented by a process-tracing analysis facilitated by interviews with key
stakeholders, particularly in China. Access to interviewees would have helped to validate and enrich
any empirical data gathered from archival or institutional sources. With the closure of international
borders and concurrent deterioration of diplomatic relations between China and the UK, accessing
offline non-public data or holding in-person interviews with SOE staff or Chinese Communist Party
officials became logistically and politically impossible, and made remote access to interviewees much

more challenging to arrange.’

I spent some time determining whether data available from public sources (e.g., company
reports, OECD databases), and licensed platforms available through University libraries (e.g.,
Bloomberg and Refinitiv databases for financial data), would be sufficiently detailed to allow the
original research design to proceed. It quickly became clear that the absence of sufficient comparable
primary data on (i) SOEs’ political, legal, economic and social characteristics and financing
arrangements, and (ii) past SOE decisions, would fatally constrain the ability to build and validate
decision-making rules with a usable degree of completeness, robustness and rigour. This was
particularly true for the countries in which SOEs play central roles in the power sector, most of which

are outside the OECD, not publicly listed at the parent company level, and not subject to many of the

3T had expected to include an interview-based component into this research as a means of validating information
obtained from public sources, and particularly for the research specific to China, to check the robustness and
fairness of my underlying assumptions. In practice, this was not possible. Some support on data validation and
sourcing was obtained from researchers within academia and the non-governmental sector to partially fulfil this
function.
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financial, governance-related, environmental, legal and other disclosure requirements associated with
other jurisdictions. The deep and historically embedded heterogeneity of SOEs’ circumstances and
attributes presented a further difficulty, multiplying the size of the sample that would be needed in order
to establish and validate, in a statistically robust manner, how SOEs’ behaviour varies with their

underlying characteristics.

My conclusion at this stage was that continuing to pursue the original research design would
compromise both the methodological and empirical contributions of the output. This would have been
true whether or not the analysis had focused exclusively on the power sector. This confluence of factors
steered the development of the methodological approach away from ABMs and towards methods more

appropriate to the availability of the data, and the nature of the subject matter.

In retrospect, even if the data required for the initial research design had been obtainable,
attempting to identify the objective facts needed to properly understand and model the behaviour of
individual agents within and outside an SOE would still have been very challenging. This would be
particularly true for contexts requiring a translator (in which important subtleties in meaning could
easily have been lost, especially where interviews would be conducted online), and for SOEs engaging
in clientelism, corruption, or other behaviours potentially limiting the ability or willingness of
interviewees or employees to provide external researchers with information. Particularly in the case of
China, my position as an outsider — a Western researcher with very limited linguistic or cultural
knowledge — investigating politically sensitive issues in a single-party authoritarian state, poses a more
general problem for data collection and validation, especially for interview-based material. In such
circumstances, distinguishing between information that is true, false, or a combination of both — in
archival documents and in interviews alike — can be extremely difficult. The provision and withholding
of information may also be affected by the external political environment (in this case, the most salient
being the geopolitical context) and domestic policy. Add to this the heterogeneity and number of
possible agents and firms, and it is clear that, in this relatively data-poor environment, methodological
approaches with less need for formal model specification and less onerous data requirements can make

a more constructive contribution to the early literature on this subject. Pandemic restrictions made the
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initial research design a practical impossibility, but it may well not have succeeded had the pandemic

not occurred, for the reasons given.

For the purposes of this research, therefore, simplifying assumptions are made at different
stages to allow for government decision-making to be conceptualised and modelled in a way that, while
not strictly true to reality, can yield useful theoretical and policy-relevant insights. The limitations
associated with using such simplifying assumptions are acknowledged and discussed in detail in the
Limitations section of each of the three paper outlines. Rather than to attempt to formally determine
and model the objective functions of different SOEs and their agents, operating in constantly shifting
environments, Paper 1 opts for a more qualitative case study approach as a means of establishing a
framework for analysing SOEs in the power sector. Paper 2 proposes a modification and extension of a
well-known theoretical framework in financial modelling to the case of state-directed investment in
assets at risk of becoming stranded. Paper 3 aims to models and understand the non-financial costs
associated with power sector decarbonisation in the form of employment and tax revenues, as a
counterpoint to the free-market-driven, profit-maximising paradigm of firm behaviour and a recognition
of the central role of SOEs in several major economies expecting to undergo this transition in the coming

decades.
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Paper 1: State-owned power companies and decarbonisation

Motivation and research question

The first paper is motivated by three observations. First, that rapid decarbonisation of global
electricity supply is required for the objectives of the Paris Agreement and its signatory governments
to be met, and correspondingly, is also a necessary condition for the same governments’ national net
zero targets to be met. Second, that SPCs are the dominant type of firm in the global power sector both
by current capacity and future investment, but most literature on power sector decarbonisation
characterises firms as private investor-owned companies subject to market-wide regulations and policy
instruments. Third, that SPCs’ governance structure, objectives, relationships with government, and
sources of finance may be very different to those of private companies, and they should be represented

accordingly in formal analysis.

The paper brings these components together in responding to a gap in the literature linking the
prevalence of state-owned assets and enterprises in the power sector to the decarbonisation imperatives
endorsed by many of the governments that own them. It aims to provide an entry point for understanding
SOEs’ role in power sector decarbonisation. Employing a comparative case-study method, the paper
surveys the tools available to governments as both policymakers and shareholders of SPCs, then
develops a framework for analysing how a range of endogenously generated characteristics and
exogenously imposed constraints associated with different types of SPC might affect their responses to
the range of market-wide and SPC-specific interventions available to government in pursuing their
climate policy goals. The intention is to use this analysis to offer insights into how governments can

make the most effective use of their SPCs, given the companies’ characteristics.

The core research questions explored in this paper are twofold: first, how are SPCs empirically
different from the idealised, largely atomistic theoretical conception of profit-maximising firms that
forms the basis of most power sector models? Second, how do SPCs’ characteristics affect the potential

efficacy of different climate policy options available to their government shareholders?
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Methods

The overarching goal of the paper is to develop a framework for analysing the extent to which
common and divergent features of SPCs, and the markets in which they operate, affect their relationship
to different categories of government intervention on decarbonisation. In the paper, we use
‘decarbonisation of the power sector’ as a proxy for climate policy goals, since total or near-total
elimination of fossil-fuelled power sources is a necessary feature of power sector decarbonisation in
most country contexts. As a first step, we review the relevant literature on understanding SPC
behaviour, with a particular focus on studies that explore the differences between state-owned and
private electric utilities, with regard to their investment and capital expenditure, operational efficiency,

access to finance, and response to government policy.

The second step is to identify the features of SPCs that could affect how responsive they are to
interventions designed to change their behaviour — in this case, to accelerate the decarbonisation of their
asset base. Developing a detailed understanding of how individual SOEs (and in particular, the SPC
subset) operate is not a feasible undertaking for this project, given their variety and number, with the
number of SOEs globally estimated to exceed 150,000 (International Monetary Fund, 2020).
Availability of structured data on most SPCs, even those that are large and at least partially publicly-
traded, also remains extremely limited. A lack of organised data is an even greater problem among
unlisted firms in non-OECD countries, a group that includes many of the world’s largest SPCs. As such,
a comparative case study approach is used, in which a small number of representative SPCs are analysed
and compared in order to (i) identify common and divergent features of the companies and the markets
in which they operate, and (ii) construct theoretical conjectures on how these features interact with the
different types of intervention identified in the following step, described below. Six SPCs are selected
on the basis of a ‘most-different’ case selection strategy to reflect variation in the share of equity owned
by the state, and the degree of concentration in their home markets, as imperfect proxies for the degree
of state control over the SPC, and the SPC’s market power, respectively. The SPCs studied operate
primarily (or exclusively, depending on the case) in China (SPIC), India (NTPC), Mexico (CFE), South
Korea (KEPCO), South Africa (Eskom), and Indonesia (PLN).
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In the third step, we develop a typology of possible actions that a government can take to
leverage its SPCs in achieving climate policy goals. Our starting point here is to review the set of policy
tools available to regulate activity in the power sector where they are relevant to decarbonisation (see,
for instance, Pefiasco, Anadon, & Verdolini, 2021). We term these tools ‘market-wide’ interventions
that in principle apply to all companies equally, private and state-owned alike, that fall within the scope
of a given instrument or regulation — such as sector-wide carbon taxes, carbon credit schemes, or clean
energy subsidy schemes to which any qualifying firm can apply. We then expand the scope of possible
government actions to what we term ‘targeted direct’ and ‘targeted indirect’ measures. ‘Targeted direct’
measures are specifically targeted at a given SPC and reflect the government exercising its prerogative
as shareholder — such as changing its legal mandate, or replacing executives or board members.
‘Targeted indirect’ measures refer to the deployment of government resources in such a way as to induce
or incentivize an SPC, or group of SPCs, to pursue a certain course of action (and that are not market-
wide instruments). These include directing state-owned banks to provide below-market financing
facilities to SPCs under certain conditions, or using governmental authority in a manner that
disproportionately benefits SPCs (e.g., investment in transmission lines close to SPC power plants,
accelerated permitting processes for new plants, subsidy schemes for which SPCs overwhelmingly

qualify, etc.).

Finally, by combining the second and third step we generate a set of provisional, testable (in
principle) conjectures linking the potential efficacy of different types of interventions, with SPCs
exhibiting different sets of characteristics, which we term ‘access factors’. In the paper, we take the
additional step of developing four SPC ideal types (‘archetypes’ in the text) representing variation in
the combinations of relevant features that we identify in the case study analysis, and consider how a
government owner of an SPC corresponding to one of these types might design its interventions
accordingly. The ideal type exercise is an initial attempt to identify systematic similarities across SPCs
operating in different contexts. The ideal types may help to guide further research, especially if
quantitative testing for systematic differences across SPCs becomes a more realistic possibility. To the

extent that further research supports the initial classifications proposed here, it may also be useful in
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narrowing down the policy options (market-wide and targeted alike) available to SPCs’ government

shareholders.

This paper has several limitations, as explored in more detail below. However, the goal of the
research was not to test empirically the existence of a relationship or set of relationships between access
factors and intervention effectiveness, given the data limitations and absence of well-developed
theoretical or empirical work on this subject. The paper serves instead as a largely inductive, theory-
building exercise built on SPC data, and on a review of climate policy options for the power sector. We
take these observations and use them to hypothesise a set of potential factors driving the responsiveness
of SPCs to climate policy interventions. From these factors, we return to our data to deduce — if our
hypotheses are correct — how responsive the SPCs in our case study sample might be to different types
of intervention. Finally, we return to an inductive mode in order to construct a small set of representative
ideal types by categorising the performance of each of the case studies against the four access factors.
Given that the degrees of freedom implied by four access factors and three overarching types of policy
intervention far exceed the sample size in this case, we are explicitly not attempting to make generalised
empirical claims, but rather to build a theoretical basis for testing the hypothetical relationships that our

analysis suggests.

Results

In the comparative case-study analysis stage, we identify the common and divergent features of
six SPCs and assess their role in determining an SPC’s incentive to respond to a given climate policy
intervention, and its ability to do so. By collecting and analysing data on the core characteristics of these
cases and their historical responses to government climate policy, we identify four access factors that
affect the government’s ability to access the full emission mitigation potential of an SPC. We term these
‘agency’ (independence of action); ‘profit motivation’ (in comparison to other possible objectives, such
as service provision and employment); ‘capacity’ (ability to implement a decarbonisation strategy); and

‘exposure [to market competition]” (from both private sector and state-owned peers).
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By combining the access factors deduced from the comparative case study analysis, with our
typology of possible interventions, our first conclusion is that under certain circumstances, SPCs can
be more effective vehicles for decarbonisation policy than their private sector peers. We find this may
be the case when government has a high degree of control over strategic objectives but the SPCs is able
to act independently on an operational level; when SPCs are insulated from competition; and/or when
SPCs have the financial and technical capacity to invest in the decarbonisation of their asset base.
Further, our second conclusion is that market-wide policy interventions (such as carbon pricing
mechanisms) may be less effective for SPCs than their private sector peers, especially where the SPC
lacks the capacity to invest in clean technologies and implement and operate on a technical level, and

where the SPC is subject to objectives other than profit-maximisation.

In policy terms SPCs can, and where they are major market players, must, be key actors in driving
decarbonization. For government action to maximise its effectiveness in helping SPCs fulfil this role,
the differences between state-owned and private power companies must be taken into account both
through the conventional prism of market-wide interventions, and in selecting from the suite of
additional targeted interventions available to government where it plays a shareholding role. Research
on other and larger samples of SPCs, with the ability to test the hypothesised relationships ex-post, is
needed to test and refine the conjectures developed here, to identify the conditions under which they
may break down, and to explore the extent to which they can be generalised to other sectors and

geographies.

Limitations

The paper’s key assumption is that the government shareholder has made a commitment to
decarbonisation, and that this commitment is credible, such that the government has the capacity to
implement it. This does not mean that we assume a specific decarbonisation pathway to be inflexibly
pursued by governments at any cost, but rather that its commitments represent an ultimately binding
long-term constraint on government policy that must be achieved on a thirty to fifty year timescale
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without derogating excessively from other key policy goals. Making this assumption essentially holds
the role of government ‘constant’. In essence, the paper assumes that the capacities and enforcement
capabilities of governments are homogenous and sufficient for achieving their goals, and that
governments’ preferences on decarbonisation are static. In reality, governments are highly
heterogeneous in their capabilities, and their preferences on decarbonisation can be dynamically and
endogenously determined. Indeed, accounting for the degree of (mis-)alignment between SPC and
government interests would be a helpful nuance to integrate into the access factor framework, as it
would highlight where additional political pressure or support from governments may be needed to

ensure SPCs’ cooperation in implementing decarbonisation policy.

While these may be reasonable assumptions given that all the countries studied have a net zero
target either under discussion, declared, in policy, or in law, they imply an effectively unidirectional
relationship, whereby SPCs are vehicles for government policy. This does not mean that SPCs are not
actors in their own right, but rather that they do not have the ability to force a derogation from their
government owners’ net zero commitments. In turn, this suggests that our findings are most convincing
for cases in which the climate policy goals of government are fundamentally unalterable regardless of
the position the SPC takes on a given policy issue. In practice, then, the assumption of fixed government
preferences may be justified where there is an effectively irreversible political or legal commitment to
decarbonise, even where a government has some space to manoeuvre over the specific timing and
implementation modalities of this commitment (China is perhaps the best example of this within the
sample examined in the paper). It is less justifiable in contexts where the level of political commitment
is unstable and closely linked to electoral cycles (such as in Mexico and South Korea), and/or where an
SPC is a powerful policy advocate in its own right, to the point where its lobbying efforts or leverage
over sources of political or economic power can disrupt the implementation of net zero commitments
by slowing down their implementation, or reduce its exposure to unfavourable policies — even if the
overall commitment remains intact. Notably, this does not necessarily mean the paper’s other main
conclusion is incorrect in these circumstances, as SPCs with substantial influence over policy may still

be more effective vehicles for decarbonisation than their private sector peers. Indeed, even where an
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SPC has the ability to disrupt or delay the introduction of market-wide measures, such as a carbon
pricing regime, this does not undermine the second conclusion that such measures would be less

effective for SPCs if they were introduced.

Relatedly, the paper assumes that both SPCs and governments are unitary actors. Again, this is
defensible as a simplifying assumption to make for the purposes of the study, and relaxing it would not
necessarily undermine the paper’s key conclusions. In reality, however, governments and SPCs are
complex entities in which different sets of interest groups or individuals, at different levels of
organisation, may pursue divergent, mutually reinforcing, or conflicting goals. The relevance of this
feature, which applies to most large and diverse organisations, depends on the extent to which the
principals (the governing party, in the case of government; and the board of directors or chief executive,
in the case of an SPC) are able to override these sources of divergence such that the organisation acts
as a coherent whole. To illustrate, this assumption may be most consequential for contexts in which
regional government leaders acting in the interest of local industries are directly opposed to national
government policies threatening those interests and possess the means to halt or disrupt policy
implementation (see Paper 2, Limitations). Similarly, while strategic decisions taken by SPCs’
leadership at the corporate level may conflict with incentives facing the managers of individual power
plants or fleets, these are only relevant to the paper’s findings if the managers act to oppose company
leadership. Incorporating more detailed (and most likely, ethnographic or archival) data on the structure
of governments and SPCs into future work can help to assess the extent to which internal dynamics are

relevant to SPCs’ relative potential as agents of decarbonisation.

A potentially more significant limitation in the paper is that it does not explore interactions
between the four access factors in a systematic manner, in particular how these interactions might affect
the paper’s central conclusions. While the four ideal types go some way to explaining how different
combinations of access factors would, in aggregate, enable or constrain a given set of policy
interventions, there is no detailed consideration of how performance on one access factor might be
affected by another. This is partly because the main objective of the paper was to diagnose some

possible parameters for the analytical challenge posed by SPCs, rather than the details of interactions
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between them. Considering the hypothetical nature of the access factors, examining how they relate to
each other in detail is premature without further research to support or rebut their existence and
relevance in this context. Conducting a deeper analysis looking at these possible interactions would
undoubtedly add to the explanatory potential of this work, but it may be more prudent to test the
robustness of the existing access factor and intervention typologies against new data before doing so,
and making adjustments or alterations to the initial framework presented here as required. Interactions
between access factors are plausible, however. For instance, an SPC with limited agency but a clearly
articulated profit motive may not be able to prevent its shareholder from requiring it to make
unprofitable short-term investments, but the consequences of doing so would be determined at least
partly by its capacity to access low-cost finance and the profitability of its existing portfolio. Similarly,
a monopoly SPC with no real competition but ample financial and technical resources might be
theoretically able to deploy and operate low-carbon technologies more rapidly and at lower cost than a
competitive power sector would, but not be incentivised to do so if its mandate focuses more on national

energy security than profit maximisation.

Finally, the paper limits itself to analysing SOEs in the power sector. Some or all of the primary
conclusions may be applicable to SOEs in other sectors, but additional work will be needed to assess
the extent of this applicability and where sector-specific factors are relevant — or not — to SOEs’ role in
the decarbonisation of these other non-power sectors in which state ownership is prevalent (such as oil

and gas, steel, and cement).
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Paper 2: Government shareholders and stranded assets

Motivation and research question

Despite its clear policy commitment to carbon neutrality, and the prospect of increasingly
stringent climate policy measures needed to achieve it, China’s government is continuing to build new
coal-fired power plants, predominantly through its SPCs. Existing literature on the financial and
economic role of coal power in China suggests not only that the majority of the existing fleet is
unprofitable despite receiving direct and indirect subsidies, and that China has more than enough
generation capacity to meet electricity demand, but also that further additions will reduce average
profitability further and in most of China’s provinces it is already cheaper to build and operate
renewable capacity than to expand the coal fleet (Bodnar et al., 2020; Caldecott, Dericks, et al., 2017;
Cui et al., 2021; Denjean et al., 2016; Fei, 2014; Feng, 2017; Gray & Sundaresan, 2020b). The fact that
Chinese SPCs are continuing to build coal-fired power plants unlikely to generate financial returns (in
part as a consequence of the central government’s carbon neutrality commitments) is an apparent
contradiction with profound implications for the global decarbonisation of power given the scale of
China’s coal-burning activities, which contribute roughly 10% of total global emissions across all
sectors (International Energy Agency, 2020c). If, then, the construction of new plants by Chinese SPCs
contradicts stated policy, they are not needed to meet demand, and external assessments suggest they

carry a high risk of asset stranding: why are they being built at all?

Spurred by the surprising observation that coal power capacity is continuing to grow in China,
the second paper attempts to answer this question. It begins by asking whether new high-carbon
investments by SPCs are indeed at risk of becoming stranded assets, given that they are ultimately
owned by a government shareholder. This requires moving from the general appraisal of the relationship
between SPCs and climate policy in Paper 1, to a more focused investigation of whether conventional
definitions of stranded assets are appropriate in cases where the assets in question are directly state-

owned. Bringing together the theory and tools of project-level financial analysis, with the core tenets of
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macroeconomic policy, it aims to model how state ownership of a power-generating asset affects the
value it represents to its owner. As noted in Section 2, the ‘stranded assets’ terminology is widely used
in literature on technology transitions, associated financial risks, and climate policy choices in the power
sector, but this literature refers almost exclusively to assets’ financial value to a private owner, rather

than their economic value to a governmental ‘societal’ owner.

Starting from first principles, this paper compares and contrasts this traditional financial
analysis — which typically underpins the quantification of asset stranding projections — with a country-
level economic analysis. In doing so, the paper explicitly accounts for the perspective of a government.
Without making a judgement as to how companies’ self-interest and government shareholder interests
are weighted when making decisions, the intention is to reconstruct what a stranded asset means for a
government entity and apply this to a representative example of a power plant investment in a
contemporary context. The specific context chosen for this modelling exercise is the decision to invest
in a new coal-fired power plant in China, as the country with the largest existing pipeline for new coal
capacity by some margin despite its policy commitment to carbon neutrality. By assessing the expected
performance of this real-world example of new investments in assets at risk of stranding from a different
perspective, this study aims to develop a greater understanding of the criteria, and conditions, under

which a government shareholder should and should not proceed with such investments.

Theory

The starting point for this paper is the general principle that government’s goal is to maximise
social welfare — in this context, represented by the economic rate of return on a proposed coal-fired
power plant. This assumption is made not to the exclusion of secondary objectives for a government
(including equity and fairness, self-interested behaviour by government agents, political risks, etc.), but
as a reasonable approximation of what a state-backed investment primarily aims to achieve. This
simplified theoretical construct for evaluating investments made by government through its SOEs is a

useful contrast to the private profit-maximising model of returns (in which the expected financial net
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present value, FNPV, must be greater than zero for the project to be considered viable) that is widely
used in finance and that acts as the primary approach used in the existing literature on stranded assets.
In the paper, these two perspectives are referred to as ‘economic’ and ‘financial’ respectively. While it
is more conventional to refer to these as ‘social’ and ‘private’ costs and benefits, we use different terms
here in order to make the distinction between the two frameworks clear, given that the entity making
the investment is an SOE (not a private firm) and that economic returns are based on a heavily

simplified, and relatively narrow model for measuring net benefits to social welfare.

In this framework, an investment by an SPC would be justifiable from an economic (as opposed
to financial) perspective if two conditions are met. First, the investment generates a positive economic
rate of return to the economy over which the government has jurisdiction (i.e. the economic net present
value, or ENPV, is greater than zero). If this threshold is not met, the government would be better off
not investing at all. If the threshold is met, the second condition would be that the economic rate of
return exceeds that of alternative investments that achieve the same practical goal — that is, the project
is justified on an opportunity cost basis. In practice these two conditions are often combined by choosing
the discount rate used for calculating economic returns to reflect the government’s estimate of the
opportunity cost of capital (i.e., the opportunity cost of the power project relative to the highest
achievable return on other possible investments). We keep the two separate in order to conceptually
distinguish whether or not a project delivers net benefits, from how it compares to other possible
investments where the government’s estimate of the opportunity cost of capital may not accurately
reflect the true cost of capital (if, for instance, the benchmark estimate for the opportunity cost of capital
for power sector investments is based on coal-fired capacity additions). Modelling the decision to invest
in a new coal-fired power plant in this manner can help to evaluate in detail what a stranded asset means
for a government shareholder, and help to understand the motivation behind decisions to build new,
apparently financially unviable infrastructure in cases like China’s coal power expansion, where the

decision appears at first glance to be irrational or wasteful when run through a standard financial model.

To summarise: if one assumes that a government’s objective function is maximising social welfare, a

proposed power plant that appears to be at high risk of asset stranding on a financial basis may perform
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better (or worse) on a welfare-maximising basis. If the government is not only the social planner, but
also the beneficial owner of an SOE with some discretion over its investment decisions, the government
may be incentivised to use the SOE as a vehicle for achieving its social welfare maximisation goals.
This may be particularly relevant in contexts where the state is an active (rather than passive) owner
and where the SOE performs a strategically important role or one that is a fundamental driver of national
or local economic development, as is the case with large SPCs, especially in China. While this does not
necessarily make the financial sustainability of an investment by an SPC completely irrelevant, a more
comprehensive understanding of its decision-making should at a minimum reflect elements of the social
planner calculus as well as a profit-maximising one. This approach can help to identify where financial

and economic interests are aligned and where they are not.

Different combinations of financial and economic results yield four distinct possibilities, outlined in

Figure 1. If the model results show, for example, that the power plant investment is not justified
on a financial, project-level basis, but is viable on an economic country-level basis, it would likely
become a financially stranded asset that nonetheless delivers a gain in social welfare (on a net present
basis) and represents a sound investment by the state. Where an investment is justified neither on a
financial nor an economic basis, the government would be wasting scarce public resources by over-

investing in new uneconomic power plants that would also fail to deliver a financial return.
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FNPV >0

A
Profitable to Profitable to
investors but investors and
delivers a net social delivers a net social
welfare loss welfare gain
0
ENPV <0 » ENPV>0
Not profitable to Not profitable to
investors and investors but
delivers a net social delivers a net social
welfare loss welfare gain
FNPV <0

Figure 1. Possible results and interpretations of financial and economic analysis of a proposed investment. FNPV =
Financial net present value. ENPV = Economic net present value.

Methods

To investigate the impact of comparing financial and economic returns, we build a standard
(financial) discounted cash flow model for a pro forma, illustrative new coal-fired power plant project
in China and complement it with a similar model that is structurally similar, but in which costs and
benefits to the national economy, rather than the private costs and benefits to the investor, are captured.
The models are then run in parallel to determine which of the possible results in Figure 1 apply in a
business-as-usual scenario, and whether the first condition (requiring that FNPV > 0 and ENPV > 0) is
satisfied. This approach is designed to capture and measure the economic rate of return on the

investment from the perspective of the shareholder — in this case, the Chinese national government.
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The financial model captures capital, operational, and financial expenditures and revenues at
private discount rates and nominal market prices. The economic model draws on established
methodologies used by multilateral lending institutions (see Belli, Anderson, Barnum, Dixon, & Tan,
1998; Meier, 2017a, 2017b; Squire & Van der Tak, 1975; World Bank, 2017) to value costs and benefits
to the national economy, reflecting the government’s beneficial ownership in the project, at social
discount rates and real prices. Costs in the economic model exclude all internal transfers within the
economy (e.g., interest payments, taxes and duties on capital and labour) and include socialised costs
(e.g., pollution and climate damages). Benefits in the economic model as assessed at the point of final
consumption of electricity, based on estimates of consumers’ willingness-to-pay. In the financial model,

benefits are the revenues accruing to the plant owner from selling electricity into wholesale markets.

The economic and financial models are then run under a range of possible alternative policy
scenarios to determine where financial and economic interests would converge or diverge, and under
what circumstances there may be a financial and/or economic justification for continuing to build and
operate new coal-fired power plants where there is no reasonable alternative to doing so. These
scenarios take two forms: either the introduction of a shadow price on carbon increasing over time as a
proxy for climate policy; or restrictions on plant operating hours up to and including an eventual
moratorium on coal-fired power as a proxy for direct controls on plant operations. They help to assess
how sensitive the economic and financial cases are, respectively, to policies likely to affect how the

plant’s output is valued and controlled.

In the final stage of the analysis, we assess whether the proposed coal plant meets the second key
criterion by measuring its opportunity cost against available alternatives. A similar financial and
economic model is built for an illustrative alternative investment. In this case, we choose to model an
illustrative solar PV array with sufficient storage capacity to have equivalent dispatchable power to the
proposed coal plant, and compare the financial and economic returns to each option, under the baseline
scenario and various policy scenarios. This serves to establish the circumstances under which the coal
power investment should or should not proceed on financial and economic bases where alternatives are

available.
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Results

The results show that under a baseline scenario with no carbon pricing, the proposed coal plant
delivers an FIRR (return on equity) of 8.4%, and an EIRR (economic return) of 19.1%, with the net
present economic benefits of the project totalling US$472 million in real terms. The plant breaks even
on an economic basis within seven years of the plant starting operations, suggesting that if the plant
were closed in 2030, it would still generate value for the Chinese economy. This suggests one possible
explanation for continued investment in coal-fired power. On a financial basis, the plant takes over
twenty years to realise its required return on equity and leaves investors vulnerable to adverse policy

changes implemented before 2040.

If the government uses, for decision-making purposes, a modest shadow carbon price rising from
US$15/tCO2 in 2026, to US$30/tCO2 in 2041, the price is sufficient to entirely eliminate the economic
return such that the plant creates a net social welfare loss. Scenarios in which the load factor of the coal
plant is permanently limited but no shadow carbon price is used reduce economic returns but fall short
of creating welfare losses. These scenarios do, however, have a far greater impact on the project’s
financial performance such that the net present loss totals $124-$176 million, depending on the extent
of load reductions applied. Without a shadow carbon price, only a full moratorium on coal-fired power

in 2030 or earlier prevents the plant from realising an economic return.

Comparing these results with an alternative solar/storage investment suggests that the renewable
option generates higher economic returns than the coal plant under modest shadow carbon pricing and
modest declines in electricity storage costs, but does not perform as well on a financial basis. The
illustrative solar/storage plant yields an 8.7% EIRR in the baseline scenario, much lower than coal in
same scenario. However, since the plant produces no carbon from direct operations, it performs better
than coal under modest shadow carbon pricing scenarios. A 30% decline in capital costs from 2020
values improves the solar/storage EIRR to 13.8% and generates an economic NPV of $602 million,
higher than the coal plant in the baseline scenario. If capital costs decline as they are expected to do,
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new solar/storage investments should, under the model’s assumptions be competitive with coal on an

economic basis within five years, even without accounting for the social cost of carbon.

Limitations

This paper does not pretend to present a fully realistic assessment of how decisions on new coal
plant investments are actually made, nor does it attempt to model the motivations of SPCs, the
government, and other interest groups in a nuanced fashion reflecting political realities and the political
economy of coal power investment decisions. Rather, it aims to provide a counterpoint to the financial-
only analysis that dominates discussion of stranded asset risks in the literature. The results vindicate
this approach by showing that, even if analysed from an economic point of view under conservative
assumptions, China’s new investments in coal-fired power do not appear to be viable either on a
standalone basis or in comparison to renewables. Despite this, permits for new coal plants in China in
2022 were granted at the fastest rate since 2015, with half of newly announced plants located in areas
where there is already excess generation capacity on the regional grids they would supply. In the same
year, China began construction on six times as much new coal-fired generation capacity as the rest of

the world combined (Centre for Research on Energy and Clean Air & Global Energy Monitor, 2023).

The apparent disconnect between this paper’s theoretical conclusions and the reality of coal in
China today suggests that the question of why coal power in China is continuing to expand is not fully
resolved by the economic analysis framework applied here. Several possible alternative explanations
for this inconsistency are outlined, but not systematically investigated, in the paper, and can be
examined in more detail in future work (such as the role of incumbent interest groups, political
bargaining, and political elites within the state bureaucracy). The Chinese government may, for
instance, be operating under substantially different assumptions to those used in the paper. There may
also be more than one relevant boundary condition that economic analysis should consider (e.g., the
subnational level) and which could identify a conflict in the respective motivations of national and

subnational governments. There could be other factors at play preventing the superior economics and
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low-carbon characteristics of alternatives to coal from being properly considered in the power capacity
planning process, in the form of bureaucratic or organisational limitations, or principal-agent problems
arising from conflicts between government incentives and those of the various agents tasked with

implementing its policy preferences.

The paper also does not account for the general equilibrium implications of investment in one
additional coal-fired power plant, but rather focuses on illustrating how a national economic approach
to modelling the investment decision can yield insight that a project-level financial analysis alone
cannot, based on reasonable estimates of inputs, prices and other intermediate variables. A full general
equilibrium analysis is beyond the scope of the paper. A comprehensive and complete general
equilibrium analysis would be helpful, however, in accounting for the net impact of the investment on
economic activity in other sectors, as well as the social costs and benefits associated with the plant’s
operation both upstream and downstream from it (known as ‘multiplier effects’); and the equilibrium
effects on welfare improvement (or otherwise, as deadweight loss) across the entire national economy.
Upstream effects could include greater demand for construction materials, coal mining or transport,
higher coal prices due to increased demand, and greater exposure of workers in the coal industry to
harmful pollutants. Downstream effects could include lower electricity spot prices due to greater supply,
greater economic activity resulting from lower electricity retail prices, and any substitution away from
other sources of power induced by the availability of the new plant. Some aspects of these effects are
included in the model in the form of local pollutant pricing and shadow carbon pricing. It would be
helpful to evaluate these effects in more detail on an equilibrium basis, in order to understand whether
accounting for second- and third-order impacts would change or nuance the key findings of the limited

analysis conducted here.

Finally, the analysis does not account for the creation of non-domestic sources of value. In the
particular case examined in the paper, the materials and labour used to build the coal plant, and the
electricity it produces, are both very likely to remain largely or entirely within China’s borders. Insofar
as there were non-domestic benefits to building the plant (e.g. additional export of goods or services

made possible with the electricity supplied by the plant), they would be indirect, small in magnitude
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unlikely to be material to the analysis performed here. If the SPC was planning to build the coal plant
outside China, through a Belt and Road Initiative (BRI) project for instance, accounting for non-
domestic costs and benefits to the SPC (hence to the Chinese government) would be an essential

component of any economic analysis. See Section 5 for further discussion on these possible extensions.
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Paper 3: The effects of coal phase-out on employment and fiscal revenue in
China

Motivation and research question

Coal is still a fundamental component of China’s electricity generation and industrial production
profiles (Energy Research Institute & China National Renewable Energy Centre, 2019). In 2019, coal
combustion for electricity and heat in China was estimated to generate 4.9 GTCOze, about 10% of
global emissions from all sources (International Energy Agency, 2020c). China hosts approximately
1,200 GW of coal-fired power generation capacity (Global Energy Monitor, 2020) and produced 3.69
billion tonnes of coal in 2019 (International Energy Agency, 2020a). SOEs own the majority of coal
mining and power generation capacity in China (Global Energy Monitor & CREA, 2020), while state-
owned banks are the main providers of financing for construction (Herve-Mignucci, Wang, Nelson, &
Varadarajan, 2015). State-owned grid companies purchase and market most of the resulting electricity

(Mayer et al., 2017).

The Chinese government’s goal of achieving carbon neutrality by 2060 will require the coal-fired
share of electricity generation in China to shrink dramatically, even if carbon capture and storage
technology succeeds at scale. Recent bottom-up (i.e. asset-level) modelling efforts have analysed the
financial consequences of a transition away from coal in China (Cui et al., 2021; Cui et al., 2020; Gray
& Sundaresan, 2020a; Spencer, Berghmans, & Sartor, 2017), and the response of physical intra-China
and international coal production and supply networks to reduced coal demand (Gosens, Turnbull, &
Jotzo, 2022). Other studies have examined the political economy implications of coal phase-out at
national and provincial levels (Bridle, Kitson, Duan, Sanchez, & Merrill, 2017; Caldecott, Bouveret, et

al., 2017; Yuan, Guo, Zhang, Zhou, & Qin, 2019).

Still others have used macroeconomic modelling, based on input-output tables describing
production-consumption networks, to capture substitution effects across industries (Mercure et al.,

2018). These macroeconomic models do capture aggregate responses of a range of macroeconomic
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indicators to changes in relative prices and incorporate rates of technological change, but rely to a
significant degree on regional aggregation and a number of high-level assumptions for each sector. This
makes it difficult to use such models to capture the dynamics of the energy transition in specific sectors
and in specific geographies at a high level of granularity, and hard to validate them in data-poor contexts
subject to heavily regulated markets, like China (e.g. on price elasticities, demand growth, price
formation, etc.). Attempts to resolve this problem have applied network analysis to understand how
labour markets adapt to changes at the micro level in the United States (del Rio-Chanona, Mealy,
Pichler, Lafond, & Farmer, 2020; Mealy, 2018) — but these approaches rely on detailed, high-quality
micro-level data on job vacancies, employment histories, and employee characteristics that are not

available to independent researchers looking at China.

The third paper undertakes a detailed asset-level exploration of the consequences of coal phase-
out in China on employment in the coal industry, and on tax revenue generated by it. The overall aim
is to identify and estimate the socioeconomic implications of retiring coal-fired electricity generation
assets beyond the financial losses or forgone generation that form the basis of most existing work on
stranded assets in China, and their distribution across time and space. The study extends the largely
theoretical and inductive work in the preceding two papers into a more empirically grounded
environment, examining what the non-financial aspects of power sector decarbonisation may be — and
how they might affect the actions of SPCs, and the dynamics between SPCs and government at different

levels.

Methods

This study builds and runs a demand-driven plant-level model of the coal power (i.e. thermal
coal) sector in China, focusing on assessing how the phase-out of coal power will affect two
macroeconomic areas in which the socioeconomic impact of this decline is felt. In the paper, we
construct a network of individual plants, such that changes in plant operation can propagate through the
links in the network to coal mines and transport modes. Calculations for employment and tax revenue
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at the power plant level are overlaid onto this network. It models the impact of a range of coal phase-
out trajectories on the geographic distribution of coal demand, supply, and the associated employment
and tax revenue by manipulating the activity of coal plants. Coal demand is driven by the operation of
coal plants from the period 2021-2060, using province-level utilisation rates and plant-specific
efficiency estimates. Since data on coal trading patterns and transportation routes is not available, plants
are matched to mining regions based on location and coal type, rather than to individual mines. This
methodological approach allows the model to generate results at granular levels (for individual plants,

locations and SPCs), and aggregated levels (provincial and national).

Employment is estimated on the basis of (i) average labour intensity of coal mining by province,
(ii) secondary survey data on the number of jobs in coal plants, and (iii) national transportation statistics.
Taxes are calculated on a plant-level basis, covering taxes on labour (which are a function of jobs,
wages and tax rates) and capital (which are a function of the amount or value of coal mined, how much
is transported and how far, and how much coal-fired electricity is generated). Subsidies are largely
estimated at an aggregate level, as very limited data availability prevents the possibility of reliable plant-
level subsidy estimates. Scenarios for the phase-out of coal in the power sector are constructed by
progressively shortening power plants’ operating lifetimes, and observing the effects on employment
and net tax revenue from the coal value chain supported by the operations of a given plant. Running the
model for each scenario allows for the distributional impact of changes in employment and fiscal

revenues to be observed and analysed at the national, subnational, and firm level.

Results

At the national level, under a ‘baseline’ (B) scenario consistent with China’s carbon neutrality
goal, labour productivity growth in coal mining implies that significant job losses will occur nationally
in the medium term even if all coal plants continue operating as planned. Jobs supported by demand
from coal power plants decline from an estimated 2.7 million in 2021, to 1.44 million in 2035 and
94,000 in 2050, with jobs losses from mining alone expected to exceed 1.1 million by 2035. Tax
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revenues from thermal coal under the B scenario total approximately ¥300 billion annually from 2021-
2030, peaking in 2023 at ¥340 billion. This is significantly less than estimated subsidies of at least ¥480
billion, suggesting coal is likely a net fiscal drain on China’s public finances, even without accounting
for the full costs of local pollution and the social cost of carbon. As coal plant retirements accelerate,
from 2034 onwards, fiscal revenues begin to fall more rapidly, with annual rates of decline rising from
1% in the 2020s to over 10% by the 2040s. More aggressive climate policy and technology scenarios
bring job and tax losses forward in time, while a No Transition policy, in which all currently planned

coal plants are built, delays but does not ultimately prevent these losses from occurring.

Governments of coal-producing provinces like Inner Mongolia, with an industry highly
dependent on exports to other provinces, are more exposed than others to declining tax revenues from
coal, and more insulated from job losses, given their high current degree of labour efficiency. Although
their provincial revenues are likely to remain stable until the early 2030s under the B scenario, the
possibility of increasing policy stringency underlines the need for revenue and skill base diversification.
At the firm level, coal plants and mines owned by China’s ‘Big Five’ state-owned power companies are
responsible for over 40% of both jobs and tax revenues in 2021. The number of jobs supported by the
activities of each of the largest ten firms, with one exception, declines by 71-84% by the early 2040s,

with the tax contribution of each declining by 43-69% in the same period.

Limitations

There are a number of limitations to the modelling methodology and data used in Paper 3.
Several simplifying assumptions are made in constructing the model, primarily reflecting data gaps. In
general, every effort has been made to find the most reliable possible data, although some of the model
assumptions depend on statistical reports published by the Chinese government, the accuracy of which

cannot always be independently verified.
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The first and most important limitation is that there are no price dynamics, and consequently
no elasticities of supply and demand, in the model. This was a conscious decision: since the various
components of coal and electricity value chains are heavily regulated in China and thermal coal
suppliers do not have large substitute markets to sell into when prices are low, prices are unlikely to be
reliable guides to supply-demand dynamics and are of limited relevance to resource allocation. Given
these distortions, price formation was considered to be too far removed from actual supply and demand
to be used for model calibration. This is not to say there are no price responses at all in Chinese coal
markets, but rather that structural constraints to the value chain being modelled mean that price
formation is artificial enough that assuming no price movement was judged to be preferable to
estimating it, and elasticity of supply is likely to be low in any case given the lack of alternative sources
of demand for thermal coal. More dynamic responses to changing demand for coal from China’s power

plants can certainly be explored in future work (see Section 5).

Second, the rate of labour productivity growth in the coal mining sector (proxied by the number
of jobs per 10,000 tonnes of coal extracted) follows the approach taken in the source from which it is
taken. The source assumes productivity growth to remain constant, at 5% per year, lower than the 8%
annual improvement observed from 2015-2020. The rationale for assuming a slower productivity
growth rate in the future than the recent past is that at least some of the earlier, more rapid, decline was
likely to have been driven by a period of rapid consolidation of the industry and closure of smaller, less
efficient mines, rather than the incremental improvements to existing operations likely to play more of

a role in future.

Third, the coal consumption of individual power plants is determined by age, type of coal
consumed, capacity and technology type (e.g., subcritical vs. supercritical). This provides a relatively
high degree of granularity, but still produces an estimate of plant efficiency conditional on basic plant
characteristics, in lieu of observed data. It is also assumed that each plant consumes only the type of
coal it is associated with in the dataset. For instance, a plant that normally burns anthracite is unable, in
the model, to consume coal of any other type. In practice, coal plants can be technically capable of using

coal within a broader range of quality and calorific content depending on availability.

54



This is relevant to the fourth limitation: the allocation of coal supplies to individual plants. Due
to a lack of available data on transport networks, the model assumes that coal plants consume coal
locally (mined in the same province as the plant) where it is available, and import coal from other
provinces, with coal exports by net exporting provinces allocated pro rata on the basis of demand, once
local supplies are exhausted. This is a relatively strong assumption, and again, may be relaxed in future
work subject to improved data on transport networks becoming available. However, given strong
existing incentives for provincial governments to promote local industry rather than import from other
provinces, similar caveats apply as for electricity markets. Price- or distance-based optimisation of
mine-plant relationships would still be likely to represent only a rough approximation of the actual

structure of interprovincial coal trading for thermal power plants.

The fifth limitation is also linked to the lack of transport network data: since coal plants are
linked not to specific mines but to provinces, the starting location used in calculating distances between

mines and plants is the capital city of the province of origin.

Sixth, the model does adjust for coal imported from outside China, but assumes that imports
are distributed pro rata to each province in China. In practice, imports are likely to be weighted heavily
towards provinces with fewer local or regional coal resources, larger coal plant fleets, greater electricity

demand, and greater access to coastal ports and international rail transport links.

Seventh, estimates of employee wages vary by province and industry, and a weighted average
of public vs. private sector wages (according to the share of employment by each) is also used. This
does not differentiate between employees on different salaries within a given company. In calculating
income tax, it is assumed that the standard tax deduction applies, while in practice this may not be the
case — or at least, would be expected to vary from one employee to another. Similarly, liabilities for
corporate taxes generated in the model are assumed not to be offset by any tax credits claimed by that
corporate entity. In practice, this is also unlikely to be the case, given the complexity of large

corporations’ tax affairs.
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Finally, the scenarios against which the model is run are relatively simplistic. While they are
calibrated to correspond to peer-reviewed, China-specific scenarios in He, Lin, Zhang, et al. (2020),
they do so only by varying the lifetime of coal plants, rather than the average load factor, which varies
by province, but is assumed to remain constant over time. In practice, as coal is steadily displaced by
variable renewable energy sources and storage capacity, some coal plants may see their already-low

load factors decline further.

Data constraints are also behind the paper’s other major category of limitations — namely, that
it does not consider the extent to which net declines in employment and tax revenue in the coal sector
may be offset by substitution in labour markets away from coal towards other economic activities. It
restricts itself to analysing the jobs and tax revenues lost to the coal transition, rather than the jobs
created by the industries that will ultimately replace coal’s role in the energy sector. The International
Energy Agency (2022) finds that while 1.6 million jobs are expected to be lost in China’s coal sector
by 2030 under its ‘Announced Pledges Scenario’, 2.2 million jobs in low-carbon sectors and segments
are expected to be created over the same period (across electricity generation, grid development,
building retrofits, bioenergy, batteries and carbon capture and storage (CCS)). The net creation of 0.4
million jobs this implies is itself far lower than the 1.3 million net job creation expected under the

‘Accelerated Transition Scenario’.

It is not, however, necessarily the case that newly unemployed coal plant workers will find re-
employment in low-carbon sectors like renewable energy generation, or that coal miners and transport
workers will transition into the mining and transportation of materials serving the low-carbon economy.
Similarly, the locations where new jobs are created may be different from those where they are lost.
Identifying the extent to which different localities and provinces can benefit from opportunities to
transition workers into low-carbon industries (or simply other non-coal industries) will be crucial for
national and provincial governments alike in managing the effects of the coal transition. To examine
these localised, location- and industry-specific effects at the high degree of granularity permitted by the
asset level approach adopted in this paper (rather than at the aggregate level of provincial statistics more

common in analysing the general equilibrium effects of industrial transition), more data is needed than
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is currently available. Better data on the locations of power plants and industrial facilities is becoming
steadily more reliable and accessible, but data on the occupations and skills of workers across the
Chinese economy — which is needed to provide a thorough assessment of opportunities to transition into

other industries or roles — is still very limited.
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4. Policy Implications

This dissertation takes as its starting point the necessity for SPCs in particular, and SOEs in
general, to play a central role in decarbonisation. It contends that SOEs have untapped potential to play
a highly effective role in supporting decarbonisation. SOEs are directly relevant to the net zero
ambitions of governments across the world. The papers herein represent the beginnings of a research
programme examining SOEs and decarbonisation in the power sector, developing novel theoretical and
empirical approaches to understanding the role of SPCs, and the non-financial considerations of
relevance to government shareholders. While research in this area is still very limited, the results
discussed in the three thesis papers can nonetheless be useful to governments seeking to reconcile their
dual roles as social planners and shareholders as they move to decarbonise their economies, and to SOEs

faced with navigating complex and potentially contradictory social, economic and financial mandates.

Paper 1 provides governments with a framework for considering the policy options available
to them beyond market-based mechanisms (e.g., carbon pricing) in pursuing decarbonisation through
SPCs. Consideration of targeted interventions, channelled through SPCs, can expand the scope of action
and the toolbox available to governments with direct control over SPCs and potentially allow SPCs to
act as conduits for more efficient and effective outcomes than would be possible for private sector firms
alone. This may be especially true for governments presiding over SPCs that are well-insulated from
domestic competition, but that also have the requisite technical and financial resources to decarbonise
their capital stock. Where governments directly mandate, or indirectly pressure, SPCs with these
characteristics to decarbonise, the SPCs could undertake a more rapid and less costly transition than

might be achieved by a privately-owned utility.

Paper 2 shows clearly that considering the economic impact of proposed carbon-intensive
investments can provide government and SPC decisions with more decision-relevant information than
if they were guided solely by the financial analysis informing most contemporary analysis of stranded
asset risks. It suggests that new state-backed coal-fired power plant investments in China today are

already likely to be wasteful on the basis of country-level economic returns under modest future climate
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policy scenarios, and the opportunity cost of new coal investment will rise further as the levelised costs

of dispatchable renewable alternatives fall, even without accounting for the social cost of carbon.

Paper 3 shows that while over two million jobs in China’s thermal coal sector are at risk by
2050, failing to adopt decarbonisation policies will not prevent the job losses from occurring because
they are driven primarily by industrial consolidation and automation. A significant increase in the rate
and magnitude of job losses (most notably in the short term) would occur only in the unlikely event that
China pursues decarbonisation policy with an exceptionally high level of aggression and speed. This
suggests that while mass redundancies in the coal sector are important considerations for policy makers,
they are not a reason to delay coal phase-out, especially considering the likelihood that some job losses
will be absorbed by expanded employment in other sectors. The paper also shows that even without
considering GHG emission externalities, declining tax revenues from the coal sector are probably not a
reason to delay decarbonisation either, since they are likely to be offset by reduced subsidies to the same
sector. Significant variations in the employment and net fiscal revenue impact on individual provinces,
however, suggests there is a strong case for the Chinese national government to engage in redistributive
measures to mitigate the effect on regions heavily exposed to declining coal demand, possibly funded
in part or in whole by any net savings generated elsewhere, as they work to diversify regional
economies. The high-resolution nature of the analysis and results can also help to anticipate and address
sources of political, economic or other resistance to change, based on vulnerable locations, entrenched

interests, political-economic incentives or other factors.

This dissertation demonstrates the value of explicitly accounting for SOEs and governments’
role as shareholders in the formulation and evaluation of climate policy. Overall, the body of work
contained herein can help governments committed to decarbonisation to understand — and take pre-
emptive action to address: (i) whether and how their SPCs can help to accelerate power sector
decarbonisation, (ii) the economic consequences of overinvestment in high-carbon assets, and (iii) the
potential impact of decarbonisation (in this case, the employment and tax revenue effects of coal phase-

out) on non-financial indicators that are of relevance to SPCs and governments alike.
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5. Extensions and Future Work

This dissertation comprises three published papers that have been viewed by peer reviewers as
making significant and original contributions to a nascent field, namely the study of SOEs (and SPCs
as a subset) in the context of decarbonisation. There are some areas where the papers employ important
simplifications or assumptions, as discussed in Section 3, and others where they deliberately confine
themselves to the study of specific phenomena within the field in order to facilitate focus on tractable
research questions. This section outlines a number of promising avenues for further research in this
area, corresponding to a relaxation of the assumptions made in the papers, and the application of the

key ideas and methodologies to new cases or contexts.

a. Improvements in data availability

Insufficiently detailed or incomplete data was the most significant challenge confronted in
undertaking the research laid out in the thesis papers, constraining the scope for quantitative empirical
research methods to be applied to the study of SOEs. Improvements in data availability do not
necessarily mean that quantitative methods will be successful, given the heterogeneity of SPCs (and
SOEs in general), but they may allow for greater use of quantitative tools in testing and building on the
theoretical conjectures and hypotheses developed here. In any case, there is a clear need to develop
comprehensive datasets on SOEs (or the subset with which this dissertation is primarily concerned,
namely SPCs) with a sufficient amount of detail and comparability to at least partially address the
heterogeneity problem and allow some form of quantitative comparison and analysis. Comprehensive
public disclosure of information by the unlisted firms that comprise the bulk of the SOE universe is
unlikely in the near future, but following the example set by Paper 3, efforts to refine and augment
independently constructed asset-level datasets in high-carbon sectors can help to construct detailed

profiles of individual SOEs, without having to rely on firm disclosures.

Open asset-level datasets linked to ownership are already available that present a detailed

picture of individual physical assets owned by SOEs globally across the power, coal mining, steel and
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cement sectors. In most cases, the direct owner and ultimate parent company of each asset (albeit not,
typically, the intermediate companies between the direct asset owner and parent) are also recorded. This
allows researchers to estimate, for SOEs specifically, decarbonisation-relevant information such as the
emissions intensities, technologies, and capacity of each SOE’s assets, and the geographical distribution
of these assets. Where they contain geospatial coordinates, asset-level datasets can also be overlaid with
other geospatial datasets. This can significantly enrich researchers’ ability to associate a wide range of
data points to individual assets and the SOEs that own them, and examine in more detail and with greater
precision the relationships between financial ownership, socioeconomic data (e.g., employment and
income statistics), and assets’ physical or location-specific characteristics (e.g., water availability,

ambient temperatures, irradiation, wind speeds, flood risk, exposure to environmental risks, etc.).

Assessing the exposure of SOEs’ asset portfolios to the physical impact of climate change can
also help to develop a deeper understanding of the challenges and opportunities faced by SOEs
struggling to decarbonise. Higher average and peak temperatures can, for instance, lower the operating
efficiency of existing fossil assets and strengthen the case for transition (Coffel & Mankin, 2021;
Petrakopoulou, Robinson, & Olmeda-Delgado, 2020). On the other hand, unexpected changes in
rainfall can prove detrimental hydroelectric generation potential (Colesanti Senni & von Jagow, 2023)
and extreme weather events made more frequent and more likely by climate change can place additional
financial pressure on already under-resourced SPCs forced to allocate resources to network maintenance

and repair (see Handayani, Filatova, and Krozer (2019) for a case study of Indonesia’s PLN).

With data made available since the study in Paper 3 was undertaken, it is now possible to extend
the analysis from thermal coal alone (which accounts for approximately half of China’s coal
consumption) to include coal used for steel and cement manufacturing (which comprises most of the
country’s remaining coal consumption). The data improvements required to address the many other
limitations of the model methodology may prove less forthcoming, although some — such as a coal
transport network data allowing each coal plant to be linked to a specific mine — are likely to be more
consequential for the results than others — such as incremental improvements in the accuracy of plant-

level efficiency assumptions. Future refinements of the model should, where possible, also incorporate
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better information on coal price formation; the expected rate of productivity improvement over time,
sectors, and provinces; the share of coal imported from overseas by each province; and the share of
employees by region and company engaged in different occupations (e.g. managerial, administrative,

and operational).

More ambitious expansions of the model and associated methodology can enhance its
contribution to a growing body of research on ‘just transitions’ in coal and other industries at risk
(Caldecott, Clark, Koskelo, Mulholland, & Hickey, 2021; Diluiso et al., 2021; Henry, Bazilian, &
Markuson, 2020; Jakob & Steckel, 2022; Sartor, 2018). Although Paper 3 already explores the
socioeconomic consequences of coal phase-out for China and the options available for managing them,
the incorporation of metallurgical coal, and non-coal industries, into the model could significantly
expand its contribution to understanding the wider consequences of carbon neutrality for China.
Specifically, as more detailed data on jobs, taxation and subsidies in industries other than thermal coal
becomes available, mapping it to asset-level data on heavy industrial production facilities and non-coal
installed electricity generation capacity can provide a more comprehensive picture of the impact of coal
phase-out on employment and net tax revenue across multiple sectors of the Chinese economy,
accounting for the effects of substitution away from coal power into other coal-using industries (e.g.,
cement and steel production) and into low-carbon power (e.g., nuclear, hydro, renewable). Expanding
the model to incorporate asset-level data across multiple sectors would yield more complete aggregate
results, but also more nuanced localised results capable of identifying where, to what extent and under
what conditions job losses and tax revenue losses in the coal value chain could be dampened by
substitution effects or accentuated by concurrent job losses and tax revenue losses in other sectors. This
would provide useful input to the design of redistributive policies or investment programmes targeting

cities, regions or industrial clusters likely to be most negatively affected by thermal coal phase-out.

Greater availability of quantitative data would also help to test the hypotheses developed in
Paper 1. In the paper, the proposed access factors represent hypotheses on how different interventions
by government may affect the behaviour of SPCs of different types. In turn, the ideal types provide a

means of applying these hypotheses to real data with a view to generating testable potential relationships
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between independent variables (in this case, government actions) and dependent variables (marginal
impact on an SPC’s decarbonisation as measured by, e.g., emissions intensity of existing asset stock,
and capital expenditure on forward-looking assets) conditional on different SPC characteristics.
Sufficiently large and granular historical datasets on SPC emissions, asset portfolios and investment
decisions, for example, could make it possible to test quantitatively for differences in the size, direction
and duration of the effects of past government policies on SPCs’ decarbonisation trajectories, as
compared to those of privately-owned comparable firms (across both listed firms and private equity). It
could also be possible, depending on the number of observations for similar types of SPC, to test for
differences within the sample of SPCs. However, as already noted, the many sources of heterogeneity
in groups of SPCs, and the likelihood of unobserved variables explaining some sources of variation,
suggest that quantitative methods in this context should be treated with caution, and as one of several
tools and methodological perspectives necessary for developing a full understanding of SOEs in the

decarbonisation context.

For Papers 2 and 3, data improvements would also facilitate the extension of the models in both
papers, or integration of model outputs, into a more general equilibrium analysis, accounting for cross-
sectoral welfare and substitution effects; the impact of the proposed investment on important
macroeconomic variables such as employment and net fiscal revenue; upstream and downstream
multiplier effects of government investments (via SOEs) in installed generation capacity (Paper 2); and
changes in the structure of the energy sector (Paper 3). In the case of Paper 2, analysing general
equilibrium effects would provide some refinement to the modelled results and indicate whether
accounting they would be of sufficient magnitude to affect the central conclusions of the analysis. In
Paper 3’s case, equilibrium model results could serve as inputs (by projecting coal demand over time)
and as a target for its outputs (by using the Paper 3 model results to calibrate external shocks to an
equilibrium model capable of estimating the effects of those shocks on other real economy sectors and

macroeconomic indicators).
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b. Investigating the political economy of government- SPC relationships

Paper 1 explicitly holds the role of government constant and assumes all governments’ political
will to act on, and enforce, decarbonisation targets is homogeneous and unchanging. These assumptions
are made in order to focus the analysis on how the characteristics of SPCs might affect their responses
to policy measures. In practice, however, governments are heterogeneous and multi-layered
organisations, with preferences and policy responses subject to constant change. Relaxing the
assumption that government policy preferences are fixed would allow, in the Paper 1 framework, for
preference-shaping interactions between government, SPCs and third parties to take place. This may
require extending the scope of one of the four access factors — ‘agency’ — to include not only an SPC’s
control over its own behaviour, but its capacity to influence government behaviour by advocating for
or obstructing climate policy measures. In the latter case, decarbonisation goals may conflict with SPCs’
short-term interests or even threaten their long-term viability. The ability of an SPC to shift government
preferences towards its own could, in turn, be a function of its political position, market power, financial
circumstances, capital stock, and other factors. It may be useful to develop a set of ‘government access
factors’ to parallel SPC access factors, to establish a more complete understanding of how SPCs (and
other SOEs) might be able to affect governments’ willingness and ability to pursue decarbonisation

agendas.

Identifying sources of alignment and misalignment between governments and SOEs in other
major industrial sectors is also relevant to industrial policy formation and implementation, especially
where SOEs are the primary implementing entities of any transition to low-carbon technologies. Taking
the framework developed in Paper 1 as a starting point, a useful avenue for further research would be
to investigate the economy-wide implications of national net zero commitments for the operational and
investment trajectories of specific SPCs (and SOEs in oil and gas, steel, cement, transport, chemicals,
and other high-emitting sectors in which state ownership features prominently). This further work could
consider how government-coordinated industrial policies would operate through SPCs, where they
might encounter support or resistance, and how regulatory efforts designed primarily for private
investor-owned firms would affect SPCs. The potential for SPCs to be used as direct instruments of
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domestic and industrial policy was illustrated in July 2022, when the French government announcement
of its intention (subject to a court ruling, at the time of writing) to increase its shareholding in its SPC
Electricité de France (EDF) to 100%, acquire the company’s long-term debt, and delist it from the stock
exchange, as part of a strategic government effort to expand France’s nuclear fleet in the face of energy

security concerns (Electricité de France SA, 2022; Reuters, 2023).

Alongside political influence, the question of how and to what extent SPCs’ and SOEs’ agency
is determined by their internal governance processes and structures is also worthy of further in-depth
investigation. Further study of high-level and day-to-day governance structures, decision-making
modalities and allocation of responsibilities for delivering on government policy priorities within and
across SPCs, can help to theorise and test relationships between these components and the formulation
of the companies’ decarbonisation strategies. Going into greater detail in this way would also provide
a natural entry point for well-developed literatures and methodological tools in management theory and
science, respectively, to investigate how SOE governance affects the design and execution of their

decarbonisation strategies.

A more nuanced aspect of SPC (and SOE) behaviour that also deserves integration into the
theoretical framework as it evolves, is whether or not, and with what implications, variations on the
‘principal-agent problem’ arise with respect to governments and SPCs. The principal-agent problem
refers in this context to conflicts of interest and asymmetries of information between high-level
policymakers and the agents tasked with policy implementation. Principal-agent problems in
government policy formulation and implementation processes are well-documented. In the context of
China’s climate policy, for instance, the clearest sources of conflict are divergence between the interests
of central government principals, and agents in SPCs/SOEs, as well as provincial and local
governments, tasked with implementing directives. The economic analysis approach developed in Paper
2 can readily be adapted for this purpose. The principles behind the analysis can be used to compare
economic returns to agents (subnational governments, for instance) and principals (national economic
policymakers), whereby the economic value accruing to subnational and national governments,

respectively, is measured as the pertinent boundary within which economic costs and benefits accrue.
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Where this additional level of analysis shows that a project is not in the national economic interest but
is nonetheless be in the interest of a provincial government — or vice versa — this would suggest

divergent principal-agent interests.

The just transition aspects of decarbonisation are another area in which SPCs — and SOEs more
generally — may seek to influence (or be influenced by) government preferences. Much of the early
literature on just transitions focuses on developed markets in which the major employers in high-carbon
industries, including the power sector, are largely not state-owned (Beatty, Fothergill, & Gore, 2019;
Europe Beyond Coal, 2020; International Labor Office, 2014). However, recent policy developments
on financing energy transitions in major state-led economies — most notably the announcement of Just
Energy Transition Partnership (JETP) programmes for SPC-dominated South Africa, Indonesia, and
Vietnam, with further plans for India and Senegal under development (Kramer, 2022) — also provide a
timely opportunity to ensure that research on SPCs’ behaviour, incentives and roles is integrated into
the design of transition finance frameworks. Depending on the extent to which SPCs are responsible
for large or dominant shares of local employment and economic activity, either they, or government
actors, or both, may oppose or support efforts to integrate just transition principles into their
decarbonisation strategies. For instance, SPCs might seek to limit the impact of job losses and support
the creation of alternative employment opportunities, or on the contrary, seek to transfer the
responsibility for managing the effects of large-scale redundancies to government. Equally,
governments may wish to leverage their influence over SPCs’ social mandates to require or encourage
them to take steps to absorb the short-term shocks that decarbonisation may have on employment (e.g.,
by retaining more employees than necessary, or offering generous redundancy or relocation packages

to employees facing termination).

c. Exploring additional sectors, geographies, and scenarios

The three thesis papers have limited themselves to the power sector. They have also examined

either a selection of case studies (Paper 1) or a specific country (Papers 2 and 3) in which a specific set
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of policy scenarios were tested. In each case there is scope to undertake further work on additional
sectors, geographies and scenarios that would prove beneficial in understanding the phenomena under
study. This includes assessing the impact of sector-specific changes on the wider economy through

general equilibrium or equivalent analytical approaches.

First, the case study approach in Paper 1 can be extended to SOEs in other real economy sectors
(e.g., cement, steel, and oil & gas) and expanded to private and quasi-private firms in an effort to more
clearly identify the sources of difference and similarity between them. Since SOEs feature more
prominently in the power sector than most others, and access to electricity is both a fundamental driver
of economic activity and subject to greater pressure to decarbonise in the short term, the resulting
conjectures and policy prescriptions for non-power sector SOEs may prove very different. Studying
SOEs in other industrial sectors can help to develop a more general understanding of their role in
decarbonisation, however, and identify differences and commonalities in how governments can
leverage their SOEs across multiple sectors to achieve policy goals. Similarly, while the models in
Papers 2 and Paper 3 cover thermal coal use only, the data improvements discussed above mean it is
now possible to adapt and expand them, respectively, to include coal use in heavy industry (primarily
for steel and cement manufacturing). This would help provide a much more comprehensive picture of
the role of all forms of coal in supporting employment and tax revenue in China. As already noted, the
underlying approach can also, as data availability permits, be extended to non-coal sources of power
generation (including gas-fired power generation). It can also be adapted to account for the introduction
of emissions control technologies such as carbon capture and storage, and be applied to other

components of the energy sector, such as oil and gas extraction.

Second, SOEs are also active participants in the financial economy. State-owned financial
institutions can take a range of forms, including national and regional development banks, other
domestic and overseas development finance institutions (DFIs), export credit agencies (ECAs),
sovereign wealth funds (SWFs), public pension funds (PPFs), and international financial institutions,
including the International Bank for Reconstruction and Development (World Bank). The 26 national

and regional development banks comprising the International Development Finance Club (IDFC) hold
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a total of over US$ four trillion in assets and lend over US$ 600 billion annually (International
Development Finance Club, 2023). At the time of writing, the 200 largest SWFs and PPFs hold a
combined total of US$ 25 trillion in assets (Global SWF, 2023). To the extent that these institutions act
as sources of equity or debt capital for SOEs, they may play an important role in guiding SOE decision-
making through the provision or withholding of finance, thereby acting as a conduit for government
policy preferences. The nature and extent of the current network of relationships between financial and
non-financial SOEs is, however, relatively poorly understood. If the core premise of this body of work
is correct —namely, that SOEs in general, and SPCs in particular, have a pivotal role to play in delivering
on net zero pledges — then financial SOEs are likely to play a similar important role as capital providers
throughout the transition process. Mapping and analysing financial to non-financial SOE relationships

is therefore a natural, and essential, extension to this dissertation.

Third, all three papers could benefit from application to other geographies. For Paper 1, this might
take the form of expanding the sample of SPCs studied to cover other countries or regions, comparing
them to competing private firms in other countries, and examining the overseas activities of SPCs in
the sample. In the case of Papers 2 and 3, the principles and modelling approaches are not specific to
China and can in principle applied to other contexts — with appropriate modifications to account for
differences in market structure, price formation, and so on — although in each case feasibility would
depend on the availability of data on proposed projects (Paper 2) and on links between coal industries
and employment and tax revenue generation (Paper 3). For Paper 2, understanding how financial and
economic returns to new coal (or other carbon-intensive) projects differ in contexts beyond China —
which is exceptional in many ways — is particularly relevant where SPCs/SOEs control substantial
components of a country’s energy infrastructure (such as India, Indonesia, Mexico, Pakistan, and South
Africa). In each of these cases, the application of an economic framework can complement existing
(financial) stranded asset analysis and help researchers distinguish clearly between expected national-
or subnational-level economic returns, and plant-level financial returns. This is true both for domestic
and foreign investments. Subject to the availability of financial and operational data for coal plants,

Paper 2 could be scaled up from the single pro forma plant in the paper, to analyse the economic returns
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for all proposed coal plants in China and in other countries, identify the sources of differences, and
calculate aggregate potential for asset stranding on an economic basis as a complement to aggregate

financial stranding estimates in existing literature.

Fourth, Papers 2 and 3 could benefit from the addition of more sophistication and variety in the
scenarios against which results are produced. The models in both papers are flexible enough to allow
for many different types of demand- and supply- side policies to be evaluated and could be integrated
into other models to translate the results of demand- or supply-side scenarios to effects on coal mining
and coal power generation. This might include simulating the effect of specific provincial or national
policies designed to control emissions from the coal power sector, or to limit either coal production or

combustion directly.

d. Accounting for overseas assets and investments

The three thesis papers all focus on SPCs as domestic actors. However, in many cases, SPCs
either control a substantial portfolio of assets overseas and/or sell electricity into overseas markets (e.g.,
Sweden’s Vatenfall, China’s SPIC, and Canada’s HydroQuebec). The economic rationales for domestic
and foreign activities, and government shareholders’ treatment of them, can be very different. For
instance, the activities of an emissions-generating asset located overseas may not fall under national net
zero commitments and therefore not be subject to the same decarbonisation objectives as domestic
assets. Alternatively, an overseas asset may appear to operate at a loss, but in fact be part of a wider
economic relationship that is still profitable to the asset owner’s national economy (e.g., a loss-making
power plant in Vietnam owned by SPIC that still benefits the Chinese government because it is tied to
a long-term coal supply contract from a coal mine controlled by a different Chinese SOE). Indeed,
evidence from Chinese state-owned banks’ lending contracts with overseas counterparties suggests that
they tend to include unusually strict confidentiality clauses, requirements for priority over other
creditors, and cross-default clauses more commonly found in commercial debt contracts (Gelpern et al.,
2021). Differential treatment of domestic and overseas lending is consistent with the theoretical
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framework adopted in Paper 2 — namely that for foreign activities in which most economic value (from
electricity generation, employment, etc) is generated overseas, governments may be more concerned
with maximising financial remittances from such projects than supporting economic returns to host
countries unless there is a clear strategic reason to do so. In this context, it would clearly be useful to
extend the analysis in Paper 2 to quantify the differences in both economic and financial returns on

otherwise identical domestic and overseas projects.

Overseas lending and investment by financial SOEs generally, particularly in coordination with
non-financial SOEs, also has significant implications for the geopolitics and geoeconomics of
decarbonisation. This dynamic is particularly clear in the case of China and the BRI, as detailed in
Clark, Jindal, Shrimali, Springer, and Rafaty (2023). Chinese financial SOEs — chiefly the China
Development Bank (CDB) and Export-Import Bank of China (Exim Bank) — have provided financing
for 59 GW of operating coal-fired generation capacity outside China, 39 GW of which is currently in
operation. With an average age of less than ten years, these plants are concentrated in Pakistan,
Indonesia and Vietnam, all of which are dominated by SPCs. These host country SPCs, as well as the
Chinese financial SOEs and state-owned providers of engineering, procurement and construction (EPC)
contracts responsible for the financing and construction of these plants, will all be involved in executing
any decarbonisation strategy that affects these plants’ operations. Exploring these cross-border
interactions of state-directed capital, especially where it is bound to long-lived, high-carbon assets,

present another useful direction for further research.
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6. Conclusion

The introduction to this document laid out the prominence of SOEs across key high-emitting
sectors of the global economy, including power, oil and gas, steel, and cement. The central role of SOEs
in any transition to net zero emissions is the starting point of this dissertation. The heterogeneity, size
and national economic significance of SOEs in the power sector provide ample reason for studying their
characteristics more closely. This thesis has also focused on SPCs because rapidly decarbonising
electricity generation — especially in China — is imperative if the global climate policy objectives
articulated in the Paris Agreement are to succeed. Data on SOEs in the power sector, namely SPCs, is
more detailed and widely available than it is for non-power SOEs, which carries an advantage for the
formulation and investigation of tractable research questions. With the onset of the COVID-19
pandemic and ensuing travel restrictions, it became even more necessary to focus on research questions
capable of being addressed with existing data and through the application of theory and modelling

techniques to that data.

As such, the material in this thesis does not attempt to address the fundamental problem of
insufficient data on SPCs specifically and SOEs in general. What it does do is explore how heterodox
perspectives in economic theory and decision-making analysis can be applied to the question of state
ownership in an economy that must be decarbonised. Focusing on state ownership in the power sector,
therefore, and then on China as the largest government owner of power generation capacity, the thesis
papers and the discussion presented in this document affirm the need to explicitly allow for
heterogeneity, endogenous preferences, and feedback mechanisms within state-owned firms as critical

to the design of effective climate policy in a world where state ownership of emitting assets is a reality.

a. Overview of main findings
Where this thesis makes its key contribution is in justifying and explaining why SPCs should
be receiving distinct treatment in the literature on the economics and policy of climate change than they

have to date. The starting point is necessarily to provide empirical support to this hypothesis — namely,
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that SPCs are different from idealised conceptions of firms as simple profit-maximisers, and that these
differences are relevant to the design and execution of climate policies aiming to accelerate the
decarbonisation of SPCs’ activities. Paper 1 tackles these questions and concludes not only that there
are major differences between private electric utilities and SPCs, but also between SPCs themselves. If
further shows that these differences have direct, often counterintuitive, implications for the
effectiveness and efficiency of different climate policy instruments. Indeed, it concludes that SPCs can
in some circumstances be more effective conduits for climate policy objectives than private firms, and
that market-wide policies may be less effective in shaping the behaviour of SPCs than private firms.
Overall, the paper makes the case that SPCs deserve different analytical treatment to private firms in
the decarbonisation context. It provides a qualitative analytical framework identifying the
characteristics of SPCs that are relevant to climate policy design and how they might affect the

effectiveness of those policies.

Paper 1 stops short, however, of constructing a formal alternative framework. The goal of Paper
2 is consequently to make progress in this area by investigating the extent to which existing formal
approaches for analysing climate policy risks facing high-carbon assets — namely, those used in the
stranded assets literature — are adequate to the task of analysing state-owned assets. A narrowing of
scope to address a specific empirical observation provides an appropriate test case, namely the empirical
puzzle presented by Chinese SPCs' continued construction of new coal-fired power plants. Stranded
asset theory would suggest that new coal plants are risky investments that also contradict clearly stated

national climate policy goals.

The paper finds that stranded asset analysis based on financial metrics alone misrepresents the
incentives facing SPCs and, by extension, their government shareholders by assuming costs and benefits
to be borne privately. Building an alternative 'economic analysis' framework from first principles, it
shows that a more complete understanding of state-owned actors' objectives can be achieved by
accounting for both the financial and economic aspects of proposed new investments. It also finds that,
when seen through the lens of country-level economic returns, new investments in coal-fired power

generation by SPCs in China are unlikely to yield positive economic returns, and that equivalent
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investments in dispatchable renewable energy will soon be competitive with coal on an economic basis
without accounting for the social cost of carbon. As noted in Section 3, the analysis in Paper 2 does not
constitute a complete theory of SPC decision-making and a full explanation of the behaviour observed
by Chinese SPCs and their government shareholders is still lacking. Taken together with Paper 1,
however, Paper 2 lends additional weight to the case for a new, or at least more comprehensive,

analytical approach to SPCs and state ownership in the climate policy context.

The third and final Paper remains focused on China. This is partly for practical reasons given China's
uniquely large and coal-dependent electricity sector, and partly to complement the analysis conducted
in Paper 2 by taking a view of the legacy coal power industry as a whole, rather than the marginal
capacity addition discussed in that paper. The work preceding Paper 3 shows that non-financial
considerations are likely to play a role in SPCs' decision-making. Paper 3 attempts to build an empirical
understanding of the magnitude and nature of these non-financial considerations by looking at how
employment and fiscal revenue from the coal power sector in China is affected by different
decarbonisation scenarios. It demonstrates that delaying the implementation of coal phase-out policies
cannot prevent significant job and tax revenue losses in the state-owned Chinese thermal coal sector,
concentrated in a small number of provinces and linked to demand from a handful of large state-owned
firms for whom the employment and fiscal implications may well have decision-making ramifications

for the reasons already discussed in the preceding two papers.

b. Looking ahead: towards including SOEs in climate policy design and analysis

Section 5 of this dissertation proposes ways in which the work contained within the thesis
papers can be refined, improved and extended. It identifies a range of promising directions for further
research to take, and opportunities to integrate an emerging research agenda on the decarbonisation of
SOEs into other disciplines and sub-disciplines. These include — but are not limited to — industrial

economics and policy, accounting and finance, and management.
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Some of the possible extensions and adaptations for the work conducted in this dissertation are
more ambitious than others, and some more contingent on improved data availability than others. The
remaining part of this concluding section highlights those that would be of most immediate interest for
further research both in the interest of scholarly understanding and for the benefit of the policy

community given the importance of the subject matter.

The first is to explore the extent to which the findings in Paper 1 are generalisable to other high-
emitting sectors in which SOEs have a substantial presence. Intuitively, some degree of generalisability
would be expected, since a defining characteristic of a state-owned company is de facto or de jure
government control, and this feature is shared with SOEs outside the power sector. The largest SOE
presence outside the power sector globally, in terms of associated emissions, is oil and gas, in which
national oil companies (NOCs) play a major role in shaping exploration, extraction and marketing of
oil and gas resources. Of secondary but still considerable importance are the cement and steel sectors,
in which SOEs also play a role, particularly in China. This natural progression from the initial study on
SPCs will be an important component of any concerted effort to understand the nature of the
fundamental differences between private and state-owned firms, which of these are common across
multiple sectors and which are not, and the extent to which factors other than equity ownership alone
dictate the scope of state influence over SOEs' activities. While the current limitations on SOEs'
financial, operational and governance-related data remain, methodological constraints will exist
limiting the scope for large-N, statistical studies. To address this problem, further work can certainly be
undertaken to construct usable databases on SOEs, which in turn could be used for econometric or
otherwise quantitative studies assessing the impact of policy interventions and other factors on
behaviour. This would be a resource-intensive effort, however, and require both linguistic expertise and
a robust standardisation and normalisation process for any data gathered. There is nonetheless
significant untapped scope to employ comparative case study and other complementary approaches in
understanding how SOEs take decisions, and what this implies for their capacity and motivation to
decarbonise. This in turn can provide initial guidance to policymakers as to the factors they should

consider when designing direct, indirect or market-wide policies that affect sectors featuring SOEs.
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The second is to improve the policy relevance of the modelling in Paper 3 by expanding it to
cover sectors within the Chinese economy that use coal to produce steel and cement, since production
assets in both sectors are largely under state ownership and use coal as a source of heat for industrial
processes. Doing so would help to provide a much more complete picture of the employment and fiscal
consequences of coal phaseout across all industrial uses of coal, and allow for modelling of different
phase-out scenarios for each sector, given the greater difficulty of finding viable substitutes for
metallurgical and coking coal (used to produce steel and cement respectively). In turn, this would
provide policymakers in China, as well as those outside China with an interest in its energy transition,
with a more broad-based understanding of the challenges and opportunities associated with coal phase-

out.

The third, and most challenging, is to build on the research conducted in Paper 1 to move
towards a formalisation of the political economy of SPC-government relationships in objective
functions (and, depending on the generalisability of findings, SOE-government relationships), with a
view to incorporating the results into the broader modelling community. The term 'political economy’
is used loosely in this context, reflecting a key conclusion of this work — namely, that the treatment of
SPCs (indeed, all firms) as pure profit-maximisers in existing climate policy models is difficult to
justify. As discussed in Section 1, the leading [AMs used for modelling the economic impact of climate
policies do not currently allow for firms with complex behaviours that are not simply optimisation

functions (whether the variable being optimised is profit, revenue or something else).

It would be highly policy-relevant to extend the research in this thesis to posit possible decision-
making functions that better approximate the spectrum of SPC/SOE behaviour than optimising for a
single outcome (i.e., the paradigmatic utility-maximising function). This would be useful both on a
standalone basis, in the design of individual policies (e.g. carbon taxes or zero-carbon technology
subsidies), and for use within larger modelling exercises and structures, including but not limited to
IAMs and dynamic stochastic general equilibrium (DSGE) models, as well as those employing

complexity-based methods such as ABMs in which agents can interact directly with one another,
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generating emergent behaviours at the system level that may not obviously follow from those at the

agent level.

To the extent that further work in this area suggests strategic behaviour by agents within SOEs,
possible functional forms for SOE decision-making given a set of options may, on the basis of the work
conducted in this dissertation, include elements of (i) 'minimax' behaviour (choosing to minimise loss
from the worst possible outcome); (ii) 'maximin' behaviour (choosing to maximise gains from the worst
possible scenario); (iii) variants of satisficing behaviour (choosing options that pass an acceptability
threshold, especially in deliberative situations or those involving multi-stage games); (iv) multi-
objective optimisation (choosing to achieve the best possible combination of outcomes given trade-offs
between each of them). With sufficient data on historical decision-making, it may be possible to test
specific functional forms. In the shorter term, however, it would be worthwhile to include the general
classes of non-optimising objective functions described here as a sensitivity analysis exercise within
existing climate policy models in order to better represent the role of SOEs as economic agents in the
countries and sectors where they play a significant role and better anticipate how they might respond to
given policy stimuli. Such an approach would be most informative, and most powerful as a modelling

approach, in models resolved to the firm- or asset-level.

This would be an initial step, but an important one, to improving the realism of the models and
their capacity to capture a range of decision-making heuristics that reflect the incentives that SOEs
actually face. Further steps, and ones requiring much more research into the nature of SOE-government
relationships, could endogenise the process of preference formation such that governments' objective

functions can be influenced by firms (state-owned and private alike) and vice versa.

The key conclusions of the work presented here also provide some insights as to how SOEs
should feature in the process of climate policy design and implementation. It is clear that there is much
more to accomplish in enriching our understanding of SOEs' behaviour in the context of decarbonisation
and what this implies for climate policy design. The work represented in this dissertation has taken

some initial steps towards this ultimate objective. The findings of the studies herein may yet be
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strengthened, weakened or otherwise qualified by future work, but it is nonetheless possible to draw

out some early lessons for policy design and execution.

First, when dealing with more than one type of firm (approximate profit-maximisers versus
SOEs that may yet be shown to have complex and heterogeneous objective functions) there is unlikely
to be a single optimal set of policies for decarbonisation, in the power sector and in others where there
is a heavy state presence. Indeed, the same policy may elicit a range of responses from firms with
otherwise similar cost and revenue curves if some are private and others state-owned. It may be prudent
for governments in which the state holds significant assets to explicitly design policies accounting not
just for efficiency, but for maximising the chances of overall success and minimising the chances of

failure given the range of possible responses across private and state-owned market participants.

Second, market-based mechanisms may not achieve the expected results when some or many
of the participants are state-owned. They may be more or less effective than they would be for private
firms. In the latter scenario, governments should consider taking targeted action to achieve the desired
policy outcome, either by directly exercising shareholder power to compel or incent an SOE to take a

decision or adopt a behaviour; or exercising state power to indirectly create similar conditions.

Third, where governments hold dual roles as social planners and shareholders in SOEs, it is
instructive to analyse both the expected financial and economic net present value of major SOE
investment proposals. Where the social and financial payoffs are aligned, the decision is likely to benefit
both government and the SOE; where they are opposed, the proposed action may require closer
evaluation. This is likely to be the case for China's state-driven investments in domestic coal-fired power
generation capacity. It may also be instructive to analyse economic returns at different administrative

levels, for instance, to a province or metropolitan area, as well as at the national level.

Finally, where SOEs are formally mandated to pursue objectives other than maximising
shareholder returns (i.e., profits) these objectives should be explicitly accounted for when designing
policies that affect them. This might include, inter alia, market share, employment, revenue and revenue

growth, energy security, service delivery, and contribution to fiscal revenues.Taken together, the papers

77



in this dissertation justify the need to explicitly consider the implications of state ownership for the
economic theories upon which climate policies and analysis today is still built. While the investigation
and analysis is confined to the power sector, to the extent that there are systematic similarities between
SPCs and SOEs in other sectors there would be reason to expect the findings to apply, to a degree, in
those sectors as well. The work in this thesis also provides theoretical and empirical support to the
assertion that taking a narrow view of firms' objectives, and specifically assuming financial objectives
to reign supreme in firms' decision making in response to climate policy objectives, is not only incorrect
but can lead to suboptimal, or even counterproductive, climate policy design. Indeed, if SPCs may
respond differently — relative to private investor-owned power companies — to the market-wide
incentives and regulations that remain the near-exclusive focus of contemporary discourses in climate

policy, models and analytical frameworks must be adapted accordingly.
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ARTICLE INFO ABSTRACT

Handling Editor: Zhifu Mi A rapid decarbonization of the electricity system is urgently required for the Paris Agreement objectives to stand
a reasonable chance of being met. While state-owned power companies (SPCs) are the dominant firm type in the

Keywords: global electricity sector, representing nearly two thirds of global electric power generation capacity, most climate
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policy literature focuses on private sector companies when analyzing decarbonization interventions. SPCs’
distinct corporate governance structures, objectives, relationships with government, and sources of finance,
however, can be markedly different from those of private companies. Here, we develop a framework for
analyzing the extent to which common and divergent features of SPCs, and the markets in which they operate,
affect their relationship to government interventions on decarbonization. We also consider the implications of
these relationships for the effective implementation of sector-wide decarbonization strategies. We then apply this
framework using a comparative case study analysis of six major SPCs, and highlight how differences in their
agency, motivation, capacity, and market exposure may result in different potential responsiveness to govern-
ment regulatory, policy and market interventions on decarbonization. We generalize these findings by devel-
oping four SPC archetypes and illustrate how they might respond differently to government interventions
targeting decarbonization. Our analysis posits that SPCs can, under the guidance of governments pursuing
ambitious climate policy, be more effective vehicles for decarbonization relative to private sector companies,
particularly when they operate with a high degree of operational independence, are insulated from competitive
pressures, and have the financial and technical capacity to invest in the decarbonization of their asset base.
Similarly, market-wide policy interventions, such as carbon pricing mechanisms, could in practice be less
effective interventions with respect to SPCs than their private counterparts when the SPC is ill-equipped to
translate these incentives into decarbonization action because it is mandated to pursue supplementary objectives
other than profit maximization alone. Ultimately, governments will need to step up their climate action to
achieve carbon neutrality. SPCs can, and where they are major market players, must be key actors in driving
decarbonization when the appropriate interventions are utilized and therefore deserve significantly more
attention in the climate policy debate.

of the global total (ClimateWatch, 2020). Growing numbers of national
governments have either announced or legislated for economy-wide ‘net
zero emissions’, including China (peaking before 2030, neutrality by
2060), Japan, the United States, South Africa, Brazil, Canada, South
Korea, New Zealand, Chile, and the European Union (all 2050) (Energy
& Climate Intelligence Unit, 2021). The International Energy Agency
(2021) cautions that economy-wide decarbonization by 2050 will, on
aggregate, require advanced economies to decarbonize electricity by

1. Introduction
1.1. The power sector and the Paris Agreement

Power generation makes the largest sectoral contribution to green-
house gas emissions. Electricity and heat generation produced nearly
15.2 billion tons of carbon dioxide-equivalent (GtCOze) in 2017, 32.5%
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Abbreviations

SPC state-owned power company

SOE state-owned enterprise

IPP independent power producer
CEO chief executive officer

ETS emissions trading system

HHI Herfindahl-Hirschman Index

CFE Comision Federal de Electricidad
KEPCO Korea Electric Power Corporation
NTPC NTPC Limited

PLN Perusahaan Listrik Negara

SPIC State Power Investment Corporation
PEMEX Petrdleos Mexicanos

R&D research and development

T&D transmission and distribution

1 GtCO,. one Gigatonne of carbon dioxide-equivalent
1 GW one Gigawatt
1 TWh one Terawatt-hour

2035, and emerging and developing economies, by 2040. This implies
that fossil-fueled generation capacity built today should either find
viable ways of capturing and storing its emissions or be retired within
twenty years.

Recent scholarship suggests that accelerating the power sector
transition through the 2020s is increasingly a cost-effective option for
governments to follow independent of climate considerations (He et al.,
2020; Ives et al., 2021; Way et al., 2019, 2020). Decarbonization of
power is a requirement for carbon-free electrification of other
high-emitting sectors, including transport and heavy industry.

The strategic direction and investment decisions of power companies
with large existing fossil fuel asset bases are major drivers of power
sector emissions. In high-income economies, these companies are mostly
private sector investor-owned, publicly-traded utilities. They operate in
largely liberalized electricity markets under regulated-return models
(typically in natural monopoly contexts) or competing with other firms,
subject to legal fiduciary duties towards their investors. Their responses
to climate policies correspond in principle to their effect on short- and
long-term profitability.

However, state-owned power companies (SPCs) are significant actors
in the global electricity sector. Although global data does not exist on all
SPCs, available evidence suggests that state-owned companies are the
dominant firm type for the largest power generators globally, account-
ing for 61% of installed capacity in 2016, and 52% of capacity planned
and under construction (Prag et al., 2018). While state ownership varies
among different countries, SPCs still feature prominently even in
countries with highly privatized electricity markets like the United
States, where there are thousands of municipal, state, and federal gov-
ernment owned utilities (Dibley, 2021), as well as in Canada, Sweden,
Japan, Italy, and France (Prag et al., 2018). This makes SPCs crucial
actors in implementing national strategies for reaching carbon
neutrality by mid-century. The implications of states’ significant direct
stakes in electricity markets for the achievement of power sector
decarbonization goals has been seriously understudied. Accounting for
this government presence can help better identify how SPCs might
respond to climate policy tools differently to their private sector coun-
terparts, and what tools may available to governments in directing the
incentives and behaviors of these firms.

1.2. The role of state-owned power companies

Governments are no ordinary shareholders: they also make policy
and set regulatory boundaries, meaning their influence on SPCs extends

Journal of Cleaner Production 355 (2022) 131796

beyond equity ownership alone. As scholars of state-owned enterprise
(SOE) corporate governance have noted, governments also determine
the distribution of resources among SOEs and public agencies and
frequently provide them with favorable financial arrangements (Mil-
haupt and Pargendler, 2019). Other work explores how the legal
structure regulating government-firm relationships, and the market
power of the firm, affects the degree of state influence over an SOE, both
within and outside formal corporate governance structures (Belloc,
2014; Dibley, 2021; Su et al., 2018).

As Cullenward and Victor (2020) show, climate policy discourse
tends to focus on market-based interventions (most frequently carbon
pricing and regulatory standards) as potential motivators for action by
firms, largely omitting consideration of mechanisms for direct state
intervention. They suggest this reflects a dominant notion of the state’s
role being limited to setting frameworks and rules for competition
among private actors, without intervening directly in firm behavior. The
effects of market-based measures may, however, play out differently in
markets featuring SOEs for whom financial returns can compete with
other objectives.

Electricity sector decarbonization scholarship also does not generally
distinguish between the behavioral characteristics and responses of
private and state-owned firms, even as the broader literature on SOEs
suggests they are sufficiently different from the private investor-owned
archetype to merit standalone analytical treatment (Megginson and
Netter, 2001; Shleifer, 1998). Such broader literature on SOEs has
argued that private firms are superior in terms of productivity and with
respect to the adoption of new technologies, which comprise a prereq-
uisite for long-term productivity growth (Hart et al., 1997; Shleifer,
1998). SOEs are burdened by complex and sometimes conflicting policy
goals, which, unlikely private firms, distract them and reduce their ca-
pacity to make innovative investments (Tirole, 1994). An emerging
literature has started to critique the effect on innovation outcomes be-
tween this private-investor-owned firm archetype and state-owned firms
(Belloc, 2014; Dibley, 2021; Steffen et al., 2020). However, the extent to
which this existing literature has considered SPCs tends to be limited. It
considers only a limited set of SPC characteristics, such as firm size and
government equity ownership share (Bellas and Nentl, 2007; Steffen
et al., 2020), or is confined to individual case studies (Tonurist, 2015).

This narrow focus matters in the electricity sector because govern-
ments in many of the world’s large and emerging economies rely heavily
on SPCs to deliver electricity sector decarbonization. Prag et al. (2018)
estimate that SPCs controlled 62% of electricity generation capacity
globally in 2016. Governments owned 60% of fossil fuel capacity, and
64% of low-carbon capacity, which includes hydro and nuclear. They
also accounted for 52% of planned coal power, and 56% of planned
low-carbon capacity. SPCs’ role in deploying non-hydro renewables
grew from 9% of capacity additions in 2000 (0.63 GW), to 23% in 2014
(34 GW).

State-owned firms exhibit wide-ranging heterogeneity. Some differ-
ences relate to corporate structure: SPCs can be vertically integrated
utilities, nationally important diversified generators, or specialist firms
with dominance over specific subsectors, technologies, or subnational
jurisdictions. Other differences are more subtle, relating to SPCs’
embeddedness in political and historical circumstances, as well as legal,
institutional, and financial frameworks defining electricity sector ac-
tivity. SPCs also differ in their corporate governance structures, formal
and informal mandates, and the nature of political and financial re-
lationships with government and other public institutions.

In this paper we offer an initial framework, based on existing liter-
ature and case studies (all data as of June 2021), for assessing how the
unique features of SPCs can be better engaged by national governments
seeking to decarbonize electricity. SPCs’ central contribution to power
sector emissions suggests that accounting for their presence when
designing policies for decarbonization may make a substantial differ-
ence to actual national emissions pathways.

Section 2 sets out the methodological approach, briefly reviews the
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relevant literature, and introduces our case study analysis. Section 3
presents a four-factor framework for analyzing SPCs in the context of
decarbonization, and a typology of policy interventions applicable to
SPCs. Section 4 applies the four-factor framework to six SPC case studies
in as many countries. Section 5 discusses insights from the case study
analysis and formulates four SPC archetypes, which we consider repre-
sentative of key sources of variance in the cases examined along the four
key factors. It then considers the relevance of these findings to sector-
wide outcomes and the rationale for government ownership over time.
Section 6 concludes.

2. Methodology and background
2.1. Summary of approach

This paper develops a framework for assessing potential SPC re-
sponses to different government interventions. The framework devel-
opment is supported by a meso-level comparative case study of SPCs in
China, India, Indonesia, South Africa, Mexico, and South Korea seeking
to identify how common and divergent features of SPCs and the markets
in which they operate might affect their relationship to government
decarbonization policy. We theorize how SPCs might respond both to
market-based climate policies and to the expanded suite of interventions
at governments’ disposal when leveraging SPCs to achieve national
climate objectives. In assessing the effectiveness of these interventions,
we look to the characteristics of each SPC. The analysis proceeds in five
stages (see Table 1).

First, we draw on existing academic scholarship and gray literature
on SPCs and policy levers, alongside initial scoping analysis of our case
studies, to develop a set of four proposed ‘access factors’ dictating the
degree of responsiveness of an SPC to a given intervention in the
decarbonization context, hence also the ability of government to prompt
low-carbon action through SPCs. These are agency (the SPC’s opera-
tional autonomy and independence); profit motivation (pursuit of finan-
cial versus social and other non-financial objectives); capacity (access to
resources and technical expertise, and ability to leverage them in pursuit
of decarbonization); and exposure to market competition.

Table 1
Overview of methodological approach.
Step  Theme Task Details Section
1 Framework Determine Access factors Agency 3
Development influencing SPC Profit
responsiveness to motivation
decarbonization Capacity
interventions Exposure to
market
competition

2 Policy toolbox for SPC Targeted 3

decarbonization (direct)
Targeted
(indirect)
Market-wide

3 Associating intervention 3
clusters with access factors

4 Application Application to case studies ~ CFE (Mexico) 4

Eskom (South
Africa)

KEPCO (Korea)
NTPC (India)
PLN
(Indonesia)
SPIC (China)

5 Discussion Generate SPC archetypes Competitive 5
and associate with Contributor
intervention clusters Grinding

Behemoth
Statist Caterer
Depleted
Provider
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Second, we draw on the literature to assess ways in which govern-
ments may attempt to influence SPCs and assemble a non-exhaustive
‘policy toolbox’ of potential interventions. We cluster interventions
into three types: targeted interventions focused specifically on the SPC,
both (a) direct and (b) indirect; and (c) market-wide, non-targeted in-
terventions applying to all firms. Direct interventions attempt to alter
SPC behavior through the exercise of various forms of shareholder
power. Indirect interventions constitute mobilizing and making avail-
able to the SPC additional resources external to its corporate structure to
support decarbonization action. Market-wide interventions deploy sys-
tematic measures to which all market participants, including the SPC,
are subject to.

Third, we analyze how SPC access factors and intervention clusters
may interact while considering how to maximize the likelihood of suc-
cess in generating favorable mitigation outcomes.

Fourth, using an interpretative case selection approach, we apply the
intervention clusters to case studies of prominent SPCs in six different
countries, considering how each might respond to different intervention
types given their specific circumstances.

Finally, we propose a generalized set of four SPC ‘archetypes’, rep-
resenting the spectrum of observed characteristics in the case studies.
We use these to illustrate the potential effectiveness of different types of
policy intervention for each archetype in achieving the ultimate ‘end
game’ of sector-wide net zero emissions.

We are conscious that our conclusions remain empirically untested
and we consider this study a guide for further investigation and testing
rather than presenting a validated theory of SPC behavior and decar-
bonization policy. In the remainder of this section, we present back-
ground evidence on SPC-government relationships and explain our case
selection strategy.

2.2. Review of mechanisms for government influence on SPCs

Late 20th century neoclassical scholarship broadly associates state
ownership with chronic, structural inefficiencies generated by the
distortion of market incentives by political or otherwise non-financial
goals, and tendencies towards clientelism and corruption (Holmstrom
and Milgrom, 1991; Shleifer, 1998; Shleifer and Vishny, 1998). More
recent scholarship challenges this narrative: Chandra (2018) finds the
large SOE Coal India to be highly adaptive to changing financial, polit-
ical, and economic circumstances and capable of undergoing significant
endogenous change to remain competitive as market conditions evolve.
Haney and Pollitt (2013) suggest that governments looking to balance
efficient market operation with the ability to pursue public policy goals
(including decarbonization) can successfully combine some form of
direct state ownership with meaningful private sector participation and
key elements of competition.

Empirical studies associate SPCs with greater R&D spending on clean
energy, facilitated by access to state capital resources on preferential
terms (Mazzucato and Semieniuk, 2017, 2018; Sterlacchini, 2012).
Steffen et al. (2020) present evidence showing state-owned utilities in
the European Union are more likely than private firms to invest in re-
newables, conditional on policy incentives and enforcement capacity.
Prag et al. (2018) show that SPCs with greater levels of state ownership
tend to adopt renewable technologies more quickly than private firms.
Beyond the electricity sector, International Energy Agency (2016)
research suggests that carbon pricing measures were influential in
Norwegian national oil company Equinor’s decision to invest heavily in
carbon capture and storage, largely as a result of its commercial
independence.

Studies of the Estonian SPC Eesti Energia (Tonurist, 2015) and the
role of SOEs in innovation policy (Tonurist and Karo, 2016) find that
SPCs have historically played roles as direct implementation vehicles for
coordinated environmental and energy policy initiatives, suggesting
they may play a similar role in decarbonization both sector-wide
(through risk-taking and innovation capacity) and internally (by
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leveraging privileged access to financial and political capital). Further,
despite their major role in deploying renewable energy, the high carbon
intensity of SPC generation asset portfolios suggest that innovation and
risk capacity alone may be insufficient to effect transformation at the
necessary scale (Prag et al., 2018).

There may be conditions on SPCs meeting even this, potentially
limited, innovation potential. Asane-Otoo (2016), for instance, shows
that firms innovate less in low-competition environments, which many
SPCs inhabit. Studies of Eastern European SPCs suggest their environ-
mental performance is worse than that of private peers for this and
related reasons (Harrison et al., 2019; Meyer and Pac, 2013; Ordonez
et al., 2021).

From a corporate governance perspective, studies of minority
government-owned Enel (Italy) and privately-held Iberdrola (Spain) find
that SPCs are slower to adopt clean technologies than private firms
(Nisar et al., 2013). US SPCs have historically adopted less clean tech-
nology than investor-owned counterparts (Bellas and Nentl, 2007; Rose
and Joskow, 1990), although emerging evidence suggests this may be
more driven by corporate governance and financial rules governing
these firms than state equity ownership per se (Dibley, 2021). China’s
pilot emissions trading schemes (ETS) from 2011 to 2015, for instance,
predominantly affected SOEs but saw weak demand nonetheless, given
the much greater incentive to focus on regulatory compliance over
active corporate emissions management (Yu and Lo, 2015). Bergsager
and Korppoo (2013) speculate that China’s state bureaucracy regards
SPCs primarily as tools for the efficient direct implementation of tech-
nology and policy measures, rather than as agents responding to
market-based mechanisms. Benoit (2019a, 2019b) and Mayer et al.
(2017) also point to factors beyond state equity ownership as de-
terminants of their role in decarbonization, including the SPC’s com-
mercial independence and the overarching business environment.

By examining large SPCs in diverse empirical contexts, we aim to
establish a more systematic framework for analyzing and understanding
tools available to government owners in using SPCs to promote power
sector decarbonization, and how SPC and market characteristics may
determine the interventions most likely to achieve this.

2.3. Case study selection

In this paper, we use the ‘interpretative’ case selection approach laid
out in Lijphart (1971) and refined in King et al. (1994) and Seawright
and Gerring (2008). Among the various possible case selection strategies
(Bennett and Checkel, 2015; George and Bennett, 2005; Moses and
Knutsen, 2012), we select ‘diverse’ cases, to help identify common and
divergent characteristics.

The cases we selected represent variance on two criteria that previ-
ous scholarship suggests affect SPC behavior. The first is the extent of
government control over the SPC. Our best available — though imperfect
— measure is the share of equity ownership, as a partial proxy for
alignment between SPC and government preferences and how directly
the SPC can act as a policy instrument. Government control can be
exerted on firms through many different avenues beyond equity
ownership  (Dibley, 2021). For instance, scholarship on
private-investor-owned Chinese firms highlights the regulatory, political
and contracting arrangements which the state uses to influence such
firms (Milhaupt and Zheng, 2015). Conversely, state equity ownership
of a firm does not guarantee government influence over its operations,
particularly if held in minority share. Previous literature has nonetheless
categorized modern SOEs into three government equity ownership
structures: wholly- (100%), majority- (>50%), and minority- (<50%)
owned companies (Musacchio et al., 2015; Prag et al., 2018; Rufin et al.,
2003). While we are critical of the notion of making causal claims about
the impact of state equity ownership on firm control, we think that there
are likely to be relevant differences between these broad categories of
firms and therefore consider it useful for the purposes of case selection.
That is, wholly-owned SPCs may have less autonomy than minority held
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SPCs, notwithstanding the many other avenues of influence available to
the state. Because our interest is on state-ownership and the role of state
mechanisms and influence on SPCs, in our case selection, we focus on
wholly- and majority-owned firms.

The second criterion suggested by previous scholarship as relevant to
SPC behavior is the degree of market concentration. Specifically, Prag
et al. (2018)’s analysis suggests that the propensity to invest in renew-
able energy capacity may be lower in highly concentrated markets,
while Seligsohn (2018) shows that increasing competition in China’s
energy sector is associated with stricter and more effectively enforceable
air quality standards. Our measure for competitiveness is the national
Herfindahl-Hirschman market concentration index (HHI) for the power
sector in each case, obtained by squaring market shares of all firms and
summing the squares (Rhoades, 1993). We consider this to be an indi-
cator of SPC autonomy, assuming that in highly concentrated markets
where SPCs are present, SPCs hold greater market power. The HHI is,
however, limited in that it does not capture specialization by market
segment, or degree of vertical integration of power companies.

In addition, we limited our sample universe to SPCs that provide
>50% of national power generation and/or operate >50 GW in gener-
ation capacity.

Our six selected cases represent diversity across both criteria
(Table 2). State Power Investment Corporation (SPIC, China) and NTPC
(India) operate in a relatively competitive market, with the former
wholly-owned and latter majority-owned. Eskom (South Africa), Korea
Electric Power Corporation (KEPCO, Korea), Perusahaan Listrik Negara
(PLN, Indonesia) and Comision Federal de Electricidad (CFE, Mexico)
specialize to varying degrees in coal, oil, and gas-fired generation, and
are all vertically integrated.

Importantly, the firms we selected are all large companies with
prominent, in some cases dominant, roles in their respective markets.
The firms are also situated in countries in different regions (Latin
America, Sub-Saharan Africa, South Asia, Southeast Asia, East Asia) and
at differing levels of economic development (except for low-income
countries), however as noted below, the majority of the studied coun-
tries lie within the middle-income category.

Table 3 summarizes high-level characteristics of each SPC, including
aspects of government ownership, key operational and corporate
governance characteristics, financial and technical capacity, and the
overall policy environment set by government. A more detailed version
of this table is available in Appendix A. The comparison is intended to
illustrate the convergence and divergence across cases on meso-level
characteristics.

3. Analytical framework
3.1. Four ‘access factors’ for mitigation efforts

Based on the available literature, as well as the initial scoping of our
case studies, we propose a set of characteristics for assessing the po-
tential for policy interventions to encourage low-carbon action by SPCs.
While individual SPCs’ circumstances are highly nuanced, historically
complex, and cannot be described in great depth here, meso-level
comparison of the case studies demonstrates a number of convergent
and divergent characteristics, each subject to specific market contexts.

We group these characteristics into four proposed access factors for
understanding, and ultimately predicting, SPC responsiveness to gov-
ernment intervention across the direct, indirect, and market-wide
intervention options (see Section 3.2). These four factors capture
SPCs’: (i) agency, (ii) relative importance of profit-maximization mo-
tives versus other corporate priorities, such as social and economic
development, and reliable, affordable electricity supplies, (iii) capacity
to act, and (iv) exposure to market forces. Each factor is explained in
further detail below.

The first factor, agency, describes the degree of independence the SPC
has over its own decision-making, and by extension - in some cases - its
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Table 2
Overview over identification criteria of selected cases.
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Country World Bank income group ~ Electricity market concentration index Company  Government equity % National Installed Capacity
(2021) (HHI) [1-100] ownership Generation (GW)

Republic of High income 60 KEPCO 51.1% 92% 83.7

Korea

India Lower- middle income 6 NTPC 51% 25% 65.8

China Upper- middle income 8 SPIC 100% 5% 165

Mexico Upper- middle income 52 CFE 100% 79% 56.18

Indonesia Lower- middle income” 50 PLN 100% 66% 41.7

South Africa Upper- middle income 87 Eskom 100% 85% 44.2

2 The World Bank downgraded Indonesia from upper-middle income status to lower middle-income in July 2021.
Sources: Electricity market concentration: Prag et al. (2018). Country income group data: World Bank (2021). Others: see Appendix A and Appendix C.

Table 3
Comparative meso-level summary assessment of six major SPCs.
Characteristic CFE Eskom KEPCO NTPC PLN SPIC
Government Owner Mexico South Republic of Korea India Indonesia China
Africa
Proportion of government 100% 100% 51% 51% 100% 100%
equity ownership
Government control on Board Full Full Some limitations Some Full Full
composition limitations
Company listed in a domestic No No Yes Yes No Some subsidiaries
stock market
Vertical integrated utility Yes Yes Yes No Yes No
Exposed to Competition Limited (in Very Limited (in Yes Limited (in generation);  Yes (in generation, including
generation); none in Limited generation); none in none in T&D) other SPCs); T&D controlled by
T&D) (94%) T&D) other SPCs
Main generation source(s) Fuel oil, nuclear, Coal Coal, nuclear, gas Coal, gas Coal, diesel, gas, hydro Coal, solar, wind, hydro,
hydro, gas (via IPPs) nuclear
Financial Performance Moderate Low High High Low High
Technical/Commercial Capacity =~ Moderate Low High High Moderate High
Overall Government Climate Low Low High Moderately Moderately Low Moderate
Prioritization/National “net- Low
zero” target No net-zero target No net-zero Net-zero by 2050 No net-zero Several Net-zero dates Net-zero 2060
target target under consideration®

3 At the time of writing the Government of Indonesia was introducing increasingly ambitious electricity sector decarbonization goals, including for PLN’s electricity

planning and the management of existing coal assets.

ability to influence government decision-making to ensure favorable
treatment. Our cases differ by the degree of direct government control
over firm-level decisions. In cases where government holds 100% eq-
uity, there is full control over Board composition and executive ap-
pointments; in cases where government holds less than 100% equity
ownership, government priorities can compete with those of investors.
In the two case studies in this category, KEPCO and NTPC, large inter-
national investors hold the majority of traded shares (albeit still less
than half of the entire equity given both companies are only partially
floated). In either case, government may be able to exert influence more
easily where political and SPC motivations converge. Where they
diverge, the degree of SPC independence (legally, politically, and
operationally) can affect both the formulation of government policy and
the results of its implementation through SPCs. In all our cases, SPCs are
used as instruments for meeting energy policy goals, although in
different ways and to a different extent. Where the SPC has limited or no
independent agency, the incentives of the SPC in principle collapse to
the incentives of the government directing SPC activity.

The second factor is profit motivation. This describes the degree to
which financial considerations (such as profit, revenue or short-term
equity value maximization typically driving private sector company
decisions) will also drive SPC actions, as compared to non-financial el-
ements (such as low-cost power delivery, rent seeking or political
patronage) which are clearly observed in the case studies and in the
literature (Shleifer, 1998). In most cases where the SPCs are vertically
integrated, SPCs have dual responsibilities for generation power and
ensuring service delivery, as well as supporting national economic
development. Financial sustainability is desirable, but not necessarily

the sole or even primary objective. The historical foundations of each
SPC are relevant here, since in most cases they were originally estab-
lished for non-financial reasons, including for the provision of secure,
low-cost electricity to support economic growth and development, and
to give government direct control over strategically important power
sector assets (Lazzarini et al., 2020; Megginson and Netter, 2001; Mil-
haupt, 2020). Ultimately, though, it is the formal and informal objec-
tives of each SPC in the present that determine its objective function,
and thus how it chooses to respond to a given set of incentives (including
carbon pricing, renewable energy mandates, etc.).

Third is the capacity of the SPC to carry out its corporate functions.
This requires access to financial resources on sufficiently favorable
terms, as well as sufficient operational, technological, and commercial
expertise to implement financed projects. The capacity of an SPC to act
on its objectives can also depend on the sources and degree of diversi-
fication of revenues, access to subsidies, and access to physical resources
(e.g., coal, gas, nuclear fuel). It is these factors that determine the extent
to which the SPC can exercise its agency in the realization of its goals.

The fourth relates to the degree of SPC exposure to market competi-
tion. This can affect the extent to which the SPC may be susceptible to
pressure from other market actors. Greater competitive pressures can
make SPCs more likely to respond to, or anticipate, what their com-
petitors are doing, including in a context where government is encour-
aging decarbonization (e.g., through carbon pricing systems or
technological support). Conversely, where an SPC faces little or no
competition (e.g., dominant vertically integrated utilities, such as
Eskom, KEPCO, CFE and PLN), then its actions and choices will be
relatively independent of other market actors.
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Each factor may itself be determined by a number of underlying
characteristics. Since these potential differences in the makeup of each
factor across SPCs can make each difficult to quantify in objective terms,
we opt for a relative scale along a spectrum ranging from ‘low’ to ‘high’,
where the benchmark is a private sector firm scoring highly on all four.
Table 4 summarizes, through illustrating expected conditions for ‘low’
and ‘high’ performance on each factor, how this relative ranking maps to
access factors along the spectrum.

3.2. A toolbox of policy interventions to incentivize SPC decarbonization
action

Using previous scholarship on SPCs and analysis of decarbonization
efforts directed through SPCs to date as a point of departure, we propose
a framework that recognizes the role of state equity ownership but
considers it a part of a wider set of features that might determine SPCs’
reactions to possible interventions. These interventions are separated

Table 4
Access Factors: High and Low degree conditions.

Range Agency Profit Capacity Exposure to
Motivation Market
Competition

Low Government Focus on non- Poor financial Faces no or
exercises close financial goals, situation, very limited
control over particularly on tending competition
management promoting towards from other
and operational national bankruptcy in generators
decisions of the development, the absence of  (typically
SPC. and/or government IPPs).

delivering support.
sufficient,
secure, high-
quality power to
customers at an
affordable price.
Frequent May alsoinclude  Chronic Monopoly
replacement of emphasis on dependence over
SPC Executives employment on distribution
and/or Board generation, government and, by
members, political budgetary extension,
reflecting patronage, and transfers. power
political other similar Faces regular purchasing
affiliations and goals. difficulties in (from IPPs).
other loyalties, ensuring Often a
including in delivery of vertically
single-party services. integrated
states. Limited or no utility.
experience in
deployment of
low-carbon
technologies.

High Exercises a high Focus on Strong Faces
degree of maximizing financial significant
autonomy and profits (or resources, and ~ competition in
independence, similar financial ability to generation
including in its goals, including effectively markets.
commercial revenue or raise funds
operations and equity value from financial
staffing and maximization) markets to
strategy over non- finance
decisions. financial goals. strategic

investments.
Replacement of Strong Not
Executives and commercial, extensively
Board members operational involved, if at
is undertaken and technical all, in
for commercial competency distribution or
reasons and and direct transmission
with input from experience activities.
advisors outside with
government deployment of

low-carbon

technologies.
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into targeted (i.e., SPC-specific) and market-wide actions. Targeted ac-
tions are broken down further into direct (exercise of shareholder power
within the SPC corporate governance structure) and indirect (deploy-
ment of government resources outside this structure). Below we briefly
consider each category.

The first cluster of policies, ‘targeted direct interventions’, rely on the
government’s shareholder prerogative. These ‘targeted direct’ actions
are mechanisms and policies designed to influence SPCs directly through
the government exercising its ownership rights. These include formal
directives and instructions, appointments and dismissals of Board
members and senior executives, and informal discussions between
government and SPC executives. Relative to a typical private sector firm
(publicly listed or otherwise), the ability to exercise shareholder power
in this way presents the clearest advantage for governments since it can
simply require the SPC to take certain specific actions, change the pa-
rameters under which it operates, and hold it accountable for meeting
certain objectives.

The second cluster of interventions considers ‘targeted indirect in-
terventions’ that operate primarily through the deployment of govern-
ment resources. Governments can make use of financial, administrative,
and other resources outside the SPC’s corporate structure to indirectly
influence its decision-making by (dis)incentivizing certain strategies,
including through preferential financing, construction or subsidization
of facilities relevant to its activities (such as transmission lines for low-
carbon assets), coordinated SPC/public-sector R&D, and changes in
prices faced by state-owned enterprises upstream (e.g., coal suppliers) or
downstream (e.g., utility off-takers), thereby affecting prices faced by
the SPC.

Our third collection of interventions and policies is the set of tools
featured in the standard climate policy toolbox: ‘market-wide in-
terventions’. This refers to governments taking market-wide measures
that affect (or are available to) all firms active in the power market and
are not specific to the SPC. These include carbon pricing mechanisms
such as emissions trading systems and carbon taxes, regulations
imposing portfolio renewables and technology standards, changes in
dispatch regulations affecting high carbon and renewables, generalized
changes to pricing regimes (e.g., subsidy policies), use of feed-in-tariffs
and other price support measures, and broader funding of relevant
research.

The distinctions between these three clusters of interventions can
blur, particularly between targeted indirect support and market-wide
actions. For example, some government preferential financing pro-
grams can be applied to all market participants in theory, but in practice
disproportionately benefit a particular SPC due to its position in the
market and corporate capacity. Similarly, construction of facilitative
infrastructure can be directed towards all market players in principle,
but mostly benefit SPCs (e.g., siting of new transmission lines close to
state-owned power plants). There are also other nuances; for example,
the difference between the government providing equity injections to its
SPC (targeted direct) versus making low-cost financing readily available
through state banks (targeted indirect). A more extensive (yet still non-
exhaustive) list of such policies and mechanisms is set out in Appendix B.

3.3. Mapping impact of access factors on list of selected policy
interventions

This section ties the effectiveness of various climate policy in-
terventions to the four access factors set out above. Before positing hy-
potheses on how the access factors may determine the optimal
decarbonization policy mix, we note that in all assessments of climate
policy effectiveness it is essential to consider the context in which the
government itself is operating, and the robustness of the measures it has,
or plans to, adopt in pursuit of decarbonization. Binding legislative and
regulatory climate provisions are indicative of a government with a
strong apparent commitment to pursuing an enabling environment for
decarbonization. Such provisions do not necessarily indicate actual
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commitment or the presence of a workable, coherent strategy, but since
the degree and breadth of political commitment sincerity of government
action is not easily observable or verifiable, we necessarily assume some
degree of credibility in proposed government policy for the purposes of
this analysis. Consistent messaging from the country’s leadership and
political establishment - particularly where a stable cross-party
consensus exists — is also a relevant indicator for the commitment of
government climate action. The relative ease, scope and cost of access to
high- and low-carbon resources (e.g., availability of domestic coal re-
sources, and average solar irradiation) can indirectly affect the gov-
ernment’s position on decarbonization. Lastly, the capacity of a
government to enact effective and well-designed policy, as well as its
enforcement, are crucial contextual factors that matter independent of
the SPC. For simplicity, we assume here that governments are both
willing and able to implement stated decarbonization policies.

Table 5 hypothesizes the association between a ‘high’ rating on each
of the four SPC access factors in enabling or hindering the potential
impact of a specific government climate intervention. We code this
assessment as high (H), moderate (M), and low (L) intervention effec-
tiveness for the overall intervention categories, and for three illustrative
interventions in each category. The scores are based on a qualitative
assessment of these factors on the effect of similar interventions on SPC
behavior, as observed in the case studies and literature review. As a
hypothesis-generating exercise, and in the absence of sufficiently robust
data, the scoring for each component and overall intervention is
necessarily subjective and should be subject to targeted and rigorous
testing in future work.

Based on this qualitative assessment, we note several key insights
that we seek to validate below in our application of this framework with
the case studies.

First, SPCs with high agency (i.e., a high degree of independence)
may be considerably more difficult for government to influence through
direct control measures, particularly the less coercive policy of holding
informal discussions. This also applies to SPCs with a strong profit
motive.

Second, a high level of capacity can also give the SPC the ability to
resist government pressures; or the ability to carry out government
preferences should their interests align, or agency be low. This raises the
possibility of multiple configurations of performance along capacity and
agency. Informal interventions are likely to be least effective for SPCs
that rank relatively highly on both factors.

Where an SPC has access to ample non-government financial re-
sources, and operates independently, even formal directives from gov-
ernment (even when ostensibly accompanied by sanctions for non-
compliance), may not translate into effective execution by the SPC. In
these cases, changing key personnel, such as the CEO or senior man-
agement, may be a more effective strategy for inducing beneficial
climate action. Again, where the agency and capacity of the SPC are
limited, newly appointed senior leadership might face an SPC leadership
and bureaucracy reluctant to enact climate action.

Our analysis also suggests that market interventions will not always
be successful in driving climate action in SPCs. Market-wide policies,
such as carbon pricing, are expected to work better on companies that
operate with relative commercial autonomy, are profit-oriented, and
have the resources to respond to long-term market signals. As we
demonstrate below using our case studies, these factors are not always
present, suggesting that the efficacy of market-wide interventions in
driving mitigation success is conditional on SPCs being of a particular
type.

4. Application to SPC case studies
Following the development of our framework above, we apply it to

each of the six case studies selected, and then proceed to developing a set
of SPC archetypes derived from close examination of the cases.
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Table 5

Initial mapping of ‘high’ performance on SPC access factors to potential decar-
bonization impact of selected climate interventions (High/Low imply high/low
impact of the intervention)®™.

Selected Climate High
Intervention Agency

High Profit High
Motivation Capacity

High Exposure
to Market
Competition

Ju

. Targeted Direct L L M L
Actions — Shareholder
Prerogatives
structure)
. Formal shareholder/ L L M L
board directives to
SPCs
ii. Appointment/ M M M M
Replacement of CEO
iii. Informal L L L L
engagement with
SPC to influence
decarbonization
strategy
2. Targeted actions — L H H H
indirect (deployment
of government
resources)
. Targeted preferential M H H H
low/zero-carbon
financing through
3rd party lenders and
financial institutions
ii. Investment in L H H H
supporting
infrastructure
(transmission,
storage, etc.) for
zero-carbon energy
assets)
iii. Mobilization of L M M H
public sector
agencies and other
technical/
administrative
resources to support
zero/low-carbon
investments
3. Market-wide M H M H
interventions
i. Carbon pricing H H H H
mechanisms (ETS or
carbon tax)
ii. Changes in H H M H
regulated prices (e.
g., removing
subsidies favoring
high carbon or
adding subsidies/
pricing favoring
low/zero carbon),
portfolio standards
or renewables-
friendly dispatch
ii. Increased R&D M M M M
spending on low/
zero-carbon
technologies (e.g.,
nuclear, hydrogen,
storage, renewables)

-

-

# For each overall intervention category (numbered 1,2,3), the qualitative
score is the modal qualitative score of each of its illustrative components
(numbered i,ii,iii).

4.1. Access factors
While each access factor depends on multiple data points, Table 6

captures how each SPC performs against them in overall terms. We
recognize that SPCs are not static entities and these assessments are
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Table 6

Variation across proposed key factors.
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SPC Agency Profit Motivation Capacity Exposure to Market Competition

CFE Low. Fully state-owned. Sets retail and Moderate (moving to Moderately Moderately high. Good access to debt ~ Moderately low (moving to Low).
T&D prices subject to state approval. low). Affordability and reliability. markets and government support. Fuel =~ Near-monopsony in generation. IPP
Management under full state control. Energy sovereignty. Support to oil asset base. Cannot meet future participation but is expected to fall
Unlisted. national development. energy investment needs alone. under current policy. Proposed changes

Dependent on subsidies. to dispatch rules benefit older CFE fuel
oil assets.

Eskom Low. Fully state-owned, Board and Moderately low. Focus on national Moderately low. Weak financial and Low. Integrated monopoly over T&D
Executive under state control, unlisted, and regional development, Black operational position, access to debt except for municipalities and some
heavily dependent on subsidies, subject Economic Empowerment mandate. markets and government support, high  private PPAs, near-monopsony on
to imminent corporate restructuring dependence on domestic and generation, 8% purchased from IPPs,

international coal industry, coal-heavy  exports to 16-country regional grid.
generation profile

KEPCO  Moderate. Majority state-owned, Board = Moderately high. Profitability, High. Strong financial position, access Low. Integrated monopoly over T&D,
and Executive under partial state national development, technology to debt and equity markets, export monopsony on generation, 30%
control, publicly traded. export, greater liberalization of business vulnerable to domestic purchased from IPPs, merit order

electricity prices from 2021. nuclear policy, coal-heavy generation dispatch.
profile, limited domestic resources.
Coal mine ownership abroad.

NTPC Moderately high. Majority state- Moderately high. Profitability, Moderately high. Strong financial High. Largest national generator,
owned, legal status allows independent reliable power delivery, electricity position, access to debt and equity approximately 20% of national
investment decisions, Board and access, efficiency, innovation. markets, strong technical performance,  generation (25% of thermal
Executive under partial state control, high dependence on coal and generation), with interests in
publicly traded. distribution company contracts, distribution, transmission, ancillary

ongoing diversification. Coal price services, trading, storage. Power sold
exposure partly hedged through mine mainly through bilateral PPAs. Moving
ownership. towards merit order dispatch.

PLN Moderately low. Fully state-owned, Moderately low. Affordable power, Moderate. Weak financial position, Moderately low Integrated monopoly
Board, Executive and strategic direction  access to power, (formally) profit good government-supported access to over T&D, near-monopsony on
under state control, some discretion over  generation, although chronically loss- debt markets and government equity generation with limited but growing
strategy implementation, unlisted, making on operational basis. support, high dependence on direct IPP participation, first refusal on all
heavily dependent on subsidies subsidies and to domestic coal supplies,  projects within business areas,

increasing exposure to IPPs, responsible for executing national
geographically challenging service expansion plan.
area.

SPIC Moderate. Fully state-owned. Control Moderately high. Public and social High. Access to debt, government Moderate. Approximately 10% of

over input or wholesale prices limited to
influence on policy through China
Electricity Council and State-owned
Assets Supervision and Administration
Commission. Board and Executive under
full state control. Multiple listed

responsibility mandate. Major
technology exporter. In competition
with other large SPC generators.
Significant nuclear and renewable
energy assets.

finance, and (through subsidiaries)
equity markets. Exclusive CAP1400
nuclear technology development
rights. Extensive experience in solar
and wind, domestic and international.
Relatively small coal asset base versus

national generation. Non-nuclear
generation in competition with four
central SOEs and many smaller SOEs.
Largest solar and wind generator. One
of 4 firms licensed to operate nuclear
plants. Equal shares dispatch

subsidiaries. Geographically diversified. competitors. Some coal mine (thermal).
ownership.
e C[E SPIC NTPC PLN Eskom e = = KEPCO
Agency

Exposure to Market
Competition

Capacity

N . -
/ Profit Motivation

Fig. 1. Radar chart of SPCs against the four access factors (L = Low, M = Moderate, H = High).
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subject to continuous change. This has occurred, for example, with the
Mexican government’s change of administration prompting a depriori-
tization of decarbonization goals for CFE and the sector in recent years.
In line with the relative scale defined in Table 4, we have attempted to
qualitatively rank our assessment of each case study against each factor
(Fig. 1), where L (H) represents the lowest (highest) possible perfor-
mance on a given factor.

None of the SPCs examined scores higher than ‘moderate’ on agency
except NTPC, highlighting the policy relevance of the influence gov-
ernments exert over SPCs. SPIC, for example, has often been used as a
testing ground for new technologies and is one of a handful of licensed
nuclear power companies in China, affording it a strong market position
but relatively little independence from government policy, while CFE,
Eskom and PLN are the central delivery mechanism for national elec-
tricity capacity plans and also have little agency in practice. Recent
changes in political priorities in Mexico have started to alter this posi-
tion, however, with CFE and national oil company PEMEX potentially
seeing increased scope to influence significant components of Mexican
energy policy (Economist, 2021). NTPC has a significant degree of in-
dependence over large investment decisions but is still subject to gov-
ernment directives when it is considered necessary to intervene.
Similarly, KEPCO’s ambitions to build up a substantial international
nuclear business have been severely hampered by the political decision
to phase out nuclear power domestically (Economist, 2019). Consid-
ering such factors can affect the degree to which government can impose
its preferences directly on the SPC through direct intervention (whether
or not these preferences are aligned). It also suggests that in cases where
agency is limited, SPCs will not move to decarbonize unless prompted to
by government.

We note substantial variation in our profit motivation criterion,
which ranges from NTPC (as a relatively profit-oriented SPC) to the
almost fully developmental-motivated PLN and Eskom. While all but
Eskom are profitable on a subsidized basis, CFE and PLN (and potentially
SPIC) are chronically loss-making on an unsubsidized, operational basis,
suggesting government is willing to socialize some of the costs of
meeting non-financial goals.

SPCs that are at least partially profit-seeking also tend to see greater
availability of financial, technical, and material resources. In Eskom’s
case — and to an extent in PLN’s case — chronic losses, limited non-coal
experience, poor credit, and lack of funds for new investment, restrict
the expansion and modernization of the firm’s capacity mix and have led
to proposals to unbundle Eskom into separate generation and T&D
companies by 2022 (Makeo, 2021). SPIC, NTPC and KEPCO all own
significant coal resources and SPIC has access to financing through
Chinese policy banks as well as much greater experience with renewable
technologies than the other cases. Many SPCs are exposed to govern-
ment price-setting in power markets. CFE, for example, no longer re-
ceives direct retail subsidies but its customers do and it has the capacity
to set retail and T&D rates subject to government approval. Moreover,
while CFE would face pressure from independent power producers
(IPPs) in a competitive market, similarly to PLN, its close ties to gov-
ernment and financial institutions mean it has ample financial resources
at present (though still insufficient to meet demand projections) and its
credit rating benefits from association with the Mexican government.

Market exposure is divided into two camps: integrated near-
monopolies, and those exposed to some degree of competition in gen-
eration and lacking control over distribution. Where SPCs face compe-
tition in generation, or do not control power offtake such as in NTPC’s
case, the SPC does not have exclusive control over the assets in the
market or the ability to invest in low carbon assets as freely should it
desire to do so. This is contrary to CFE’s case, where the ability to in-
fluence market composition is much greater — although its motivation to
enact this change is much more reliant on political directives, due to its
relatively low agency.
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4.2. Implications for SPC interventions

Building on, and consistent with, the theoretical assessment of the
link between access factors and policy types in Section 3.3, we associate
the performance of each SPC against these factors with the potential for
the three intervention clusters that we have identified — targeted direct
and indirect actions as well as market-wide actions — to induce decar-
bonization action. The results of this application are presented in
Table 7.

We find that all of our case studies display some potential to realize
mitigation efforts based on targeted direct effects. Interventions such as
the appointment of climate-friendly senior management, corporate
restructuring towards a more renewable-focused set-up, or setting
corporate climate targets all have considerable potential to boost
climate action in the case studies considered. We consider informal di-
rectives to be slightly less powerful for KEPCO and NTPC due to their
strong profit-making motivations and relatively high degree of agency
but we rate all other SPCs highly on the decarbonization potential of
direct interventions.

A similarly promising picture emerges on indirect government pol-
icy, in particular the mobilization of government resources. Examples of
such policies include the provision of supporting infrastructure such as
transmission lines, preferential access to financing (either directly at
below-market rates, or through guarantees for SPC-issued bonds), or
targeted R&D funding. We consider these types of policies to be effective
for all SPCs. Capacity-constrained SPCs like PLN and Eskom, however,
could face difficulties in taking advantage of such measures.

Lastly, we find that market-wide interventions, when applied to our
case studies, may have limited impact on SPC climate action. Examples
of such policies include carbon prices, renewable portfolio standards,
and efforts to reform the electricity market in a more renewable-friendly
direction. Our analysis suggests that the absence of competition, pres-
ence of non-financial objectives, and dependence on government sub-
sidies can severely limit the effectiveness of market-wide actions. For
firms operating in monopolistic and competitive environments alike, the
ability to pass additional costs (such as carbon pricing) through to cus-
tomers, leading to changes in the cost of electricity from the sources
incurring those costs, is essential for maintaining a viable business
model. If government takes steps to prevent this pass-through to protect
consumers from higher electricity prices, the additional incentive for
climate action will be limited. In turn capital injections, restructuring, or
regulatory reforms limiting SPC exposure to stranded assets and legacy
liabilities could be required to prevent a significant deterioration in the
firms’ finances. Similarly, the threat of stranded assets, as a potential
motivator for investment in renewable assets and halting of investments
in high-carbon assets, is not directly comparable to that faced by a profit-
maximizing private sector firm, especially when the probability of a
government bail-out is relatively high. In Eskom’s and PLN’s cases, the
challenge of low capacity would further complicate reacting to price
signals in the market. Limited competition between SPCs and indepen-
dent power producers (as in KEPCO’s case), as well as between firms
with the same government owner (in the case of SPIC), could lead to
some competition-induced decarbonization incentives. In our analysis,
we posit that only NTPC would be likely to swiftly and meaningfully
respond to market-wide incentive changes.

5. Discussion
5.1. Implications for decarbonization interventions towards SPCs

Decarbonization ultimately requires the net replacement or retro-
fitting of high-carbon electricity generation assets with low- and zero-
carbon ones over time. Energy efficiency, market reform, and grid
modernization measures play a role, but ultimately cannot substitute for
the imperative of decarbonizing generation that is the common outcome
all government interventions towards SPCs should aim to achieve. In
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Table 7
Application of case studies to potential SPC interventions for inducing decarbonization action.
Agency  Profit Capacity ~ Exposure to Market Targeted Direct - Shareholder Targeted Indirect — Government Resource ~ Market
Motivation Competition Prerogatives Deployment Wide

NTPC M/H M/H M/H H M H L
SPIC M M/H H M H H M
KEPCO M M/H H L M H M
PLN M/L M/L M M/L H M L
CFE L M M/H M/L H H L
Eskom L M/L M/L L H M L

associating the four access factors described above with government
interventions, it is helpful to bear this singular ultimate objective in
mind.

Our analysis of case studies in Mexico, South Africa, Korea, India,
Indonesia, and China suggests that SPCs are likely to respond in different
ways to decarbonization interventions according to their characteristics.
Our analysis finds that even among the six SPCs studied here, there is
considerable variation with respect to the four ‘access factors’ identified,
implying each SPC should be dealt with differently from a government
policy standpoint.

Targeted interventions that aim to influence an SPC directly are a
powerful tool available to governments seeking to prompt decarbon-
ization activity in their role as shareholder, conditional on the SPC
having the technical capacity and financial resources to respond. While
informal engagements may be less effective towards SPCs with high
agency, such as NTPC or KEPCO, interventions such as appointing
leadership personnel aligned with the government’s climate strategy, or
establishing binding corporate climate targets, may be more able to
catalyze change.

Similarly, indirect targeted interventions aiming to support SPC’s
decarbonization efforts through the external mobilization of govern-
ment resources require an SPC to have enough capacity to take advan-
tage of these resources. Providing privileged access to financing and
providing essential supporting infrastructure such as transmission lines
can therefore be key tools in unleashing renewable investments where
this capacity exists.

Market-based decarbonization interventions, however, may not
deliver significant results in environments where SPCs are largely or
completely shielded from competition, or prices are heavily regulated,
such as in Eskom’s or CFE’s case. The decarbonization efforts of NTPC,
which most closely resembles a private company among our case
studies, may be most likely to respond favorably to market-based
decarbonization interventions.

While such SPC-specific assessments could guide policy makers in
these specific contexts, we now propose a more general classification of
to guide decarbonization interventions towards SPCs not assessed here.

5.2. Generalizing our findings: four SPC archetypes
Based on our assessment of the six case studies of SPCs in different
contexts and the four access factors, we propose a generalized typology

of SPCs representing four types of company observed across the

Table 8

jurisdictions examined, grouped by shared characteristics across the
four access factors. Each archetype is associated with a different com-
bination of access factors (see Table 8 for a concise representation of the
archetypes’ performance against each of them, with an idealized ‘private
sector’ firm as a benchmark). Based on these observations, we posit four
hypothetical SPC ‘archetypes’ to guide choice of government policy
interventions. We emphasize that the archetypes are flexible charac-
terizations not intended to correspond exactly to specific case studies,
and that this is an exploratory exercise for empirical (in)validation in
future work. Here, we are attempting to conceptualize the relevance of
variation in SPC access factors to the decarbonization context with
reference to existing cases, rather than make a definite assessment
holding external validity.

1. “Competitive Contributor’: This form of SPC is most similar to a
private sector company, although it operates under majority gov-
ernment control. The SPC has a moderate-to-high degree of agency to
act independently of government, a moderate-to-high profit-maxi-
mizing motivation, and high capacity to pursue its goals (with access
to financial resources from capital markets, and technical and com-
mercial expertise). It can, if it chooses to, transition relatively effi-
ciently to a zero-carbon portfolio. The SPC faces a moderate-to-high
degree of market competition (either from private enterprise, other
SPCs, or both). Its interests are aligned with government policy in a
stable configuration. If effectively motivated by government policy
targeted at profit-maximizers, such an SPC can be effective at
advancing climate action. NTPC and SPIC are most representative of
this archetype, although SPIC has relatively less independence from
government and operates in a less competitive environment.

2. “Grinding Behemoth”: The SPC is more motivated by maintaining
service delivery at affordable prices than profit, limiting the effec-
tiveness of market-based measures. It enjoys protections insulating it
from market competition and also has a dominant role in the sector
(typically as a vertically integrated utility with a monopoly on T&D
and a majority market share in generation). It has access to sufficient
financial resources from government and/or capital markets to sus-
tain reliable operations and make strategic investments and has a
relatively high degree of agency in deciding how to implement
decarbonization mandates within its corporate structure. The SPC
has moderate-to-high technical and financial capacity to pursue
decarbonization, which gives it significant ability to implement a
decarbonization strategy, if it were motivated to do so (as there is

Mapping archetypes to four SPC factors and potential effectiveness of intervention clusters.

SPC Archetype SPC factors Intervention effectiveness
Agency  Profit Capacity ~ Exposure to Market Targeted Direct (Shareholder =~ Targeted Indirect (Government Market-
Motivation Competition Prerogative) Resource Deployment) Wide
Private Sector H H H H N/A M (potential spillovers) H
Competitive M/H M/H H M/H M H M/H
Contributor
Grinding M M M/H M/L H M M/L
Behemoth
Statist Caterer L M/L M L H H L
Depleted Provider L M/L L L H M L
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limited self-interest in changing the status quo). PLN and KEPCO are
most illustrative of this type, although only KEPCO is publicly listed,
with a correspondingly greater profit motivation.

3. “Statist Caterer”: The SPC is characterized by low agency and a
motivation that de-emphasizes profitability and revenue in favor of
acting as a conduit for political priorities and retaining strategic
control over the electricity sector. It operates under low competitive
conditions and ultimately, its incentives to decarbonize depend on
alignment with the political interests of government and firm and
leadership, which may be effectively interchangeable. It has mod-
erate capacity in the form of access to sufficient financial resources to
operate without service interruptions, but these resources are pri-
marily supplied by government in the form of low-cost finance and
direct equity injections from the public budget, helping to sustain a
relatively high debt burden that hampers its ability to invest in low-
or zero-carbon assets and limits its ability to act independent of
political priorities. Under Mexico’s current administration, CFE most
closely resembles this type, with policies and legislation newly re-
asserting government control over strategic energy assets.

4. “Depleted Provider”: The SPC is either insolvent or its finances are
structurally weak, such that it depends on regular subsidies to
maintain operations. It is fundamentally a development-motivated
firm with a primary objective of facilitating national economic pro-
ductivity, although it may also be subject to political pressure to
pursue financial sustainability. Its activities are subject to capture by
powerful interests in and around government. In its weakened con-
dition, the SPC has little agency over decision-making regardless of
political alignment with government policy. Its asset base is carbon-
intensive, and it almost completely lacks the capacity (technical and
capital) required to undertake any long-term planning, much less
implement a transition to a low-carbon portfolio. Its operations focus
on maintaining existing power supplies and infrastructure. The SPC’s
ability to implement a decarbonization strategy is extremely limited,
even if it were motivated to do so. We consider Eskom to be illus-
trative of this type.

With the development of these four proposed theoretical archetypes
and their classification against the four access factors, we are in a po-
sition to apply each to the intervention clusters (targeted direct, targeted
indirect, market-wide) in the policy toolbox developed earlier. The re-
sults are displayed in Table 8. The assessment reflects the ability of each
type of intervention to affect the SPC’s behavior; and the ability of the
SPC to execute on its intentions. It builds on the association of access
factors to intervention categories outlined in Table 5, and is consistent
with the case study assessment in Table 7.

We find that targeted interventions by governments exercising their
rights as shareholders are likely to be effective with respect to a wide
spectrum of SPCs — a lever unavailable to governments dealing with
private sector firms. In contrast, we posit that unless the SPC operates in
a manner similar to a private sector actor, market-wide instruments are
likely to be less effective than direct interventions, or indirect govern-
ment resource mobilization to support SPCs, as they often lack the re-
sources necessary to respond to market signals or are otherwise shielded
from competition such that they have no need to respond. Moreover, the
resulting trade-offs of such interventions between passing through
higher prices and increasing dependence to government subsidies by
way of lower profits could fundamentally conflict with social or devel-
opment objectives imposed on the SPC. Our illustrative Depleted Pro-
vider firm in particular would struggle to respond to market incentives,
in large part because of capacity constraints, and would require
considerable additional government resources and access to greater
technical expertise to enact effective mitigation policies. This is true to a
lesser extent for the Grinding Behemoth. The Competitive Contributor is
most likely to realize the decarbonization potential of market incentives,
conditional on availability of resources.

Finally, we consider in Table 9 how the presence of each SPC
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Table 9
Potential of SPC archetypes to advance overall sectoral decarbonization.

Potential
Impact

Company Comment

Archetype

Private Sector M/H High capacity and profit-seeking motivation
allow it to be effective and efficient in
implementing decarbonization actions when
it chooses to do so, but its limited role in the
market limit its influence on sectoral
decarbonization to its impact on other private
firms’ behavior. This is particularly relevant
to economies featuring vertically integrated
SPCs. It is more difficult for government to
influence its behavior through non-market
wide mechanisms.

High capacity and generally profit-seeking
motivation allow it to be effective and
efficient in implementing decarbonization
actions when it chooses, but its limited role in
the market limit its influence on sectoral
decarbonization. Government can take direct
action to influence its behavior, although it
may encounter resistance from the SPC in
attempting to do so and the result may not be
either effective or efficient.

Dominant position in the electricity market
and status as near-sole, or sole, purchaser of
electricity gives it potential to contribute
substantially to sectoral decarbonization, but
inefficiencies, motivations beyond profit-
seeking, and capacity/resource constraints,
can limit this potential. Government can take
direct action to alter its motivations or
mobilize resources in support of the SPC to
allow potential to be fulfilled.

Dominant position in electricity market gives
it potential to contribute substantially to
sectoral decarbonization, but limited agency
and subservience to government means ability
to do so depends on SPC’s internalization of
government priorities and ability to act on
them. Limited capacity to address operational
inefficiencies, given its primary purpose as
service provider and/or development actor,
will likely increase the cost of decarbonization
relative to Competitive Contributors.
Dominant position in electricity market gives
it potential to contribute substantially to
sectoral decarbonization, but potential
remains largely unfulfilled due to chronic
financial and operational challenges
preventing realization of corporate strategy.
With direct, indirect and market-wide actions
unlikely to succeed, government should
consider firm restructuring or unbundling,
and/or market reforms to encourage entry by
other players.

Competitive
Contributor

M/H

Grinding H
Behemoth

Statist Caterer M

Depleted L
Provider

archetype in the market might help or hinder governments’ ability to
pursue the decarbonization of the electricity sector as a whole, as
climate ambition increases, particularly relative to private sector com-
panies. To illustrate, the Grinding Behemoth, Statist Caterer, and
Depleted Provider tend to be vertically integrated utilities, with domi-
nance over the market, but also be less effective conduits for
decarbonization-targeting interventions than a Competitive Contributor
or a Private Sector Company. Conversely, a Grinding Behemoth may be a
far more direct and effective vehicle for government decarbonization
ambitions than a private sector firm under the right circumstances, and
if it is targeted with the right combination of direct and indirect in-
terventions beyond market-wide instruments.

While in this analysis we have focused on interventions that apply to
a certain type of SPC, the example of CFE in recent years shows that the
ideal type of intervention can change depending on the contextual fac-
tors that determine the SPC type. A government might, for example, be
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determined to transform a Depleted Provider into a Competitive
Contributor as part of its climate strategy.

6. Conclusions

SPCs are major drivers of carbon emissions in the electricity sector
and should be considered key actors required by national governments
to achieve national climate targets consistent with the goals of the Paris
Agreement. Nonetheless, while the climate policy literature has pro-
duced an extensive toolbox of market-wide policies and regulatory ini-
tiatives designed to incentivize private sector companies to transition to
a low carbon future, it has paid relatively little attention to SPCs and
their country- and market-specific contexts.

In this initial study, we have taken some early steps towards filling
this gap by analyzing SPCs in six different countries. We attempt to
identify overarching characteristics and archetypes that could guide
policymakers, in our case study countries and elsewhere where similar
conditions exist, in their efforts to use SPCs as a key component of
sectoral decarbonization strategies.

Guided by the scholarly literature, and an initial scoping exercise on
our case studies, we identify a set of four access factors that we hy-
pothesize to be relevant in determining SPC responses to an intervention
targeting decarbonization. These are: the degree of agency of the SPC;
whether the SPC is solely profit-motivated or also guided by other, so-
cial, or service-oriented goals; its corporate capacity and access to re-
sources; and its exposure to competition.

Subsequently, we identified three overall types of policy intervention
that may be applied to SPCs. Policies and mechanisms to decarbonize
SPCs can either be targeted at the SPC or attempt to change the wider
market. Targeted policy approaches can either be used directly (through
a government exercising its shareholder power), and indirectly (by
mobilizing additional government resources in support of an SPC).

We then applied this framework to all six of our case studies, to
identify which intervention types are potentially most likely to succeed
in each case, as a function of performance against the four access factors.
Based on the insights gained in applying our theoretical framework, we
attempt to generalize our findings by presenting a set of four represen-
tative archetypes that the SPCs we have examined fall into.

We stress that our study is inherently limited by a qualitative case
study approach based on incomplete and not fully comparable data, and
therefore does not lay claim to having identified causal relationships, we
have identified a number of conjectures for further exploration and
empirical testing in empirical work.

Firstly, we show that SPCs deserve considerably more attention in
the climate policy debate given their unique features and central role in
the electricity sector globally. Their size, significance to national econ-
omies, and differences in response to market-wide incentives and reg-
ulations, particularly relative to private sector investor-owned utility
companies, provide ample motivation to study their dynamics further.

Secondly, our analysis suggests that for all but the most profit ori-
ented SPCs, most of the options in the traditional, neo-classical policy
toolbox such as carbon prices are unlikely to lead to efficient and
effective climate mitigation outcomes.

Thirdly, our analysis suggests that even assuming government is
willing and able to pursue a decarbonization agenda, private sector
companies might not have the highest emission mitigation potential.
Our analysis suggests that SPCs resembling our archetypes of Grinding
Behemoth and Statist Caterer, both of which are insulated from
competition but relatively well equipped in terms of agency and ca-
pacity, could in practice outstrip the speed and efficiency of a private
utility in decarbonizing its own asset base, and contribute more force-
fully to sector-wide efforts, if the right non-market interventions are
leveraged.

Ultimately, our study has made a first effort to shed a light on the
challenge of decarbonization in the context of SPCs in a more systemic
manner than has previously been attempted, to the extent that this is
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possible with available data. We acknowledge the many limitations of
this early work, and a more rigorous and complete data-based assess-
ment is needed in future research, both to test our hypotheses and
finesse or rework our classifications. We do, however, anticipate this
initial framework to be useful in building a much-needed understanding
of SPCs’ role in reaching net zero emissions in the electricity sector.
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Appendix

A. Summary of firm- and market-level characteristics

Table A: Meso-level comparative assessment of six major SPCs in detail

Characteristic CFE Eskom KEPCO NTPC PLN SPIC

a. ownership

Government Mexico South Africa Republic of India Indonesia China

Korea

Proportion of 100% 100% 51% 51% 100% 100%

government equity

ownership

Company listed in a No No Yes Yes No Some

domestic stock subsidiaries

market

Government control Full Full Some Some Full Full

on Board composition limitations limitations

Government control Full Full Some Full Full Full

over executive limitations

appointments

b. Operations

Vertical integrated Yes Yes Yes No Yes No

utility

Technological Low Very low Moderate Low Very low High

diversification

(generation)

Main generation Fuel oil, nuclear, Coal Coal, nuclear, Coal, gas Coal, Coal, solar,

source(s) hydro, gas (via gas diesel, gas, | wind,

IPPs) hydro hydro,

nuclear

Access to fossil fuel High (including Moderate High (owns Moderate High High

inputs via Pemex) (domestic coal) | coal mines) (domestic (domestic (domestic

coal) coal) coal; owns

coal mines)

Technical/Commercial | Moderate Low High High Moderate High

Capacity

c. Financial

Financial Performance | Moderate Low High High Low High

Direct and indirect Producer, Direct Electric Consumer Direct Direct,

subsidies consumer Vehicles producer,
offtaker

Profitable (with Yes No Yes Yes Yes Yes

subsidies)

Profitable (without No No Yes Yes No Unclear

subsidies)

d. Market structure

Exposure to Yes (IPPs) Limited (94%) Yes (IPPs) Yes Yes (IPPs) Yes

competition in

generation market

Substantial Private Yes No (8%) Yes (30%) Yes Yes (33%) No

participation in

generation

Competition in T&D No No No Yes No Yes

Prospects for No Planned 2022 No Completed No Completed

unbundling

Power dispatch Merit order N/A Merit order Bilateral N/A Equal
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Characteristic CFE Eskom KEPCO NTPC PLN SPIC
reversed in 2021, PPAs with shares
CFE prioritized in DISCOMs (thermal)
dispatch
Projected growth in High Moderate None/negative | Very high Moderate Moderate
electricity demand
Energy policy Low Low High Moderate Moderate High
certainty
e. Climate Enabling
Environment
Overall Government Moderate Moderately High (rising) Moderately Moderately | Moderate
Climate Prioritization (weakening) Low Low Low (rising)
(trend)
National “net-zero” No No Net zero 2050 | No Various Net zero
emissions target Net zero 2060
dates
discussed
SPC-level Emissions None None Zero 2050 None Zero 2050 Peak 2023,
targets 75% of its
capacity to
be low
carbon by
2030
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B. Government policy, etc. interventions to influence SPC climate action

Table B: A non-exhaustive list of possible climate policy interventions

Targeted actions

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

Direct - Shareholder Prerogatives

Formal directives through Board
resolutions and instructions

Senior management
appointments/dismissals

Informal discussions with senior
management

Changes to budgetary support from
government, including low-carbon
targeted/conditional equity
injections and similar funding as
shareholder

Mandating/prompting adoption of
renewables and other portfolio
targets

Corporate restructuring,
consolidation, or acquisition
(including unbundling)

Mandating/prompting changes to
operations, corporate strategy,
culture, or cadre evaluation to boost
success in decarbonization

Mandating/prompting
introduction/improvement of
training and certification for climate
risk management

Mandating/prompting shadow
carbon pricing/carbon intensity
requirements for investment
decisions

Mandating/prompting

introduction/improvement of carbon

accounting and climate risk
management standards

Mandating/prompting introduction
of measures for retirement of high-
carbon assets

1)

2)

3)

4)

5)

6)

7)

Indirect - Government Resource
Mobilization
Improving SPC access to finance
for low-carbon activity
(concessional loans, guarantees,
tax rebates)

Investment in supporting
associated infrastructure (e.g.,
transmission lines, grid expansion,
etc.)

Coordinate SPC/government
agency R&D in low-carbon
technologies

Mobilizing agency administrative
and other action to support low-
carbon investments (e.g.,
permitting, etc.)

Public procurement to favor low-
carbon products and services

Price adjustments by state-owned
enterprises upstream (e.g., fuel
suppliers) or downstream (e.g.,
off-taker) of SPC to promote low-
carbon activity

Sponsoring new market entrants
in low/zero-carbon technologies

1)

2)

3)

4)

5)

6)

7)

8)

9)

Market-wide actions

Carbon pricing (emissions
trading, taxes)

Generalized portfolio or
technology standards and
carbon budgets or intensity
targets

Market design reforms (e.g.,
dispatch reform to favor
renewables)

Changes to competition
regulations or market
structure (including greater
access for low-carbon private
participation)

Change in regulated prices
upstream or downstream

Removal (addition) of
subsidies for high-carbon
(low/zero-carbon)
technologies

Non-SPC targeted access to
financing support

General R&D spending on
low/zero-carbon technologies

Investments in generalized
infrastructure (e.g., charging
stations)
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C. Case Studies: Further Background Information

Comision Federal de Electricidad (CFE)
1. Ownership and Corporate Governance

CFE is 100% state-owned, and the dominant player in the Mexican power sector, directly generating
about 79.4% of Mexico’s electricity. CFE is a vertically integrated company, structured into
subsidiaries for service provision, distribution, and transmission, with a further six subsidiaries for
power generation.!

The company is directly supervised by the government. The Minister of Energy is Chairman of the
Board of Directors, which also includes several other Ministers and independent directors appointed
by the President of Mexico {add reference}. CFE’s current CEO is Manuel Bartlett, a former Secretary
of the Interior well known for supporting strong state involvement in the economy and is considered
a “pillar” of the governing party.??

2. Asset and Generation Profile

As of March 2019, the majority (72.7%) of CFE’s installed electricity capacity was in the form of fossil
fuel-fired plants, predominantly burning natural gas, coal, diesel, and fuel oil. Expensive fuel oil and
diesel generating units represent a staggering 39% of total capacity (Table C-1). Combined with
natural gas, CFE’s fuel oil expenses amounted to 62% of its total fuel costs in Q1 2019. In 2018,
electricity generation from CFE-owned sources totaled 249 TWh - a slight decrease from the 257.5
TWh peak in 2011.

Table C-1: CFE Installed Capacity as of March 31, 2019

Plant Type GW Share
Fuel oil and diesel 21.9 39%
Coal-fired 5.4 10%
Nuclear power 16.1 3%
Geothermal 0.87 2%
Total thermal (excluding IPPs) 29.85 53%
Hydro 12.13 21%
Wind-driven and photovoltaic 0.09 0%
IPPs (combined-cycle and wind-driven) 14.1 25%
Total CFE (including IPPs) 56.18 100%

3. Financial Performance

CFE has been, and continues to be, a major player in Mexico’s economy. Its 2019 revenues totaled
USS6.2 billion (equivalent) in 2019, and its profits were US$723 million (Table C-2). Given the close
links between CFE and the Mexican government, CFE’s credit ratings by Fitch Ratings are equalized
to Mexico’s sovereign rating, which stands at ‘BBB-’ as of August 2020. In isolation, CFE’s rating
would be ‘bb’.* The rating agency asserts that the current government’s inclination to preserve CFE’s
market share could hamper urgently needed private sector investments in transmission and
distribution capacity.
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Table C-2: CFE Financial Indicators

2019 2018 2019 2018
Revenue S 119,458 S 93,115 S 6,201.12 S 4,838.64
Profit/Loss S 13,941 S 11,406 S 72366 S 592.68
Total Assets $1,923,544 $1,958,330 $99,851.77 $101,763.15
Total Equity S 661,781 S 679,051 $34,353.26 S 35,286.35
Current Liabilities S 148,461 S 165,075 S 7,706.64 S 8,577.97
Non-Current Liabilities $1,113,302 $1,114,205 $57,791.86 S 57,898.82
Mexican Pesos million USS million

Note: Financial Data to 31 March each year.
Source: CFE.5

4. Market and Regulatory Aspects

CFE plays an important role in Mexico’s electricity market (Figure C-1).

Figure C-1: The Mexican Electricity Market
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Besides taking major steps towards power market liberalization, the electricity reforms of 2013
increased CFE’s independence from government, drawing on corporate governance structures
common in the private sector to remodel its internal decision-making processes. Prior to the
reforms, CFE was subsidized directly by government to provide electricity to households at an
operating loss. Following the reform, the burden to absorb the losses of the artificially low electricity
prices has been transferred from CFE to the federal budget, while CFE is now required to pay the
government dividends on its operating income. Since 2013, electricity prices are subsidized only for
agricultural and low consumption residential customers, which amount to annual payments by the
government of about MXNS$ 70bn (USS 3.45bn) to CFE.’
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Government policy towards CFE changed considerably following the 2018 election of President
Lépez Obrador, widely considered an economic nationalist for whom state interventionism, and
continued dominance of CFE in the Mexican power market, are attractive prospects.? In this context,
CFE acknowledges the fact that the government “has exercised, and continues to exercise,
significant influence over the Mexican economy” as a significant risk to its future, nothing that CFE’s
operations are “closely linked to certain factors that are under the control of the Mexican
government, such as the regulation of electricity rates throughout Mexico”.® Illustrative of this is also
the “wish list” of potential reforms favorable to CFE, which was sent from CFE to the Ministry of
Energy and leaked in late 2019.1°

In March 2021, the Mexican Congress passed a new electricity law to reverse a number of policies
introduced in the past few years under President Pefia Nieto. The new law hands substantial control
of the Mexican electricity market back to CFE in an effort to deter increasing private sector influence
on the market.!! CFE is expected to play a key role as main costumer of domestic fuel oil products for
the Mexican State Oil company (PEMEX) as well, as President Lopez Obrador is prioritizing energy
self-sufficiency over climate ambition.

Under the new legislation, CFE generation is to be prioritized in dispatch over other market
participants— largely renewable or natural gas IPPs — likely leading to an overall higher carbon
intensity and higher costs. Despite the higher generation costs, electricity tariffs are not planned to
be increased, indicating a higher reliance on future government subsidies.*?

While the fate of the reform remains uncertain as legal challenges at the constitutional court and
dispute-settlement mechanisms are likely and have been successful in the past,’* the specific
consequences of the reform on CFE and existing private sectors IPPs are equally difficult to foresee,
as key questions like the electricity price determination have not been clarified.**
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Eskom

1. Ownership and Corporate Governance

Eskom was formally incorporated in 2002. Eskom Holdings State-owned Company (SOC) Limited is
100% owned by the South African government.

The Minister of Public Enterprises has executive authority over Eskom, while the Board sets its
strategic direction and the Executive Committee implements guidance given by the Board. The
current Group Chief Executive is Andre de Ruyter who has a background in the private sector fossil
fuel industry.”®  While the ministry formally responsible for representing the government
shareholder’s interests is the Department of Public Enterprises, the Department of Mineral
Resources and Energy and the National Treasury are highly relevant to Eskom’s strategy and
operations.!®

2. Asset and Generation Profile

In 2019, Eskom operated 30 power stations with a total installed capacity of 44.2 GW. It generated
218 TWh of electricity, of which 91% was from coal used for baseload power (Figure C-2). About 20
TWh of the power managed by Eskom is procured from IPPs and international suppliers. Neither
Eskom nor the South African government is currently foreseeing the addition of new nuclear power
stations until at least 2050. ¥’

About 10 GW of existing capacity will need to be retired until 2030, adding further strain to an
already capacity constrained system which had to shed some of its load on at least 52 days in 2020,
despite the reduced demand during the COVID-19 pandemic.'®%°

Figure C-2: Left panel: Eskom’s installed capacity (GW), 2017. Right panel: Eskom’s generation in South Africa (TWh), 2017
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3. Financial Performance

The Eskom Group achieved a revenue of about USS 12bn (equivalent) but had a net loss of USS 1bn
in 2019. Capital expenditure amounted to about USS 2.1bn in the same year (Table C-3).

Table C-3: Eskom financial indicators

2019 2018 2019 2018

Revenue R 179,892 R 177,424 $ 12,451 $ 13,407

Profit/Loss -R 20,729 -R 2,337 S -1,435 S -177

Total Assets R 758,018 R 739,116 $ 52,465 $ 55,850

Total Equity R 153,094 R 170,336 $ 10,596 $ 12,871

Total Liabilities R 604,924 R 568,780 S 41,869 $ 42,979
Rand million USS million

Note: Financial Data to 31 March each year.
Sonrce: Eskom.20
In real terms, Eskom’s primary energy costs have risen by over 300% over the past two decades.*
The South African treasury describes Eskom’s financial precarity as the “single biggest risk to the
South African economy”.?? Eskom is the country’s largest recipient of government guarantees.
Administered by the Treasury, these guarantees amounted to about R221bn (USS 13.4bn) in 2017
and R581bn (USS 40bn) by 2020.23%

As of September 2020, Fitch Ratings considers Eskom’s standalone Credit Profile to be ‘ccc-’.
However, when considering the continued strong government support Fitch rates Eskom as ‘B+
overall, albeit with a negative outlook.?® By the end of the financial year 2020, Eskom constituted the
lion’s share of government guarantees with 77.2% of the total, amounting to about USS$ 40bn with
an increase of USS 6.6bn in 2020.%°

4. Market and Regulatory Aspects

Eskom plays a central role in South Africa’s electricity market (Figure C-3). Taken together with its
numerous subsidiaries, Eskom resembles a vertically integrated power company. It operates
primarily in South Africa and engages in some electricity trading within the 16 member states of the
Southern African Development Community.

Figure C-3: Power market structure in South Africa, 2007
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The key pieces of power sector legislation in South Africa are the 2008 National Energy Act (NEA),
the 2004 Energy Regulator Act (ERA) and the 2006 Regulation Act. Government-owned Eskom holds
an effective monopoly over the South African electricity market, controlling over 48 GW of installed
capacity and supplying around 94% of the country’s power either directly or through IPPs. The
remaining 6% is produced by power stations owned by municipal authorities and private companies.
About 8% of total power generation is purchased by Eskom from IPPs, which focus predominantly on
renewable energy. %

Eskom also controls South Africa’s transmission infrastructure, while municipalities are largely
responsible for local distribution. The price at which municipalities can buy electricity from Eskom
(or directly from IPPs) is centrally regulated, as is the margin that municipalities can make when re-
selling electricity to consumers (see figure 3).

Recent reform efforts culminated in the introduction of the Independent Systems and Market
Operator Act, which would have taken major steps towards more competitive power markets,
including a corporate restructuring of Eskom, and providing consumers with more choice over their
electricity suppliers. The bill has not yet been enacted, however, and as of 2020, has been delayed
several times.?° Some target the unbundling of Eskom to be completed by 2022.3°
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Korea Electric Power Corporation (KEPCO)

1. Ownership and Corporate Governance

Korea Electric Power Company (KEPCO) was established in 1982.3! Through the Korea Development
Bank, KDB (which merged with the Korean Finance Corporation at the end of 2014) and its direct
holdings, the Korean government owns 51.1% of shares in KEPCO, with the remainder being publicly
traded. As noted above, KEPCO is a vertically integrated utility active across all aspects of the Korean
electricity market, including generation, transmission, distribution, and retail sales (see figure 3).
KEPCO is also active in nuclear and coal fuel import markets. KEPCO ‘s domestic thermal power
generation is divided into five subsidiaries, with additional dedicated subsidiaries for its hydro and
nuclear businesses. In total, KEPCO has 120 subsidiaries, 79 of which operate outside of Korea.3?

KEPCO’s leadership nominations are initiated by a search committee and confirmed at the
company’s Annual General Meeting. The Minister of Trade, Industry and Energy recommends a CEO,
which the Korean President can then choose to appoint.3® The government is considered to have
tight control over KEPCQO's corporate strategy with informal directives being closely followed by the
company-343°

2. Asset and Generation Profile

KEPCO’s power generation mix is dominated by coal, which contributed 43.9% in Q1 2020, and
nuclear generation, at 42%.3® Natural gas generation (from imported LNG) provided 11.2% of power,
having grown its share considerably in recent years. Renewable energy generation is very small,
comprising just 2.8% in the first half of 2020.%’

About two thirds of KEPCO’s generation is self-produced, with most of the remainder bought from
IPPs. Renewable installations held directly by KEPCO make up 5% of total installed capacity, while
those held by IPPs make up 12% (Figure C-4).

Figure C-4: KEPCO and IPP installed capacity (GW) Korea, 2020
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3. Financial Performance

Operationally, KEPCO generated a profit of US$1.9 bn (equivalent) on revenues of US$50 bn in 2019.
Several key financial indicators are provided in Table C-4. Fitch Ratings equalizes KEPCO’s credit
rating with South Korea’s ‘AA-/Stable’ reflecting the strong political commitment of the government
to KEPCO, its strategic importance, and its prominent role in the domestic bond market.**

Table C-4: KEPCO financial indicators

2019 2018 2019 2018
Revenue ¥ 59,173 ¥ 60,628 S 50,770 S 55,091
Profit/Loss W 2,264 w 1,174 $ 1,942 $ 1,067
Total Assets ¥ 197,598 ¥ 185,249 $ 169,539 $ 168,332
Total Equity W 68,890 W 71,097 S 59,107 S 64,600
Current Liabilities W 24,232 W 21,842 S 20,791 S 19,847
Non-Current Liabilities ¥ 104,476 ¥ 92,315 S 89,641 S 83,884

W billion USS million

Source: KEPCO.40

4. Market and Regulatory Aspects

KEPCO has a central role in Korea’s electricity sector (Figure C-5). KEPCO still dominates most
aspects of the power market, however, with a monopoly on transmission and distribution and direct
control over 66% of Korea’s installed capacity. IPPs account for about 30% of generation but depend
on KEPCO for transmission, distribution, and retail sale of electricity. A small share of electricity is
contracted via private PPA with KEPCO. There are also a small number of captive electricity
businesses which sell electricity to a specific (usually industrial) customer, but these types of
transactions constitute a marginal portion of the Korean power system.

Figure C-5: The electricity market in Korea
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New coal power plants are continuously being introduced to KEPCQO’s grid, such as the POSCO owned
2.1 GW plant in the coastal town of Samcheok to be finished in 2024 which is being touted as “the
final coal power project”,*L.

In 2020, KEPCO approved plans to invest in two coal plants in Indonesia and Vietnam, which
triggered an international reaction by investor groups.*? KEPCO has since signaled it would not fund

any new coal projects, in line with stated government intentions.*>#*

In an effort to curb carbon emissions, the government asked KEPCO in an informal request to reduce
electricity output from coal-fired power stations by 18%-24% over April to November 2021,
compared with the 2017 — 2019 average. Similar policies have so far only been in place over the
winter months and were mainly aimed to reduce air pollution.*®
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NTPC Limited (NTPC)

1. Ownership and Corporate Governance

NTPC is a “government company” under Indian law.*® In addition to being India’s largest power
company, it is the sixth largest thermal power producer in the world. As of 30 June 2020, the central
government held a 51% equity stake in the company. The remaining shares are publicly traded,
primarily among mutual funds and other financial institutions.*’

The Minister of Power acts as a director for the company alongside a second government director,
although a number of other ministries are also relevant stakeholders.*® Directors, including the
company Chairman, are appointed by the President of India. The current Chairman and Managing
Director is Shri Gurdeep Singh, a former executive at various power sector institutions. The company
aligns its strategy with government priorities and agrees key performance indicators (KPIs) annually
with the government through a Memorandum of Understanding.

2. Asset and Generation Profile

NTPC produces about a quarter of India’s electricity.*® While the company is engaged in various
electricity operations, it derives more than 90% of its revenue (94% in FY 2018-2019) from the bulk
sale of power to electric utilities owned by state governments, and to a lesser extent to private
distribution companies, through long-term contracts.

Including subsidiaries and joint ventures, NTPC controls 65.8 GW of generation capacity, about 82%
of which is coal-fired (Figure C-6). There is currently around 20 GW of additional capacity in the
pipeline, of which 18.8 GW are new coal projects, with 5.3 GW expected to become operational
soon.’® NTPC also owns some natural gas power generation assets, but very little renewable
capacity; with its installed renewable energy capacity (excluding hydro) amounting to 0.93 GW
(about 1.6% of total capacity), although a further 0.35 GW is under construction.

Heavy reliance on fossil fuels is a major determinant of NTPC’s business model, as fuel acquisition
accounts for 81% of total operational expenditures. To hedge coal price volatility, NTPC is
increasingly expanding into coal mining operations, expanding its production capacity to over 100
million metric tons per year, representing more than half of its 2018 coal consumption. Fitch Ratings
also posits that in the most extreme situations, such as a default, other state-owned companies like
Coal India could supply coal to NTPC as a temporary measure, exemplifying the close coordination
among state-owned enterprises.*!

In October 2020, NTPC announced the establishment of a new subsidiary ‘NTPC Renewable Energy
Ltd’>? and further has announced a joint venture with the Indian Oil and Natural Gas Corp. on
offshore wind.>?
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Figure C-6: Installed capacity, NTPC (GW) in India, 2021
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3. Financial Performance

NTPC had revenues of US$14 billion (equivalent) and profits of USS1.4 billion (equivalent) in the
fiscal year ending March 31, 2020 (Table C-5). It operates most of its generation assets directly, but
also has six subsidiaries and is engaged in 17 joint-venture operations.

Table C-5: NTPC financial indicators

2020 2019 2020 2019
Revenue 100,478 X 92,180 $14,268 $13,090
Profit/Loss X 10,113 X 11,750 S 1,436 S 1,669
Total Assets X 327,667 290,751 $46,530 $41,288
Total Equity X 113,569 X 107,408 $16,127 $15,253
Current Liabilities X 54,867 X 55,354 S 7,791 S 7,861
Non-Current Liabilities X 155,989 X 125,849 $22,151 $17,871

Rupee Crore USS million

Note: Financial Data to 31 March each year.
Source: NTPC.55
Fitch Ratings rates NTPC’s creditworthiness at ‘bbb-’ with a stable outlook. Fitch considers the link
between the government and NTPC as ‘Strong’ and cites the strategic importance of NTPC as a key
rating driver.>® Despite the high capital expenditure that Fitch expects NTPC to invest, the company’s
leverage is expected to decline as past investments are due to be finalised in the coming years.>’

Compared to other state-owned utilities in India, NTPC receives fewer government subsidies due to
its relatively strong financial position. NTPC's costumers, mostly state-owned distribution
companies, have a much weaker financial profile, although NTPC is taking steps to diversify its
business model and has ambitions to become a vertically integrated energy service provider.>®
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4. Market and Regulatory Aspects

NTPC is the largest producer of thermal power in India. There are other generators and other actors
in the sector, including in distribution. The National Hydroelectric Power Corporation (NHPC) is
India’s largest hydropower producer and is also owned by the national government. Most non-hydro
renewable assets in India are controlled by private companies. State-level power generators
controlling a significant proportion of total coal, hydro and gas capacity.

Much of India’s power activity occurs at the State level. State-level power companies in the public
and private sectors play important roles across generation, transmission, and distribution. SPCs are
particularly dominant in transmission and distribution.

Most States both regulate and facilitate transmission and distribution activity within their state.
Transmission and distribution of electricity are liberalized to a certain degree in some states, with
large private sector companies like Adani and Tata engaged in both activities in certain regions.
However, the primary buyers of electricity are still State-level DISCOMs, who then sell the electricity
to retail consumers.
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Perusahaan Listrik Negara (PLN)

1. Ownership and Corporate Governance

As a wholly government-owned company, 100% of PLN’s shares are owned by the government and
administered by the Ministry of State-Owned Enterprises (BUMN). PLN’s internal management
structure resembles that of a private sector company, with a Board of Commissioners overseeing the
Board of Directors, and the President Director. Since 2019, former banker Zulkifli Zaini has occupied
the latter post™°.

2. Asset and Generation Profile

In 2018, PLN directly (or indirectly through subsidiaries) owned 41.7 GW of capacity across 6,700
individual power stations and held contractual relationships with a further 57.8 GW of generating
capacity (including IPPs and rented assets). Coal-based steam turbine installations and CCNG plants
represent over 30 GW of PLN’s total capacity, with solar and wind installations practically inexistent.
Most non-fossil-based generation comes from geothermal and hydro (Figure C-7). Of the 56 GW of
additional capacity the government expects to need by 2027, PLN is tasked with constructing at least
16.6 GW.%°

Figure C-7: Installed Capacity controlled by PLN (GW), Indonesia, 2018
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In May 2021, PLN’s President Zaini stated that electricity production is expected to increase from
about 250-300 TWh today to about 1,100 TWh by 2050, which would equate to an annual growth
rate of about 4.7%.

3. Financial Performance

PLN’s financial performance is dominated by revenues from electric sales, which accounted for USS
18.6bn in 2018, or 96.55% of total operating revenue (Table C-6).% In the same year, PLN reported
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net income of USS 0.82bn. This figure is highly dependent on subsidies from the Ministry of Finance,
however which amounted to USS 3.4bn in 2018, implying a substantial underlying loss once
subsidies are accounted for.52 Operating results excluding subsidies from 2014 to 2018 suggest
average annual losses of around USS$ 2.1bn.%3

Table C-6: PLN financial indicators

2018 2017 2018 2017
Revenue Rp 272,898 Rp 255,295 S 19,289 $17,931
Profit/Loss Rp 11,576 Rp 4,428 S 818 S 311
Total Assets Rp 1,492,488 Rp 1,334,958 $105,493 $93,767
Total Equity Rp 927,414 Rp 869,417 S 65,552 $61,067
Current Liabilities Rp 157,896 Rp 139,075 S 11,160 S 9,768
Non-Current Liabilities Rp 407,178 Rp 326,466 S 28,780 $22,930

Rupiah billion USS million

Source: PLIN.64

To finance power plant construction, PLN frequently issues both domestic and international bonds.
Domestic bonds are generally rated AAA, while international bonds are rated much lower, at BBB
(Fitch) and Baa3 (Moody’s).® In these ratings, agencies are equalizing the company’s ratings with
Indonesia’s rating and cite the ‘very strong’ likelihood of government support for these bonds and
considers the subsidy framework of PLN to be ‘exceptionally strong’ to meet public service
obligations.®®

4. Market and Regulatory Aspects

PLN plays a dominant role in Indonesia’s electricity sector. PLN oversaw the generation, distribution,
transmission, and sale of electricity to 71.9 million users in 2018, either directly or through its
several regional subsidiaries.

PLN enjoys a dominant position in Indonesia’s power sector, accounting for about 72% of installed
capacity, and 66% of electricity generated.®” The company also has a quasi-monopoly over the
transmission, distribution, and sale of electricity and right of first refusal across all its business areas
under the 2009 Electricity Law. Private companies can therefore only engage in business areas not
covered by PLN already, or in projects in which it chooses not to participate.®® In theory, this allows
private companies to engage in various aspects of the power market, however, “in practice, PLN

remains the only party supplying electricity to end consumers in Indonesia” .

In May 2021, PLN announced it would become carbon neutral by 2050 — significantly faster than the
national target of 2070 presented by the government just a few weeks earlier.”
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State Power Investment Corporation (SPIC)
1. Ownership and Corporate Governance

The State Power Investment Corporation was formed in 2015 from the merger of China Power
Investment Corporation with State Nuclear Power Technology Corporation.”* The parent company,
the State-owned Assets Supervision and Administration Commission (SASAC) which owns 90% of
SPIC, is owned fully by the Chinese central government. The remaining 10% are held by the National
Council for Social Security Fund.”? SASAC, together with the Organization Department of the
Communist Party of China appoint key personnel, including the current SPIC chairman Qian Zhimin
and General Manager Jiang Yi.”® Generally, the SPIC leadership is deeply rooted in the state-owned
power industry and many executives have previously worked at other SOEs.

SPIC is majority-owned by the central government and administered by the State-owned Assets
Supervision and Administration Commission (SASAC). It has established ??? subsidiaries that include
some private participation and are listed on stock exchanges (e.g., Hong Kong). SPIC has a number of
listed subsidiaries that include private stock ownership. SPIC has invested also in coal mining.

2. Asset and Generation Profile

SPIC holds the most diversified asset portfolio of all energy companies in China, spanning thermal,
nuclear, hydro, and renewable assets.”* The company is regarded as the world’s largest producer of
renewable power in terms of combined wind and solar capacity.”> Overall, by 2016 SPIC controlled
about 126 GW of installed capacity, 55% of which was thermal. The remaining capacity is entirely
low carbon, made up of 22 GW of hydropower, 4.5 GW of nuclear power, 11.7 GW of solar power,
and 13.7 GW of wind power (Figure C-8). Since then, further capacity was added so that by
December 2020 SPIC operated a total of 165 GW.”®

Within its nuclear business, SPIC is playing a leading role in the development of large-scale advanced
pressurized water reactors (third-generation reactors).”’

As part of its roughly RMB 1000bn (about US$150bn; see Table C-7) in total assets, SPIC operates
coal mining facilities capable of producing 78.6 million tons of coal annually.

Figure C-8: SPIC Installed Capacity (GW) in China, 2020
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3. Financial Performance

SPIC is a Fortune Global 500 company, earning a profit of RMB 13.21bn (USS 1.95bn) in 2016 (Table
C-7), the highest net profit among its Big Five peers.”

Table C-7: SPIC financial indicators

2017 2016 2017 2016
Total Assets ¥1,001 Y 876 $150,692 $129,620
Revenue Y 201 Y 196 S 30,237 S 28,988
Profit Y 94 Yy 132 $ 1,407 $ 1,954
Equity Return 3.18% 6.05% = =
Employees 127,343 127,083 - -
RMB bn USS million

Source: SPIC.80

SPIC is rated ‘A2’ (Moody’s), ‘A’ (Fitch; stable outlook) and ‘A-" (S&P) by the three leading credit
agencies, and the group issued USS$1.2bn in overseas bonds for the first time in 2017. Fitch Ratings
rates SPIC one notch below China’s sovereign rating (‘A+/Stable’) but remains confident of a strong
likelihood of state support, given the company’s strategic importance to the Chinese power market

and its assessment that the state control over the company is ‘Strong’.

4. Market and Regulatory Aspects

’ 81

In 2002, the Chinese government broke up the vertically integrated State Power Corp of China
(SPCC) into the “Big Five” generation companies (including what has become State Power
Investment Corporation — SPIC), two power grid companies (State Grid Corporation of China,
which has over 1 billion customers, and China Southern Power Grid) and four engineering firms.
These companies collectively dominate the Chinese power market.®?

The Big Five compete with each other in the generation market to some degree. They have been

restructured a number of times, but are currently: SPIC, China Huaneng Group, China Datang

Corporation, China Huadian Corporation, and China Energy Investment Corporation (CEIC or China

Energy, formed in 2017 from the merger of China Guodian and Shenhua Group).
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Figure C-9 sets out the size of SPIC and its generation mix relative to the other Big 5.
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Figure C-9: Big Five Installed Capacity (GW) in China, 2018
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In 2015, the State Council proposed the so-called “Document 9” reform, which would abandon the
equal allocation principle and the benchmark price in favor of a competitive wholesale market. To
facilitate this transition, the central government has gradually reduced supply allocations to major
energy generators, forcing them to directly negotiate power purchase agreements (PPAs) with large
industrial customers, typically at prices lower than the benchmark. In 2018, the central government
established day-ahead and real-time electricity spot auctions for the first time, in Guangdong
province, as a further step towards electricity market liberalization.®*

In parallel to electricity market reforms, the central government elected to devolve decision-making
on power capacity to the provincial level, leading to a coal construction boom that quickly
threatened to create oversupply in electricity markets. In part to curtail coal capacity additions, a
“traffic light” approval process was introduced in 2016 by the National Energy Administration, an
agency of the powerful National Development and Reform Commission (NDRC). Under the system,
new power plant approvals are conditional on their performance against grid capacity, resource
availability (primarily water and coal), and profitability metrics. ‘Red’ or ‘orange’ performance on
either of the first two criteria places a binding restriction on capacity additions. The number of
provinces with red or orange ratings on both criteria has fallen from 26 in 2018 (which affects
projects expected to come online in 2021) to 13 in 2020 (2023).%°

SPIC is also active internationally. It has a presence in 41 countries, including Australia, Japan, India,
Turkey, South Africa, Pakistan, and Brazil, having invested into over 10 GW of power generation
capacity alongside a range of other services. SPIC is also a key player in China’s Belt and Road
Initiative (BRI), providing expertise and technology for renewable and nuclear power projects.
Internationally SPIC is active in 46 countries with key investments in nuclear power currently
undergoing in Turkey, South Africa, and Bulgaria and overall international non-fossil generation
accounting for 70% of the international total.®¢
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Introduction

As of July 2021, 297 GW of new coal power generation capacity was in the planning stages worldwide, with
another 185 GW under construction (Global Energy Monitor et al., 2021). Large-scale net capacity additions
of unabated coal-fired power is incompatible with the emissions reductions needed to achieve the temperature
goals enshrined in the Paris Agreement, given that plants built in the 2020s would normally operate well into
the 2050s (International Energy Agency, 2020a, 2021). Of the currently planned new capacity, India accounts for
21 GW, Vietnam 19 GW, Indonesia 18 GW, Turkey 12 GW, and Bangladesh 10 GW. Other countries planning coal
power additions in excess of 4 GW include Laos, Mongolia, Zimbabwe, and Pakistan (Global Energy Monitor
et al.,, 2021). In many of these countries, new coal investments are likely to be carried out by power companies
wholly — or majority-owned by the state rather than private investors, with the public sector thereby providing a
significant portion of investment capital for coal expansion.

It is China, however, that dominates planned coal power at 163 GW; 56% of the global total. In September
2020, China announced its aim to peak carbon dioxide (CO,) emissions ‘before 2030’ and become carbon
neutral by 2060 (Normile, 2020). The International Energy Agency (2020b, p. 396) estimates that coal power
contributes half of China’s energy sector CO, emissions, at 4.9GTCO, in 2019. Energy transition pathways con-
sistent with Paris Agreement targets see China’s coal-fired electricity generation falling 25% by 2030, and 60%
by 2040, relative to 2018 (International Energy Agency, 2019). J. He et al. (2020) suggest Paris compliance will
require China to eliminate unabated coal power generation by 2050.

Electricity demand in China is expected to increase by 60-75% over 2018 levels by 2040, whether or not a
Paris-compliant development pathway is followed (International Energy Agency, 2019). Electricity’s share of the
primary energy mix is likely to rise from 45% to 75% by 2040 (He, 2020). A range of power technologies are
available for meeting this demand (G. He et al.,, 2020), but despite China’s long-term emissions reduction
targets, coal capacity is continuing to expand. Commissioning of new coal capacity in 2020 totalled
38.4 GW, and approvals for new plants reached 36.9 GW, exceeding the 28.5 GW approved in 2017-19 com-
bined (Shearer & Myllyvirta, 2021)."

Newly built coal plants will join a coal fleet already seeing low utilization rates (China Electric Power Statistics
and Data Center, 2020). Additionally, competition from renewable alternatives is increasing. Levelized cost of
electricity estimates suggest that solar and wind power generation are already competitive across most of
China’s provinces (Gray & Sundaresan, 2020a). Further, G. He et al. (2020) find that under optimistic cost pro-
jections for renewables, 62% of China’s electricity could come from non-fossil sources by 2030 at 11% lower
cost than business-as-usual, and power sector emissions can be reduced by 50% at 6% lower cost.

Stranded coal assets: current approaches

This paper seeks to fill an important gap in the existing literature on stranded asset risks for thermal coal power.
Existing studies largely define stranded assets one of two ways. ‘Financial’ analysis defines them as expected or
realized financial losses for corporate owners (Spencer et al., 2017), consistent with accepted definitions in the
wider literature (Caldecott et al, 2013) and global or regional stranded asset calculation methodologies
(Mercure et al., 2018). ‘Technical’ analysis identifies stranded capacity (GW) or electricity generation (TWh),
using a sectoral carbon budget or policy setting as a starting point and identifying stranded assets by the
extent to which the early retirement or under-utilization of power generation infrastructure occurs under
various policy pathways or carbon budget constraints (Caldecott et al., 2017; Caldecott et al., 2018; Johnson
et al,, 2015; Pfeiffer et al., 2018).

These approaches are helpful guides, but do not consider what stranded asset risks imply for governments,
which are often the ultimate arbiters of whether or not new coal power projects should proceed. This is

'An additional 38.4 GW was commissioned and 31.5 GW resumed construction. Major coal-producing provinces Inner Mongolia and Shaanxi
accounted for over half of newly permitted capacity.
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particularly true in China, as well as those countries where the government is the majority or sole shareholder in
most power companies and associated electricity generation projects. From a government planner’s perspec-
tive, expectations of financial losses and early retirement do not necessarily imply that building a new coal plant
is unjustified on an economic basis. Indeed, governments subsidize financially risky projects precisely because
they consider them to be economically worthwhile. Could this be the case for coal? To the best of the authors’
knowledge, project-level evaluation of expected economic returns on coal power investments at the country
level (as opposed to financial returns at corporate level) is not addressed in the literature on stranded
assets. Applications of an approach based on economic returns are largely confined to ex-ante project assess-
ments by development finance institutions, who have routinely employed economic metrics to evaluate invest-
ments’ value to a country, for coal and other individual projects (Asian Development Bank, 2013; Meier, 2017a;
World Bank, 2011), based on a methodology elaborated at the World Bank by Squire and Van der Tak (1975).

The literature on coal asset stranding in China that does exist clearly underlines the scale of its potential
financial exposure to coal power asset stranding, both in absolute terms and as a share of the global total -
as much as 45% of an estimated US$927 billion global power sector asset stranding by 2050, albeit under
an accelerated renewables scenario (Saygin et al., 2019). In other studies, coal power stranding is estimated
at US$15-53 billion (CNY 100-340 billion) by 2030 under high - and low-carbon pathways, respectively (H.
Zhang et al., 2020). Analyses of China’s coal fleet consistently find that both current and proposed power
plants face stranded asset risks under most climate policy scenarios that are amplified by weak underlying
profitability and market conditions (Cui et al., 2021, 2020; Gray & Sundaresan, 2020b; Spencer et al., 2017;
Yuan, Guo, Zhang, Zhou, et al., 2019; Yuan & Zhang, 2017). Ongoing reforms to liberalize power markets are
likely to further depress coal plants’ net revenues and impair commercial operation by exposing them to
greater competition (Lin et al., 2019). The finding, based on financial analysis, in Mo et al. (2021) is therefore
unsurprising: a modest USS$7.5 (50 CNY) per ton carbon dioxide price (close to China’s national ETS price at
the time of writing) reduces coal plant lifetimes by 5.4 years on average, with five provinces seeing retirements
12-17 years earlier than planned.

What the literature on coal stranding in China does not address is whether continuing to build coal plants is
justified on an country-level economic basis. This is more representative of the government’s perspective in its
role as shareholder of state-owned companies and requires measuring projects’ contributions to economic
growth (i.e. the benefits of electricity production to the national economy after accounting for economic
costs), rather than just the net private benefits to the plant’s corporate owner (i.e. return on equity after interest
and taxes). This article complements standard financial analysis with country-level economic analysis to assess
under what conditions building a new plant today constitutes a productive — or wasteful — use of resources by
the government of China, both on a standalone basis and relative to other options for meeting electricity
demand.

Coal power investment and government shareholders

This country-level ‘economic’ framing is important for several reasons. In China, key actors across the coal
power value chain are state-owned enterprises (SOEs) — including owners of coal mines and power plants
(Global Energy Monitor & CREA, 2020), banks financing plant construction (Herve-Mignucci et al.,, 2015) and
grid operators (Mayer et al., 2017). Potential financial losses from coal plant stranding represent direct liabilities
for individual SOEs, and ultimately contingent liabilities for China’s government in its capacity as shareholder
(depending on how the stranding of each coal asset affects the government’s overall portfolio). Additionally,
the prevalence of SOEs in China’s coal sector — an estimated 94% of coal capacity in 2015 was state-owned
(Herve-Mignucci et al., 2015) — means that the financial arrangements determining stranding risk for a given
coal power asset (i.e. the proportion of the original investment that is not recovered under a given scenario)
are negotiated between companies with a common government shareholder, making the corresponding con-
tracts essentially transfers between subsidiaries of the state, and raising the possibility that government own-
ership distorts the pricing and value of these contracts. In China, therefore, financial-only stranded asset analysis
is an incomplete, and potentially misleading, representation of the value of the asset to the majority govern-
ment shareholder that the SOE serves.
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In this paper, we are not, however, concerned with assessing the financial risks to SOEs or the contingent
liabilities these represent for the government. Rather, we propose a framework for assessing the risk of new
coal power investments being economically wasteful from a government’s perspective. Of course, as social
planners, governments are in principle concerned with the economic rationale for all coal investments,
whether or not they are state-owned. Indeed, in China, electric power — predominantly from coal - has
been ‘one of the main driving forces’ advancing China’s social and economic development (Zhang et al.,
2017). However, governments that are both social planners and shareholders have both financial and econ-
omic interests in projects. In these cases, complementing existing financial analyses of planned coal power
investments with economic analysis is particularly relevant. Governments investing through their SOEs need
to consider not only whether new coal power plants will be profitable, but whether they contribute to
wider economic development or produce economic returns below the social discount rate. In the latter
case, they are unable to generate sufficient benefits to recover their economic costs, thereby constituting
a waste of national resources relative to alternative uses: what can be termed an ‘economically “stranded”
asset’.

It is in this context of ubiquitous state presence in the coal sector and the centrality of coal to China’s econ-
omic development that this paper situates its contribution to the literature on stranded assets and coal power.
Given the dual roles of China’s government as both the beneficial owner of power plants and manager of the
economy, its investments in electricity generation, and the stranded asset risk associated with them, should be
analyzed both in terms of their financial return to plant owners as well as their potential contribution to the
country’s economic growth. Here, we explicitly represent the critically important governmental perspective
missing from much existing work on China’s coal transition and stranded asset risk, and examine how it
responds to changes in policy and technology. This framing also applies, with country-specific qualifications,
to other economies planning coal power expansion in which coal SOEs feature heavily, notably India, Indonesia,
Pakistan, South Africa, and Vietnam.

Economic analysis of coal capacity additions

Coal plants generate economic costs and benefits for the wider economy, notably from (i) generation and con-
sumption of electricity generated by businesses, households and other users, and (ii) economic effects on
sectors linked to plant construction and operations.” As a consequence, the scope and valuation of costs
and benefits from economic and financial standpoints differs substantially (see Methods section). Comparing
the financial and economic benefits from new coal projects under different climate policy scenarios for coal
can help identify economic — as distinct from financial - rationales and risks for coal power investment in
China, and determine where corporate and government interests may diverge.

In this paper, we consider how a new coal power investment in China looks when assessing the costs
and benefits to the national economy from the perspective of a government shareholder concerned with
the investment’s contribution to national economic growth. This approach looks beyond plant-level
financial returns to understand the rationale for new coal power investments from the government’s
point of view. It improves our understanding of whether and how new coal plants might be perceived
by the Chinese government to generate country-level economic returns, and the conditions under which
new plants risk becoming ‘stranded’ on an economic basis, representing a waste of public sector invest-
ments better allocated to other power sector investment options. We do this under several plausible
climate policy scenarios. We then compare the results with those for a power generation investment in
a hypothetical ‘renewable with storage’ alternative and discuss the implications for coal power investment
policy in China.

Approaching the coal investment question from this perspective is not intended to promote coal as a sen-
sible investment option, but rather to recognize the relevance of economic returns to power investments in

2Economic returns are of interest to governments whether or not they are shareholders in the company implementing the project, but tools
available to government for influencing investment and operational decisions of state-owned enterprises are greater and more diverse than
those it can typically apply to private sector companies (Benoit, 2019).
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China and rebase the ‘stranded asset’ conversation around a more comprehensive representation of govern-
ments’ incentives.

Methods
Framework for economic analysis

We explore the rationale for coal power investments from two analytical foci. First, the standard ‘financial’
approach, measuring the net present value to equity holders (FNPV) of nominal free cash flows produced by
the coal project over its lifetime (not including benefits to other businesses owned by the same company,
e.g. in coal mining and transport), using a private discount rate based on the company’s weighted average
cost of capital (1). Second, the country-level economic returns to China, i.e. the real-terms net present value
of net economic benefits (ENPV) within China’s borders, using a social discount rate (2). See Supplementary
Material (SM) for further detail.

" Netlncome
FNPV = ZL{I where rris the private discount rate 4]
t=0 (1 + rF)
" NetBenefits
ENPV = Z—tt where rgis the social discount rate )]
= (I +rg

The economic and financial analyses share common physical and operational attributes, but the valuation
and scope of costs and benefits considered differ substantially. One significant, but often overlooked, distinc-
tion between the two approaches is that the financial analysis is based on nominal contracted costs and rev-
enues, whereas economic analysis assesses real-terms costs and benefits to the economy (Belli et al., 1998;
Meier, 20173, 2017b). In the financial analysis, for instance, construction costs reflect the face value of the engin-
eering, procurement and construction (EPC) contract. In the economic analysis, these are adjusted to exclude
domestic import duties and taxes on capital and labour (which are effectively transfers between different econ-
omic actors within China), reflecting the cost to the economy of fulfilling the contract. Similar adjustments apply
to operating costs and financing costs. Environmental costs are included in the financial analysis only to the
extent they are priced into the market; in the economic analysis, they are valued on the basis of the govern-
ment’s estimate of the national economic costs of local and global pollution, both at the plant and
upstream/downstream. Interest payments between Chinese entities are not included in economic analysis as
these constitute domestic transfers. In the financial analysis, the benefits of generation correspond to revenues
from the sale of electricity by the power plant operator. In economic analysis, the benefits of generation are
assessed further down the value chain, at the point of actual use by consumers, based on their willingness-
to-pay (WTP) for the electricity after deducting the cost of transmission and distribution (‘'T&D’) incurred in deli-
vering the power.

Comprehensive economic analysis should account for a broad array of economic and environmental effects
linked to the plant’s construction and operation both upstream and downstream.

Local pollution costs have come under increased scrutiny in China in recent years.® In addition to environ-
mental impacts from the combustion of coal (see ‘Key model parameters’ below), there are additional costs
‘beyond the plant’, such as the environmental and health impacts of coal mining, processing, and transpor-
tation upstream. Several scholars have suggested that the combined environmental costs of coal power gen-
eration (both within and beyond coal plants), are sufficiently large to outweigh all other economic benefits,
even without considering available alternatives (Fei, 2014; Selim et al., 2020; Xiang & Kuang, 2020). These
broader effects are therefore clearly important, but also highly context-specific, especially when applied to a
specific plant (depending on the coal mines supplying it, population density in surrounding area, etc.).

3Mitigating air, water and ground pollution is a major policy priority in China, reflected in the rapid installation of pollution control measures
across the coal fleet, closure or relocation of poorly performing plants and tax reforms (see Chang et al. (2016) and Mining Technology
(2017)).
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Consequently, while we do not include environmental damages beyond the plant in this simplified analysis,
findings from other literature placing a high cost on these damages are important to bear in mind when inter-
preting our results.

Additional employment, income and investment stimulated by the economic activity associated with plant
construction and coal production, also generates economic benefits. Conversely, where a coal plant becomes
‘economically stranded’ as part of a sharp policy - and/or technology-induced transition away from coal, the
wider social consequences of future job and tax revenue losses, and any relocation, retraining and opportunity
costs associated with finding alternative employment, are also relevant to government, as are the implications
for equity and fairness among those negatively affected by the transition. While not measured in this exercise,
they may be of particular short - and medium-term salience for China’s government amid the economic fallout
from the COVID-19 pandemic (Benoit & Tu, 2020; Tu, 2020).

Decision-making criteria

To be justified financially/economically, a project (in this case, a coal plant) should deliver a financial/economic
rate of return (FIRR/EIRR) exceeding the private/social discount rate, respectively, reflecting the investor/gov-
ernment’s assessment of the relative benefits of future versus present financial value/ economic growth
(Meier, 2017b, p. 63). The second criterion for justification is whether alternative investments would generate
higher financial/economic returns than the proposed coal plant project.

Financial and economic approaches estimate the coal project’s value with respect to each corresponding
stakeholder: the corporate owner and the Chinese government. In the example modelled here and as discussed
above, the central government is both the indirect owner and the referent party to the economic analysis. Sub-
national levels of government may also be involved in the coal project, financially or through ownership of pro-
vincially owned SOEs. In these cases, economic analysis should be conducted from the perspective of both
national and provincial governments, with the cost-benefit analysis undertaken based on the appropriate sub-
national boundaries in the latter case. Future work comparing economic returns at these different levels of gov-
ernment would be a useful expansion of this paper, given the well-documented and historically rooted
differences and tensions between central and provincial government interests (Chung, 1995; Li, 1998; Zeng,
2016), particularly with respect to environmental policy (Li et al., 2019). 4

Key model parameters

In our ‘Base Case’, with plant parameters and costs reflecting the Chinese context, we model a one gigawatt-
rated (GW) ultra-supercritical coal plant with a 48% starting load factor, consistent with average national coal
utilization rates and well below the plant’s technical maximum.> Debt is provided by Chinese banks, meaning
that interest rates and debt-equity ratios — which do affect the financial return on equity — have no impact on
country-level economic results. The financial discount rate is 6%, reflecting weighted average cost of capital to
the corporate owner. The social discount rate is 8%, consistent with reported practice in China for state-led
infrastructure projects (World Bank, 2019, p. 18,50). Table 1 lists other key financial and economic parameters
(see SM Table A3, for expanded detail and sources).

Under the national carbon emissions trading system (ETS) launched in July 2021, China allows free allocation
of permits for plants operating within emissions thresholds designed to penalize older, less efficient plants
rather than high-efficiency, ultra-supercritical capacity additions. The ‘Base Case’ scenario, therefore, does
not include a carbon price, either financial (in the form of a price or quantity-based market instrument®) or
economic (such as a shadow price used for government decision-making). The Base Case includes local

“In practice, their interests can, and often do, diverge, leading to a more complex decision-making dynamic.

®China operates an ‘equal shares’ system such that coal power is contractually dispatched for a fixed number of hours per year. In combination
with limited inter-provincial electricity trading, this means the average load factor of China’s coal plants is just 48% (Gray & Sundaresan,
2020b), far below their technical capacity. Well-planned transmission expansions and dispatch liberalization could pre-empt any financial
or economic need for new generation capacity. This would not necessarily be consistent with power sector decarbonization trajectories, par-
ticularly if the plants in which load factors increase are less efficient than the ultra-supercritical example here.
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Table 1. Key data points for pro forma coal plant model (see SM Table A3 for expanded table and sources).

Component Unit Plant-level (financial) Country-level (economic)
Capacity MW 1,000

Coal energy content MWh/ton (metric) 18.84

Plant efficiency % 48%

Construction period years 3

Capital cost uss$ / MW 517,366 401,657
Inflation rate %/year 2.1% (1.5% on tariff) -
Discount rate %/year 6% 8%
Domestic financing % of financing 100%

Loan tenor years 20 -
Operating life years 30

Load factor % 48%

Coal fuel cost (delivered) US$ / ton 76.52 72.57
Initial operating costs US$ / MW-year 11,549 9,816
Weighted average T&D costs us$ / MWh - 30.0
Electricity tariff received us$ / MWh 47.12 -

% industrial users % - 62%
Weighted average WTP us$ / MWh - 879
Local pollution taxes Us$ / MWh 0.05 0.26

pollution costs based on Environmental Pollution Tax (EPT) charges for sulfur dioxide (SO,), nitrogen oxides
(NO,), and particulate matter (PM,s) emissions from coal plants.” The financial analysis uses the median tax
across all provinces. The administratively-set upper limit (applied only by Beijing, Tianjin, and Hebei) for pol-
lution taxes is used for the economic analysis, as a conservative proxy for the lower bound on the true
social cost of local pollution.? Significantly higher figures are found in the literature (Biao et al., 2020; Fei,
2014), and Table 2 presents the results of using a higher social cost closer to the estimates in the broader lit-
erature. WTP for electricity is, by definition, at least as high as the electricity retail price that consumers actually
pay. We assume that on average, electricity consumers will generate an economic return on electricity con-
sumption equal to China’s annual GDP growth rate and are willing to pay a corresponding premium of 6%
over retail prices.

Alternatives to coal power

Available alternatives to additional coal power investments include dispatchable non-coal generation technol-
ogies, transmission infrastructure investments, increased interprovincial electricity trading, demand-side man-
agement and efficiency measures.

We assume a non-fungible need for additional generation capacity, partly reflecting a bias towards capacity
additions over greater inter-provincial electricity trading as an economic stimulus strategy (Hove, 2020). The
illustrative alternative modelled here is a utility-scale solar photovoltaic (PV) plant with sufficient storage to
provide dispatchable power comparable to the coal plant.® Illustrative technical parameters for the solar/
storage model are listed in SM, Table A1. Most other parameters (e.g. financing arrangements) are the same
as those for coal.

Like coal, solar/storage investments generate external economic impacts beyond the plant itself. Liu et al.
(2019) find that renewable energy development in China delivers greater external economic benefits than

Spilot carbon emissions trading systems (ETSs) have been operational in several provinces in China and a national scheme was launched in
February 2021, but prices are low and volatile. It is not yet clear how caps and permit allocation will work, and the extent to which emitters
will need to trade in permits.

"Local air pollution taxes range from 1.2-12 CNY/kg for regulated pollutants, depending on the province. The Base Case assumes 1.2 CNY/kg,
the level set by most of the less population-dense provinces building new coal capacity.

8Estimates of social costs associated with coal production and combustion suggest that local pollution taxes only partially internalize these
pollution costs. See Fei (2014) and Selim et al. (2020).

°Dispatchable renewable electricity costs are highly sensitive to the choice of generation and storage technologies. Here we set out an illustra-
tive solar/storage alternative, but there may be configurations that ultimately are more cost-effective, especially when considering China’s
system-decarbonisation needs (G. He et al., 2020).
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Table 2. Selected sensitivities.

Factor Unit Base case value Sensitivity ~ EIRR  Equity FIRR
Base Case 19.1% 8.4%
Plant life years 30 40 19.1% 8.9%
Lower off-taker tariff US$/MWh 47.12 —10% “ —0.5%
Higher WTP for electricity USS/MWh 87.90 +10% 25.0% “
Higher CapEx (financial) UsS/Mw 517,366 +10% 17.5% 6.8%
Higher coal price Us$/ton 76.5 +10% 16.7% 2.4%
Higher T&D costs US$/MWh 30.0 +10% 16.8% “
equivalent

Higher tax on local pollution (financial) US$/MWh 0.05 047 “ 7.8%
Higher social cost on local pollution (economic switching value)  US$/MWh 0.26 131 8.0% “
Lower load factor % 48% —20% 15.3% 3.8%
Higher load factor % 48% +20% 23.4% 13.3%

coal even without accounting for environmental costs, while Garrett-Peltier (2017) finds that renewable energy
capital investment consistently generates more jobs than coal, and contingent valuation studies (Guo et al.,
2014; Xie & Zhao, 2018; L. Zhang & Wu, 2012) find mixed evidence of greater WTP for renewable electricity
in China. The negative environmental impacts upstream of the solar/storage alternative are likely much
smaller (albeit non-zero) than those associated with coal plants. To maintain comparability, we have once
again, as for the coal analysis, not quantified these effects, but the net benefits of beyond-plant effects for
solar are likely to be significantly greater than for coal.

Policy scenarios

Increasingly stringent CO, reduction policies in China are inevitable if 2060 targets are to be achieved. These
policies could take various forms, including progressive tightening of emissions trading markets, direct carbon
taxation, obligatory shadow carbon pricing for new investments, preferential tariffs for renewables, absolute
coal power generation caps, or moratoriums on the operation of coal plants failing to meet certain criteria. Elec-
tricity dispatch reforms may also expose coal power to greater competition from renewables, leading to fewer
operating hours. Direct regulatory measures to close inefficient plants, or compel them to meet emissions stan-
dards, have been progressively deployed since 2007 (Tang et al.,, 2019; Yuan, Guo, Zhang, Chen, et al., 2019).

Table 3 describes two sets of possible policy scenarios affecting the economic analysis of coal: carbon pricing
(implemented explicitly through a trading system or taxation, or implicitly through regulatory measures) and

Table 3. Summary of climate policy scenarios.

Shadow carbon price (SCP) (US$/tCO,, $2020) Load factor restriction (LR) (%)
Start “Modest ambition SCP “Higher ambition SCP “LR stated policies “LR below 2C
year scenario” scenario” scenario” scenario”
Base Case 2021 0 0 48% 48%
Five Year Plan
15th FYP 2026 15 15 43% 41%
16th FYP 2031 20 30 36% 31%
17th FYP 2036 25 45 25% 18%
18th FYP 2041 30 60 18% 13%
World Bank
Lower bound 2020 40 (+2.25%/ year) 48%
SCP
Upper bound 2020 80 (+2.25% year) 48%
SCP
Coal Power Moratorium
2030 2030 - - 0%
Moratorium
2035 2035 - - 0%

Moratorium
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electricity production caps (regulated or informal). These scenarios have been structured along China’s Five-
Year Plan (FYP) schedule, such that changes are implemented in each FYP's first year. The scenarios do not
attempt to estimate the full economic cost of carbon emissions (the ‘social cost of carbon’) from coal power
generation, but rather reflect a more conservative position for the Chinese government in setting a cost for
emissions from coal generation.

In the carbon pricing scenarios, a shadow carbon price (SCP) is implemented by the government. The
Modest Ambition SCP scenario (MA-SCP) starts at US15%/tCO, in 2026 (the 15th FYP's first year), increasing
by USS$5 every five years to reach US$30/tCO, in 2041. In the Higher Ambition SCP scenario (HA-SCP), the
value increases by US$15 every five years to reach US$60/tCO, in 2041. These prices are well below the
range currently applied by the World Bank (2017) for project evaluation, which is explored below.'

In the production cap scenarios, load factor restrictions (LR) are imposed on the plant, consistent with pro-
jected changes in the share of coal in China's total primary energy supply'' under the ‘Stated Policies’ (SP-LR)
(falling from 43% in 2026 to 18% by 2041) and ‘Below 2C’ (B2C-LR) scenarios (from 41% to 13%), respectively, set
out by the Energy Research Institute and China National Renewable Energy Centre (2019, p. 207). We also model
the effect of moratoriums on the coal plant coming into effect in 2030 and 2035.

Results

The EIRR in the Base Case with no carbon pricing or production limits is 19.1%, with an ENPV of US$472 m. By
comparison, the FIRR (return on equity) is just 8.4%. This divergence in results is driven largely by the difference
between financial and economic values for capital and fuel costs, and the different valuation points for benefits
(i.e. privately contracted electricity price versus WTP of ultimate consumers). This is unsurprising: governments
make investments through SOEs precisely because they generate economic benefits in addition to any financial
return the plant owner — often also the government - receives. Investors require 21 years to see a positive
financial return (leaving their capital highly vulnerable to climate policies implemented before 2040), but
the project requires just seven years to break even economically, meaning the project could deliver net econ-
omic value even if it was forced to close before 2030, under a Base Case scenario that does not incorporate any
shadow carbon pricing. This difference in the rate of recovery of the initial investment offers an explanation for
continued coal plant construction by China’s SOEs, even when the long-term financial case appears tenuous.

The plant’s economic value is sensitive to changes in WTP for electricity, the plant’s utilization rate, and the
social costs of local pollution. Its financial performance is, by comparison, relatively sensitive to wholesale elec-
tricity tariffs, higher coal prices, and lower load factors. Table 2 summarizes the effects of these and other sen-
sitivities on returns and net present value.

Carbon pricing scenarios

Shadow carbon pricing reduces economic returns by adding a cost to each kWh of electricity generated. Under
the (lower) MA-SCP scenario, the plant’s EIRR drops to 5.1% and the plant creates an economic loss of US$50 m,
never recovering its initial investment in economic terms (Figure 1). This suggests that if China’s government
expects to introduce the equivalent of even a modest SCP in subsequent FYPs, an apparently appealing coal
plant investment becomes economically undesirable and should not, in principle, proceed to commissioning.
The (higher) HA-SCP scenario magnifies the economic loss to US$355 m (see SM for full details). Using the much
higher shadow price ranges applied by the World Bank dramatically aggravates the economic costs induced by
the plant, to between US$1 billion and US$2.7 billion.

The plant begins to make an economic operating loss (accounting for fixed and variable costs) at an SCP of
US$28/tCO, or more, a level reached in 2041 in the MA-SCP scenario, and 2031 in the HA-SCP scenario (see

'®The High-Level Commission on Carbon Prices concluded that a range of US$40-80 per ton of CO,e in 2020, rising to US$50-100 by 2030, is
consistent with achieving the 2C Paris target, provided supportive policies are in place. The World Bank recommends these ranges for project
economic analysis, with prices extrapolated from 2030 to 2050 at the same growth rate (2.25% per year).

""These are probably conservative estimates of coal power’s declining share in electricity generation because electricity is likely to be decar-
bonized more rapidly than others in which coal also features heavily, notably heavy industry and space heating.
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Figure 1. Economic NPV at 8% under different shadow carbon price scenarios.

Figure 1). Assuming the plant is already operating, it would be economically desirable to permanently cease
operation at these inflection points in each respective scenario to prevent further economic losses in each scen-
ario, cutting the plant’s intended lifetime short by 22 and 12 years, respectively.

Shadow carbon pricing only affects plant-level financial returns if it is passed through to the generator as an
actual charge (under an ETS, as a carbon tax, through a technology standard, or other measures). The carbon
price required to result in a financial operating loss is lower, at US$18/tCO, (2020 USS); China’s average ETS
price in July 2021 was just under $8/tCO,. Thus, in the modelled case, even if the government’s SCP exceeds
US$28/tCO,, unless it is translated into a financial charge exceeding US$18/tCO,, there remains a financial
incentive to operate the plant even as it destroys economic value, placing the government at odds with
SOE-level financial incentives.

Production cap scenarios

Constraining production levels also affects country-level economic returns, but by less than an SCP (see
Figure 2). The decline in plant utilization rate under the SP-LR scenario reduces ENPV from US$472 m to
US$229 m, and the B2C-LR scenario results in US$161 m. Even a moratorium on generation in 2035, consist-
ent with coal phase-out policies in several EU states,'? still produces a positive economic return of $179 m.
Absent any shadow carbon pricing, the plant only fails to generate a positive economic return when forced
to close in 2030 or earlier. Since each marginal kWh still delivers the same economic benefit under LR scen-
arios, being unaffected by a shadow carbon cost, the threat of load factor restrictions may not be an
effective tools for dissuading government investment in new coal power generation relative to carbon
pricing.

Production caps have a much more severe effect on financial returns, generating losses (i.e. stranded asset
values) of US$124 m and US$176 m in SP-LR and B2C-LR scenarios, respectively. The difference between econ-
omic and financial returns is so large because the marginal economic benefit of each kWh produced (the

"2This is comparable with coal phase-out plans in numerous countries (e.g.,, Germany’s intended phase-out by 2038, U.S. President Biden’s
campaign pledge to make power generation carbon-free by 2035) and is less constraining that the United Kingdom'’s announced ban on
unabated coal power by 2025.
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Figure 2. Economic NPV at 8% under different LR policy and moratorium scenarios.

difference between WTP and economic cost of producing and delivering electricity) in the absence of shadow
carbon pricing significantly exceeds the marginal financial benefit (the difference between electricity tariff
revenue and financial cost, including interest) to the plant owners. This is why the Base Case economic break-
even point required to justify the investment is reached after eight years of operation, compared to 20 for
financial breakeven.

By reducing the volume of electricity sales, which does not affect the marginal benefit of production, the LR
scenarios have a greater impact on financial than economic results and severely limit the project’s ability to
recover its initial financial investment. The same dynamics apply for an absolute moratorium on production.
A moratorium starting in 2030 would generate a financial loss of US$113 m, and a moratorium starting in
2035, a US$72 m loss.

The renewable alternative

The solar/storage alternative yields an 8.7% EIRR, and an ENPV of US$54 m, both substantially lower than coal in
the Base Case. However, while the SCP and LR scenarios depress economic returns for coal generation, they
have no effect on the renewable alternative, improving its relative appeal. Even low levels of shadow carbon
pricing (i.e. the MA-SCP scenario) can make solar/storage economically preferable to coal. The renewable
alternative delivers an ENPV that is US$105 m larger than coal under the MA-SCP scenario (an advantage
that increases to US$409 m under the HA-SCP scenario). In contrast, coal remains more economically attractive
than the solar/storage alternative under the two LR scenarios.'?

While the renewable alternative does generate a positive ENPV, it requires 25 years to break even economi-
cally due to the high initial cost of storage infrastructure. However, a 15% decline in the capital costs of storage,

'3Different generation options are often compared using a “levelized cost of electricity” (LCOE), which is calculated using financial costs.
Because, in the Chinese context, these costs result in part from regulated and other government-influenced pricing (e.g., requlated coal
prices, or EPC contract negotiated between state-owned power and construction companies), it might be more revealing and useful to cal-
culate levelized cost using the methodology and values for the country-level economic analysis presented here, including shadow carbon
pricing and other pertinent externalities — namely, the “levelized economic cost of electricity” (LECOE). The LECOE may better assist the gov-
ernment in identifying and advancing new generation choices with lower economic costs and thereby support the government'’s goals of
keeping electricity tariffs low.
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consistent with the NREL mid-case battery storage cost projection from 2020 to 2023 (Cole & Frazier, 2019),
raises the EIRR to 10.9% and the ENPV to US$328 m (US$378 m greater than coal in the MA-SCP case), bringing
breakeven forward to 14 years. A 30% decline (anticipated by NREL in 2027) produces a 13.8% EIRR and US
$602 m ENPV. This is US$130 m greater than that of coal in the (no-climate-policy) Base Case. It achieves break-
even within ten years. These suggest dispatchable solar is likely to be competitive with coal as an economic
investment before the late 2020s on current cost trends.

As noted above, the true relative benefits of the renewable alternative are likely understated in
these results since the negative upstream environmental and health impacts associated with coal supply
are not factored in. If these factors were included, assuming the economic stimulus benefits of either
option are similar, the renewable alternative would likely be more competitive, and sooner, on economic
terms.

Notwithstanding the growing competitiveness of unsubsidized solar generation both in China (Energy
Monitor Worldwide, 2020; Yang et al., 2020) and elsewhere (Naschert, 2020), the dispatchable solar/storage
alternative still faces financial challenges. The financial return is below 1%, weighed down by the cost of
storage. Achieving a return on equity exceeding that for the coal Base Case would require raising the tariff
received by solar/storage from its US$47/MWh baseline to US$62/MWh."*

Discussion

Climate policy tightening in China (through carbon pricing or otherwise) is increasingly likely well within the
operating lifetimes of plants built today. Other scholars have shown that this, along with poor market con-
ditions for coal power, will result in significant volumes of financially stranded coal assets. However, as contin-
ued coal plant construction in China suggests, weak or negative profitability alone may not be sufficient to
dissuade new coal power investment, particularly where the government is the ultimate plant owner, more
likely to be concerned with coal’s contribution to economic growth as well as its financial viability. Distinguish-
ing between financial and economic perspectives can help uncover differences between the rationales for coal
plant construction at corporate and governmental level and identify the policy or technological changes
required to counter the potential economic case for coal.

Economic analysis of the representative new coal plant modelled here suggests that modest shadow carbon
pricing — well below the social cost of carbon recently proposed by the administration of U.S. President Biden
(Chemnick, 2021) or the range required to limit global warning to under 2C derived by Stiglitz et al. (2017) -
negates any expected positive economic returns. Compared to a US$472 m present value in the Base Case,
the MA-SCP scenario generates an economic loss of US$50 m in present terms, while the HA-SCP scenario gen-
erates a loss of US$355 m.

If China’s government recognizes the negative economic impact of carbon emissions through a (implied or
real) shadow carbon price, but does not fully translate it into a financial expense for plant owners, there is a
potential misalignment of incentives for China’s government in its dual roles as shareholder and social
planner. The coal plant ceases generating marginal economic benefits for SCPs in excess of US$28/tCO,, but
only makes operating financial losses if the SCP manifests as a cost of US$18/tCO, or more. Unless the
Chinese government, as part of its carbon neutrality goal, establishes credible expectations for an ETS or
carbon tax exceeding this value, it may find itself at odds with its own SOEs, where the financial incentive to
continue building and operating coal plants remains.

Production caps have a more limited impact on economic returns, since they do not affect the marginal
economic benefits of production. This means that even under the B2C-LR Scenario, the plant breaks even econ-
omically by mid-2031 and requires a permanent moratorium in 2030 or earlier to be prevented from producing
a positive economic return (with no shadow carbon pricing). However, the production cap scenarios impair
financial returns much more significantly and prevent the plant from recovering its initial investment at all,

The average tariff in China for solar PV (including rooftop) in 2018 was US$124/MWh. The average for gas generation was U5$84.5/MWh (Lee,
2019). The $62/MWh required for solar/storage equity returns to exceed coal is roughly 20% higher than average benchmark feed-in tariffs
for coal at approximately US$52/MWh (Guoneng Hutong Inner Mongolia Network Technology Co Ltd, 2019).
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potentially discouraging company executives from making the investment in the first place. Where meaningful
carbon taxes are not a short-term policy option, therefore, production caps may be effective in dissuading
company executives from building new coal plants.

Overall, this analysis shows that the degree to which the pro forma coal plant becomes ‘stranded’ from an
economic perspective depends both on the stringency and type of policy adopted. Our modelling suggests
that a shadow price is a more effective tool than production caps to disincentivize government support for
a new coal investment because of its stronger negative impact on economic returns, but is only effective at
influencing financial decision-making to the extent it imposes costs on the company (in the form of a
carbon tax, ETS, or equivalent instrument).

Comparison with an illustrative solar/storage alternative further weakens the economic case for coal under
climate policy tightening scenarios. The solar/storage plant produces greater economic returns than the coal
plant in both SCP scenarios (by US$105 m and US$409 m in MA-SCP and HA-SCP, respectively). A 15%
decline in storage capital costs (expected by 2023, when currently planned coal capacity will remain under con-
struction) widens its economic advantage to US$378 m (MA-SCP) and US$683 m (HA-SCP) over coal, while also
outperforming coal in each LR and moratorium scenario.

With 30% lower storage costs, expected before the late 2020s, the solar/storage alternative delivers an ENPV
of US$602 m, over US$100 m greater than the coal Base Case, with no shadow carbon pricing or load factor
restrictions in place. This suggests that in circumstances where solar/storage is an option, there may be no
economic case for new coal from the late 2020s irrespective of climate policy tightening. The combination
of some shadow pricing (or, to a lesser extent, some production constraints on coal) and cost declines for
solar/storage technologies suggests that investing in coal today is likely to prove a poor use of scarce economic
resources.

Expected financial returns from solar/storage remain lower than those for coal in the short — and medium-
term due to the capital intensity of storage and correspondingly high financing costs. Aligning government
incentives with investors (even where state-owned) will require measures to address this, potentially including
direct subsidies for storage, preferential lending criteria to reduce debt costs, and higher electricity tariffs. The
latter has precedent in Chinese electricity markets, in which the regulatory framework already differentiates
tariffs by generation source (Lee, 2019). As the cost of storage falls and climate policies tighten, the potential
net economic benefits of solar/storage investment over coal could justify the expansion of subsidies to enhance
financial returns for solar/storage and encourage investment by SOEs and private firms alike.

Conclusions

This paper has applied a framework for joint financial and economic analysis of prospective government invest-
ments. It represents a more complete approximation of a governmental perspective on coal power investment
through state-owned enterprises than the financial-only analyses predominant in the existing literature. The
results suggest that at least some of the new coal plants planned in China may never generate positive econ-
omic returns, especially if the government elects to implement even relatively modest market-based or control
policies in pursuit of carbon neutrality and other environmental and societal goals.

Modelling of a pro forma coal plant representative of coal capacity additions in China suggests that modest
shadow carbon pricing, rising linearly from US$15 to 30/tCO, from 2026 through 2041, is sufficient to prevent
the project from ever generating a positive economic return. A more ambitious shadow carbon pricing trajec-
tory, increasing to US$60/tCO, in 2041, causes the plant to generate an economic loss of US$355 m. Production
caps reduce economic returns to a lesser extent but cause the plant to generate negative financial returns,
perhaps introducing a stronger deterrent to new plant construction for company-level executives than for
the government as shareholder. Under any of the scenarios presented, investing in a coal plant today on an
economic basis risks wasting productive resources better used elsewhere, especially given the decreasing
costs of low-carbon alternatives immune to the effects of policies targeting carbon emissions, here represented
by a solar/storage dispatchable generation plant. China’s government and, by extension, its SOEs as instru-
ments of economic policy, should therefore carefully consider the economic viability of new, long-lived coal
investments today in light of future climate policies and trends in competing renewable technologies.
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This analysis also points to several possible directions for future research. First, plant-level economic per-
formances under a more detailed range of climate policy scenarios. Second, a broader and deeper assessment
of the relative economic costs and benefits of coal power (e.g. loss of employment, upstream environmental
impact, investment multiplier effects), and of alternative power sector investment options for China. Third,
application of this framework to other generation technologies (including natural gas and the deployment
of carbon capture and storage) and alternative means of meeting demand without additional generation
(such as energy efficiency, demand response and additional transmission capacity). Fourth, the use of this fra-
mework to assess the economic returns for all actual planned coal plants in China, scaling up from the single
pro-forma plant analyzed here, to determine the aggregate potential for economically stranded coal assets if
current coal expansion plans go ahead.

Moreover, while this analysis is tailored to China given its dominant contribution to coal capacity additions,
over-investing in coal assets is an issue of global concern, particularly to countries with relatively new fleets and
significant expansion plans. Understanding the convergences and divergences between financial and econ-
omic returns is particularly pertinent where there is a major state presence in the power sector, such as
India, Indonesia, Mexico, Pakistan, South Africa and Vietnam. Despite coal project cancellations in Bangladesh,
the Philippines, Vietnam, Indonesia, and Pakistan in 2020, an estimated 503 GW of capacity remains under
development globally, 344 GW outside China (Global Energy Monitor et al., 2021). The application of an econ-
omic framework can complement existing (financial) stranded asset analysis by assessing the economic ration-
ale for proposed coal power projects, thereby providing governments and their SOEs with insights into
prospective economic returns at the country level, as distinct from the corporate financial risks.

Finally, both within China and other countries featuring semi-autonomous subnational governments invest-
ing in coal, the principles behind this analysis can be applied to evaluate economic and financial returns at
different levels of government (e.g. for provincial jurisdictions such as Inner Mongolia, Shaanxi, Shanxi, and Xin-
jiang), whereby sub-national boundaries are used as the pertinent unit to which economic costs and benefits
accrue. This can provide insight into the political economy of provincial governments’ coal investments, par-
ticularly where the economic case for coal is significantly stronger in specific provinces than at the national
level, and inform the national government of misaligned perspectives on coal investment with subnational
authorities.
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Supplementary Material

Measurement of net income and net benefits

For the financial analysis, net income in period ¢ is measured on the basis of net free
cash flow in nominal terms, adjusting each component for inflation. For the economic

analysis, net benefits are measured on the basis of cost-benefit analysis, in real terms.

NetIncome, = [[pe xgl— [c+ of + o0, + fl-1d+ s]] X (1 —ct)

NetBenefits;, = [[p; x gl — [C* + o5+ 0{;] — [C** + o/ + 05" + f**]] X m

Where:

® p.is the nominal electricity price paid to the generator, p.* is the real willingness-
to-pay for electricity (CNY per MWh)

e gis electricity generated (MWh)

e ¢ is nominal capital expenditure, c* is real capital expenditure accrued in China
not including taxes, ¢ ** is real capital expenditure outside China n (CNY)

e oris nominal fixed operating cost, or * is real fixed operating costs accrued in
China not including taxes, oy ** is real fixed operating costs accrued outside
China (CNY per MW)

e 0, is nominal variable operating cost (fuel costs + pollution taxes), o.* is real

variable operating costs accrued in China (fuel costs not including taxes + social
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cost of pollution), o, ** is real fixed operating costs accrued outside China (fuel
costs + pollution taxes) (CNY per MWh)

e fis financial expenditure (principal and interest payments on loans), f** is
financial expenditure on loans held by non-Chinese entities

e dis depreciation of capital assets (assuming 100% straight line depreciation over
operating lifetime)

e s is the salvage value of the asset (assumed to be zero)

e ct is the rate of corporation tax (assuming tax liabilities not offset by other
company activities)

e m is an economic stimulus multiplier capturing the economic value to China

generated beyond the coal plant

Solar/storage assumptions

Table A-1. Solar/storage assumptions (comparable coal Base Case inputs in parentheses)

Solar/storage Solar/storage (country-
Component Unit (plant-level, .
. level, economic)
financial)

Capital cost US$m / ~0.8-1.1 ~0.65-0.85

MW (~0.5) (~04

US$ / MW- ~ 23,000 ~ 16,000
O&M costs year (~ 11,500) (~ 10,000)
Fuel costs US$/ 0 0

MWh (~30.5) (~29)

o 1 o 1

Load factor o 48%, with 20 A)( Zg};}r) capacity factor
Years of construction + 2+30
operation years (3+30)
Internal electrical system o ~10%
losses (~ 0%)
Emissions from ~0
generation (CO2/MWh (~ 0.75-0.80)

Capital cost of the solar PV component is approximately the same as coal
(US$500,000/MW). Capital cost of storage depends on technology options and storage
requirements, which are location-specific factors. Pumped storage (installed cost
estimated at US$75,000/MWh assuming pre-existing capacity) can be the cheapest

option. China has potential to expand its pumped storage capacity from 25GW to 130GW
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by 2030 (He et al., 2020). Lithium-ion batteries (US$300,000/MWh) are convenient but
expensive, though costs continue to decline rapidly. Chemical storage technologies sit
between the two (US$220,000/MWh). Overall storage costs depend on allocation across
these options. A blend of all three options is used in the model, with lithium-ion batteries
comprising 25% of total storage capacity, chemical storage 25%, and pumped storage
50%, reflecting the significant untapped potential of the latter in China at present. The
lithium-ion batteries are fully replaced every ten years based on cost projections in Cole
and Frazier (2019), and chemical storage every twenty years, based on projections in
Energy Research Institute and China National Renewable Energy Centre (2019). The
solar & storage plant provides the same average daily energy as the coal plant: 11,520
MWh/day (480 MWh/hour). At a 20% capacity factor, this requires a 2.67GW PV plant
producing 2.4GW peak power, once accounting for losses. The PV plant is coupled with
a battery system capable of storing 4.7 hours of the coal plant’s peak output (four hours
is typical for such a system; we have added a buffer of 17.5% for additional flexibility).
Electrical system losses include inverter losses (3.5%), transformer losses (1.6%), cable

and technical losses (2.8%), and downtime/soiling losses (2%). See Gensol (2016).
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Table A-2. Economic NPV and IRR for all coal scenarios and solar/storage alternative

(US$m)
Economic NPV@8% | Equity FNPV@6%

Coal

Base Case 472 62
SCP — Modest Ambition (MA-SCP) -50 62
SCP — Higher Ambition (HA-SCP) -355 62
LR — Stated Policies (SP-LR) 229 -124
LR — Below 2C (B2C-LR) 161 -176
2030 Moratorium -6 -129
2035 Moratorium 179 -118
Solar/Storage

Base Case 54 -362
15% Lower Capital Cost 328 -36
30% Lower Capital Cost 602 290
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Table A-3. Full table of key inputs for financial and economic analysis

Component Unit Value for Value for
Financial Economic
Analysis Analysis
USS$ to Yuan conversion rate CNY/US$ 6.91
Capacity MW 1,000
Coal energy content MWh/ton 18.84'
Plant efficiency % 48%*
Construction period years 3
Capital cost US$ / MW 517,366 401,657
Private discount rate %/year 6%’ -
Social discount rate Yo/year - 8%
Inflation rate %/year 2.1% (1.5% for
tariff) ]
Domestic financing % of . 100%
financing
Debt financing % qf total 60% )
capital cost
Cost of debt’ %/year 4.35%
Corporate tax rate % of profits 25% -
Operating life years 30
Load factor % 48%’
Coal fuel cost US$/ ton of 76.528 67.64°
fuel delivered
Operating costs USS$ / MW- 11,5491 9.816
year
Transmission costs'' US$ / MWh 19
Distribution costs USS$ / MWh 29
Transmission and Distribution % 50,12
losses
Electricity price received US$ / MWh 47.12" -
Percentage of power used by %
. ) 14 - 62%
industrial users
Residential electricity tariff'’ US$ / MWh - 79.16
Commercial electricity tariff US$ / MWh 96.38
Industrial electricity tariff'® US$ / MWh - 79.96
Environmental
Carbon price/tax USS$ / ton 0 -
Shadow carbon price USS$ / ton - See SCP scenarios
Upstream (;oal production and ) <0 (not estimated)
transportation
Economic
CapEx stimulus US$ / USS$
spent on - >0 (not estimated)
CapEx
Employment (upstream) stimulus | US$ /

additional ton
of coal
extracted

>0 (not estimated)
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! Assumed low heat value of 5,000 kcal/kg (20.93 Gl/ton), adjusted to 4,500 kcal/kg to account
for lower-quality coal mined in rural provinces. One tonne of coal equivalent (tce)
contains 7,000 kcal/kg (29.31 GJ/ton). For calorific content of Chinese thermal (steam)
coal, see Cornot-Gandolphe (2014). See also National Research Council, Chinese
Academy of Sciences, and Chinese Academy of Engineering (2000, Chapter 8).

? Represents a highly efficient ultra-supercritical coal unit. The world’s most efficient unit (as of
2019) has final efficiency of 49.6%. Plants with smaller boilers more like this example,
have efficiencies closer to 48%. See Patel (2019).

3 Average estimate for cost of a modern ultra-supercritical coal plant with a ~600MW boiler.
See Electric Power Planning & Engineering Institute (2019) and 2018 China Electricity
Council report cited in Zhao (2019).

* Differences between financial and economic capital costs reflect adjustments for domestic
taxes, supplier mark-up on construction materials and import/value-added taxes.

> Weighted average cost of capital given 60% debt, 40% equity. Cost of debt is prime lending
rate (4.35% at time of writing). Cost of equity is 8%, based on rate applied by China
General Nuclear Power Corporation in Asian Development Bank (2013).

% See endnote 17.

" Estimated average load factor of Chinese coal fleet in Gray and Sundaresan (2020).

¥ Median NDRC Monitoring Centre price for 2019 of 528.74 Yuan/ton delivered coal. See
Guoneng Hutong Inner Mongolia Network Technology Co Ltd (2019).

? Difference between financial and economic fuel cost reflects adjustments for domestic taxes
and duties, and supplier mark-up at the point of production.

10 Estimated fixed O&M costs assumed to be CNY 62,000 (2012), adjusted upwards by 20% to
account for inflation 2012-20. See D. Zhang and Paltsev (2016).

' Based on average T&D charges for industrial, residential, and commercial customers in B.
Lin and Wu (2017). Cost of local distribution inferred from difference between them. We
assume no new T&D infrastructure is required, and that it would carry electricity from
other sources if the coal plant were not built. Thus, T&D infrastructure costs have already
been incurred, and benefits of power generation are net of these costs.

12 Based on 5.9% average transmission system losses, 2010-2019 (Wong, 2020).
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13 Mean of provincial wholesale market prices for coal power. The majority is still sold at fixed
official benchmark rates, but this is being gradually replaced by market prices. See
Guoneng Hutong Inner Mongolia Network Technology Co Ltd (2019).

4 We assume 62% of electricity is sent to industrial high-voltage users; 19% to residential, and
19% to commercial users. In 2017, industry represented 62% of electricity consumption
(International Energy Agency, 2019). The residential and commercial share may increase
as China shifts towards a more service-based economy.

> WTP is estimated as 6% mark-up on electricity prices. Economic benefit is derived by
adjusting for T&D costs. This is consistent with International Monetary Fund projections
for China’s annual growth in the early 2020s. Household and commercial retail prices
correct as of December 2019. See Global Petrol Prices (2020).

' Median large-scale industrial electricity prices for 220kv customers. See Z. Y. Zhang (2019).
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Abstract: China hosts over half of global coal-fired power generation capacity and has the world’s
largest coal reserves. Its 2060 carbon neutrality goal will require coal-fired electricity generation to
shrink dramatically, with or without carbon capture and storage technology. Two macroeconomic
areas in which the socioeconomic impact of this decline is felt are losses in jobs and tax revenues
supported by thermal coal mining, transport and power generation. At the national level, under a
‘baseline’ (B) scenario consistent with China’s carbon neutrality goal, labour productivity growth in
coal mining implies that significant job losses will occur nationally in the medium term, even if all
coal plants continue operating as planned. Jobs supported by the coal power industry would decline
from an estimated 2.7 million in 2021, to 1.44 million in 2035 and 94,000 in 2050, with jobs losses from
mining alone expected to exceed 1.1 million by 2035. Tax revenues from thermal coal would total
approximately CNY 300 billion annually from 2021-2030, peaking in 2023 at CNY 340 billion. This is
significantly less than estimated subsidies of at least CNY 480 billion, suggesting coal is likely a net
fiscal drain on China’s public finances, even without accounting for the costs of local pollution and
the social cost of carbon. As coal plant retirements accelerate, from 2034 onwards, fiscal revenues
begin to fall more rapidly, with rates of decline rising from 1% in the 2020s to over 10% a year by the
2040s. More aggressive climate policy and technology scenarios bring job and tax losses forward
in time, while a No Transition policy, in which all currently planned coal plants are built, delays
but does not ultimately prevent these losses. At the provincial level, China’s major coal-producing
provinces will likely face challenges in managing the localised effects of expected job losses and
finding productive alternative uses for this labour. Governments of coal-producing provinces like
Inner Mongolia, with an industry highly dependent on exports to other provinces, are more exposed
than others to declining tax revenues from coal, and more insulated from job losses, given their high
current degree of labour efficiency. Although their provincial revenues are likely to remain stable
until the early 2030s under the B scenario, the possibility of increasing policy stringency underlines
the need for revenue and skill base diversification. At the firm level, China’s ‘Big Five’ state-owned
power companies were responsible for over 40% of both jobs and tax revenues in 2021. The number
of jobs supported by the activities of each of the largest ten firms, with one exception, will decline by
71-84% by the early 2040s, with the tax contribution of each declining by 43-69% in the same period.

Keywords: China; coal phase-out; climate policy; just transition; tax revenue; employment

1. Introduction

China has been the world’s largest annual emitter of greenhouse gases since 2005 [1]
and hosts more than half of global coal-fired power generation (thermal coal) capacity. Coal
power generation capacity in China is concentrated in the populous Eastern provinces,
and increasingly in the coal-rich autonomous regions of Inner Mongolia in the North
and Xinjiang in the West, as well as the Central province of Shanxi. In 2020, amid the
global economic slowdown induced by the COVID-19 virus pandemic, capacity additions
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accelerated, accounting for three-quarters of globally commissioned coal capacity, and 85%
of capacity under development [2]. China also produced 53% of the world’s crude steel in
2019 and 60% of its cement in 2017 [3,4], both of which rely heavily on coal as an energy
source. Replacing unabated coal plants with net zero emissions alternatives in China is,
therefore, critical to global decarbonisation.

In September 2020, President Xi Jinping announced China would set itself a target
of reaching carbon neutrality by 2060, and to peak emissions “before 2030” [5]. The 14th
Five Year Plan (FYP), a guide to national policy priorities from 2021-25 published after the
announcement, targets 20% non-fossil energy in final consumption by 2025 and 25% by
2030. While it mentions an 18% drop in CO, emissions intensity by 2025, the targeted 6%
annual GDP growth means total emissions may still rise by 2025 [6].

However, modelling of multi-sector development pathways led by Tsinghua Univer-
sity [7] projects that China’s coal-fired power generation capacity will decline to 191 GW
by 2050 under a 2 °C global warming scenario, with 47% electricity generated coming from
carbon capture and storage (CCS)-enabled units, and coal contributing just 6.5% of total
power generation. Under a 1.5 °C scenario reaching net zero sectoral emissions in 2045,
coal capacity in 2050 will be just 181 GW, with 88% of generation being CCS-enabled and
contributing just 6% of total electricity generation. Global assessments of cost-effective
pathways for coal plant retirement find that operational lifetimes of 30 years, including
plants under construction but assuming no capacity currently in the planning stages is
ultimately built, are considered cost-effective for a 2 °C scenario, implying phase-out by
the early 2050s. Operating lifetimes of 15 years are deemed optimal for a 1.5 °C scenario,
implying phase-out by the late 2030s [8].

Thus, even if CCS technologies reach commercial scalability and see wide deploy-
ment, China’s coal fleet—over 90% of which is estimated to be controlled by state-owned
enterprises [9]—is expected to shrink by over 80% by 2050 under either a 2 °C or 1.5 °C
scenario. If China is to meet its carbon neutrality targets, a total phase-out of unabated
coal-fired electricity generation in China by 2060, across both the thermal and metallurgical
coal segments, is nearly inevitable.

Prior analysis of thermal coal phase-out in China and beyond has focused on the
financial implications of asset stranding for the owners of coal plants and mines [10-14],
and optimises plant-level phase-out processes according to profitability, environmental
impact, or both. Studies of other countries have considered the financial consequences, but
also consider the impact of coal transition on some of the other priorities of government,
often using the term “just transition” to call for or to describe measures that protect the
interests of those negatively affected. These include mitigating the short- and medium-
term effects on coal industry employment and structural deindustrialisation, as well as
the fiscal impact of declining coal revenue and, in some cases, higher costs for electricity
consumers [15]. Strategies for managing these and other political economy frictions of
phasing out coal in China have been examined qualitatively [16] and integrated assessment
models (IAMs) have been used to project changes in energy sector employment across
different countries, including China [17]. However, the reconstruction and quantification of
employment and fiscal impacts of coal phase-out in China, in a granular, bottom-up manner
and using publicly available data, has not yet been attempted. This paper, therefore, makes
a first attempt to answer calls for new research [18] on the national, subnational, corporate
and supply chain impacts of coal phase-out in China.

This analysis uses plant-level data and a reconstruction of the coal production-
consumption network to model the impact of coal phase-out on jobs within, and tax
revenues from, the thermal coal industry in China under a range of plausible climate policy
scenarios. It considers the implications for the political economy of coal transition, and
for the design of corresponding redistributive policies in China. Section 2 presents an
overview of current literature on the socioeconomic challenges presented by coal phase-out
and strategies employed for managing the impact on consumers, workers, and public
sector revenues. It situates these challenges within the context of the Chinese coal industry.
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Section 3 lays out a methodology for projecting the employment and fiscal impacts of coal
transition in China. Section 4 presents results at national, subnational, and firm levels.
Section 5 analyzes the implications of the findings for the Chinese government in managing
the transition. Section 6 concludes.

2. Reviewing Experiences with Coal Transitions: China and Beyond
2.1. Coal Transitions outside China

Analyses of the drivers and effects of coal industry maturation, transition and decline
outside China are dominated by studies of the United States (U.S.), United Kingdom (U.K.),
and Western Europe, particularly Germany. Eastern Europe and developing economies
at earlier stages of transition are systematically under-represented [19]. While coal was,
until relatively recently, the main source of primary energy in most advanced economies,
the energy market structures and political systems under which their coal transitions took,
or are taking place, are very different to those in China. Even in Western economies still
in the throes of coal transition, energy demand growth is low or negative, absolute coal
consumption is far smaller, and coal now contributes a much lower proportion for primary
or industrial energy supply than it once did. The relevance of this literature to China lies in
the historical and contemporary experiences of structural change that coal transitions have
induced in these contexts, particularly on industry and labour.

A comprehensive review of the literature on coal transitions [19] finds that loss of em-
ployment is their most frequently documented economic consequence. The U.K., Western
Europe and the U.S. exhibited a sustained decline in coal industry employment in the late
20th and early 21st centuries. In the U.K., coal production declined 99% from 1962 to 2012,
with coal-related employment also falling 99% in the same period, from 664,000 to 6000 [20].
In Germany, direct and indirect employment in coal power and mining declined from
over 700,000 in 1985 to under 100,000 in 2015, driven by post-Soviet market liberalisation,
international competition, and technical advances, among other factors [21]. Across the
E.U., coal mining employment fell 50% to 130,000 between 2007-2017. Alves Dias, et al. [22]
estimate coal-related employment in the E.U. at 238,000 in 2018 (less than 0.1% of total
employment). About 160,000 of these remaining jobs are expected to be lost by 2030, 25%
of those in Upper Silesia, a region of Poland [23]. In the U.S., coal mining supported
just 40,000 jobs in 2020, down 55% from 2011 and 77% from 1985 [24]. Coal is also being
outstripped by clean power generation: U.S. coal power plant-related jobs averaged 79,700
in 2019, only 22% of the jobs in wind and solar power in the same year [25].

In aggregate, coal phase-out can be associated with substantial net employment gains
in the power sector as coal jobs are replaced by renewables. Net overall job gains do
not, however, imply that former coal miners and plant operators will be re-employed in
renewable industries, since they do not necessarily occur in the same place, and at the same
time, as job losses in coal, or demand the same skills and experience. Upstream activities
in coal mining that cannot easily pivot to new sources of demand and are not necessarily
well-located for renewable industries are more likely to see concentrated net job losses.
Theoretical work on ‘adjacent’ future career pathways in green industries for existing U.S.
fossil fuel workers, matching occupational skills across time and space [26] can help to
address this problem, but has yet to be applied in practice.

Loss of employment linked to coal transitions is associated with a series of other
social impacts. To manage these impacts, a variety of ‘just transition” measures have been
adopted across different countries and regions. Observed negative social outcomes include
declining living standards, increasing poverty, and a drop in public service provision,
partially mitigated by robust social security and redistributive tax systems, but also the
generation of alternative employment opportunities through economic diversification
and new investment [27]. Significant negative effects on public finances are reported in
some cases, linked to declining tax revenues from coal and high remediation costs for
former mining areas [28,29]. Measures to dampen localised employment shocks, prevent
deterioration of locally funded services and infrastructure, and divert surplus labour
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supply into new markets have been deployed in several European countries. These include
Germany’s EUR 40 billion investment in education, innovation, and social safety nets, in
collaboration with trade unions, and Spain’s EUR 250 million transition support package
that also requires firms to submit just transition plans before closing mining sites [30].
There is some evidence of positive social outcomes from coal industry closures, in terms of
declining mortality and morbidity [31,32], particularly from cardiovascular and respiratory
diseases [33].

Analysis of transition measures suggests that while support for diversification into
other industries has generated new investment and jobs in former coal regions, former
coal workers and their dependents have not necessarily benefited from these measures [34].
Early findings also suggest that early retirement schemes can soften the immediate impact
of redundancies and reduce fiscal uncertainty for local governments, but do not help
workers seeking alternative employment or retraining. Such schemes can also be very
costly to maintain through to retirement age, particularly for younger workforces. In terms
of fiscal impact, the coal industry in G20 countries is estimated to benefit from at least USD
63.9 billion in subsidies annually, with the majority accruing to consumers of coal-fired
electricity through USD 15.4 billion in direct fiscal support, and USD 20.9 billion in capital
investments by state-owned enterprises [35]. Even without considering health and climate
externalities, to the extent that reduced tax revenues from coal are offset by reductions
in these subsidies, coal phase-out can be revenue-neutral or even revenue-positive for
governments. If true, this implies that redistribution of fiscal support, social support, and
productive investment among subnational regions or groups, rather than macroeconomic
stability or growth, should be the primary concern for policymakers.

2.2. Coal Transition in China

The scale of the economic transformation China must undertake in the next four
decades to meet its public commitments to carbon peaking (2030) and neutrality (2060) is
historically unprecedented. Previous regulatory efforts to streamline China’s coal industry
over the last twenty years have focused not on replacing coal itself, but on replacing old
coal infrastructure with new, small thermal plants and mines with large ones, inefficient
machinery with high efficiency technology, and moving polluting activities from high- to
low-population density areas. These goals have been pursued through two overarching
sets of national policies, as well as pilot emissions trading programmes.

The first national policy framework relates to coal mine consolidation. These began in
the 1990s, and saw thousands of small mine closures, including over 40,000 mine closures
in 2000 alone [36] and almost 45,000 mining company closures from 1998-2002 [37], citing
illegal extraction, poor safety and environmental records, low recovery rates and subopti-
mal locations [38]. From 2003 onwards, central government continued its policy of closing
smaller mines and plants, moving more recently towards large, centralised state-owned
coal bases [39], nominally driven by safety, industrial restructuring, and environmental fac-
tors [40]. Small-scale state-owned mines accounted for 73% of mine closures from 2016-18;
however, they were still larger and more labour-efficient than privately-owned mines,
and more often controlled by large conglomerates able to redeploy workers elsewhere
within their corporate structure and geographic reach [41]. Consolidation policies have
also increased mining industry concentration: in 2018, 10 mining companies accounted for
42% of national output, and mines with over 1.2 million tonnes (Mt) of annual production
capacity comprised 80% of output [41]. The China National Coal Association expects the
total number of mines to decline further, from 4700 in 2020 to 4000 in 2025, even as annual
production rises to 4.1 billion tonnes. By this time, 25% of mines are expected to employ
labour-saving “smart production techniques” [42].

The second set of national policies reflects the government’s “build big, close small”
approach of removing excess capacity through supply side structural reforms and the es-
tablishment of emissions standards for coal-fired thermal power plants. The government’s
“developing large units, suppressing small ones” policy resulted in the closure of 77 GW of
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older, mostly small-scale capacity plants during the 11th FYP period (2006-2010) and 28 GW
during the 12th FYP (2011-2015) [43]. The definition of “outdated” coal-fired power was ex-
tended to all units under 300 MW in the 2013 Action Plan for Air Pollution Prevention and
Control [44]. In 2014, China introduced ultra-low emission (ULE) standards, requiring coal-
fired power generation units to be renovated to limit emissions of sulphur dioxide (SO,),
nitrogen oxides (NOy) and particulate matter (PM) to 35, 50 and 10 mg/m? concentrations
in the plant exhaust stack, respectively [45]. Subsequent government subsidies enabled
large swathes of remaining non-compliant capacity to improve overall plant efficiency and
implement emissions control technology, at an estimated cost of CNY 130 billion in 2014-15.
Pressure on municipal and regional governments to reduce coal power generation in urban
areas has also contributed to an ongoing shift in generation capacity towards more rural
Eastern and Northern mining regions and the export of power to demand centres through
long-distance transmission lines [46]. In 2017, the Chinese government pledged to cancel
or postpone construction of 150 GW of additional coal power generation capacity, and to
remove a further 20 GW of technologically outdated coal-fired power stations by 2020 [47].

China’s carbon emissions trading system (ETS), formally proposed by the National
Development and Reform Commission in 2011, was first implemented in six subnational
“pilot” jurisdictions (Beijing, Shanghai, Tianjin, Chongqing, Hubei, and Guangdong). The
pilot programmes were expected to be problematic, and indeed experienced design- and
context-induced difficulties, with low prices and volumes, insufficient market supervi-
sion [48,49] and consequently weak incentives to choose emissions abatement over acquir-
ing more permits. Evaluation of the programmes’ success suggests that, while there is
evidence that the ETS pilots were associated with lower emissions [50,51], other contribut-
ing factors included levels of economic development, higher population density, greater
economic openness (which could enable carbon leakage, particularly where emissions
could be relocated to less population-dense parts of China), research expenditure, and
strength of environmental regulations, as well as the maturity of the trading market, with
the wealthier Eastern provinces seeing higher prices and greater emissions reductions rela-
tive to counterfactual baselines [52]. The national ETS was launched in July 2021, although
it retains many of the design elements of the pilots and its role in slowing or accelerating
the coal transition is not yet clear.

These consolidation, efficiency, and carbon trading measures have not yet achieved
the absolute reduction in total national thermal coal consumption or emissions required
by the government’s new commitments, but they do provide some insight as to the effects
of industrial restructuring and consolidation on employment. Direct employment by coal
companies peaked at 5.3 million in 2013, falling to 3.2 million in 2018 [53]. Independent
forecasts made in 2017 suggest that improved technology will reduce coal sector jobs by a
further 50% to 1.6 million in 2050, with further restrictions on capacity growth reducing total
coal jobs in 2050 to 900,000 [16]. In a reflection of how these trends are expected to continue,
the International Energy Agency (IEA) predicts a 30% drop in global coal employment
from 2019-2030 in its Accelerated Policy Scenario, with the sharpest drop seen in China,
resulting from a combination of increased productivity and industrial restructuring [54].

Previous experience with the depletion of specific coal mines also sheds some light on
the potential consequences of large-scale disruption where cities built on coal have failed to
diversify before supplies run out. Fuxin, in Liaoning province, once hosted Asia’s largest
open pit mine, with 500,000 city residents either employed in, or dependent on it at peak
production, and the mining bureau funding local hospitals, schools and other facilities. The
mine entered bankruptcy in 2005. Some jobs for younger, stronger workers were restored
following restructuring, but with lower wages [55]. While Fuxin’s economy has since partly
recovered through new investment in wind and solar industries, without proactive policy,
a similar trajectory may be repeated in many other locations as demand for coal declines
and mining area consolidation proceeds.

China has already put some transition management measures in place. In 2016, the
government itself projected 1.3 million jobs would be lost by 2020 in the coal sector as a
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result of capacity reduction and consolidation policies [56], and implemented measures
including a CNY 100 bn (c. $15 bn) “Industrial Special Fund” launched by the Ministry of
Finance to support worker relocation and fund welfare payments [57]. Shanxi province,
the second-largest coal producer in China, is expected to draw at least CNY 3.5 billion
from the fund by 2022 to support relocation, retraining, early retirement, and public sector
job creation to offset the effects of coal capacity control policies. Shanxi’s investment in
regeneration of depleted mining areas, energy source diversification, and other measures,
remains a relative outlier, however [34].

If these projections are correct, large-scale job losses in the coal industry are likely
to materialise even in the absence of punitive climate policy measures, and even new
coal-fired power generation and mining capacity is added. In a scenario in which the 2030
and 2060 targets are realised, coal power generation must peak within a decade and decline
thereafter, further accelerating thermal coal industry job losses. Coal phase-out will also
affect the fiscal contribution of coal to national and subnational governments, with tax
revenues from coal providing funding for local research facilities, hospitals, infrastructure,
and public services, as well as contributing to the general public budget.

This study aims to model and test these hypotheses by charting the trajectory of jobs
and tax revenues associated with the thermal coal industry under different coal phase-out
scenarios. This can help to identify the scale of the changes that are likely to occur, and the
policy options available to state institutions for managing and redistributing social cost
and benefits.

3. Materials and Methods

Using asset-level datasets of China’s coal power plants and coal mines, supplemented
by a range of independently sourced data points and assumptions on employment in coal
transport, plant utilisation rates, tax rates, and productivity improvements, this study
models and interprets the magnitude and distribution of jobs and tax revenues across space
and time in China’s coal power sector. See Appendix D for further detail on assumptions
and calculations.

The model overlays employment and tax calculations on a demand-driven coal pro-
duction network constructed from plant and mine datasets, both of which also contain
information on the corporate owners of each asset. It links employment in the coal power
sector and coal mining industries to the building and retirement of plants from 2021 to
2060, according to five progressively stricter policy scenarios (see Appendix B). The trans-
portation of coal from mines to the plants where it is used is also accounted for.

Coal demand is modelled on the basis of operating or planned coal-fired power plants
in China, using a composite dataset updated in February 2021. The power plant dataset is
hosted by the Smith School of Enterprise and the Environment at the University of Oxford.
It combines coal power plant information from the S&P Global World Electric Power Plant
(WEPP) Database, Global Energy Monitor’s Global Coal Plant Tracker (GCPT), and the
World Resource Institute’s Global Power Plant Database. Plant-level coal consumption is
estimated on the basis of 2019 province-level utilisation rates, to avoid pandemic-related
distortions—i.e., markedly lower average utilisation rates—in 2020, particularly given
China’s strong industrial recovery since then. The starting year of the analysis is 2021, to
ensure that results reflect actual operating coal generation capacity in the middle of that
year. Coal consumption rates vary depending on the size and type of plant (subcritical,
supercritical, or ultra-supercritical), its operating efficiency, and the type of coal it consumes
(anthracite, bituminous, sub-bituminous, or lignite), each of which has different estimated
energy content. Table 1 summarises coal-fired power generation capacity (GW), estimated
utilisation rates (%), corresponding electricity generation (TWh) and coal production
statistics by province (million tonnes of coal equivalent, Mtce). Coal supplies are modelled
based on a dataset of coal mines producing over one million tonnes annually, last updated
in June 2021 [58]. The dataset represents at least 80% of total national coal output [41].
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Table 1. Coal capacity, generation, and production statistics by province (B scenario, 2021).

Province Capacity (GW) ! Average Capacity Factor (%) 2 Generation (TWh) 1 Coal Production (Mtce) 2
Anhui 52.0 55.2% 251.4 70.4
Chonggqing 14.0 39.4% 48.2 -
Fujian 27.1 49.1% 116.7 -
Gansu 21.6 45.2% 85.5 33.1
Guangdong 72.6 40.0% 254.5 -
Guangxi 20.5 47.4% 85.2 -
Guizhou 352 48.4% 149.0 8.8
Hainan 3.9 53.3% 18.0 -
Hebei 58.2 55.4% 282.3 3.0
Heilongjiang 21.1 43.7% 80.9 12.2
Henan 80.8 40.2% 284.7 19.9
Hubei 33.8 44.6% 132.2 -
Hunan 219 45.7% 87.5 -
Inner Mongolia 103.3 61.1% 552.7 904.0
Jiangsu 89.6 49.4% 387.7 -
Jiangxi 279 58.8% 143.7 -
Jilin 19.2 42.9% 72.1 -
Liaoning 38.4 45.5% 153.2 8.0
Ningxia 32.6 52.5% 150.2 101.1
Qinghai 5.7 29.2% 14.6 5.8
Shaanxi 44.2 50.0% 193.9 467.9
Shandong 110.3 50.7% 490.3 49.1
Shanghai 159 35.6% 49.7 -
Shanxi 733 50.5% 3242 498.0
Sichuan 15.5 34.7% 47.0 1.8
Tianjin 153 45.0% 60.2 -
Tibet 0.0 3.3% 0.0 -
Xinjiang 65.8 57.9% 333.8 237.3
Yunnan 14.7 18.0% 23.1 24.0
Zhejiang 45.5 46.5% 185.3 -
Total 1180 5058 2444

! Capacity and generation figures are 2021 figures based on asset-level data. > Capacity factors and coal production
are taken from 2019 statistics.

Power generation and coal mining are distributed very differently across China. Three
provinces supply 1.87 billion tonnes of thermal coal, about 75% of the 2.44 billion tonnes
of total production: Inner Mongolia (IM, 904 Mt), Shaanxi (SN, 498 Mt), and Shanxi (SX,
468 Mt). Xinjiang (X]) is the fourth-largest coal producer at 237 Mtce annually. Inner
Mongolia exports most of its coal to other provinces, as shown in Figure 1. All of these
four provinces are net coal exporters, while every other province is a net coal importer,
from other provinces and from abroad. Comparing aggregate national supplies to demand
indicates an excess of low-quality lignite, and a shortage of high-quality anthracite, with
the supply gap closed with imports from outside China. Several coastal provinces—notably
Guangdong (home to the Shenzhen industrial zone), Beijing and Tianjin (T]), and Zhe-
jilang (Z])—produce no coal at all, relying entirely on imports from other provinces and
international markets.

Coal plants are much more dispersed. No single province hosts more than 9.4% of
coal power generation capacity. While the densely populated coastal and Eastern regions
host some of the largest provincial fleets at 110.3 GW (Shandong, SD), 89.6 GW (Jiangsu,
JS), 80.8 GW (Henan, HN) and 73.3 GW (Shanxi, SX), the sparsely populated Northern
region of Inner Mongolia is expected to become the largest by 2023 at 120 GW if plants
currently under construction are completed, with Xinjiang in the Northwest also expected
to reach over 70 GW in the same year. This compares to a U.S. coal fleet expected to fall
below 200 GW in total by 2025 [59] and reflects an ongoing shift, at least partly induced
by public health concerns, from building coal power along the densely populated Eastern
coast, to locating plants closer to production sites in less population-dense mining areas
and exporting the resultant electricity.
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Figure 1. Estimated interprovincial trade balances for thermal coal in China by province (2021).
Overlaid with coal mine output, and coal plants (operating and under construction), by capacity. See
Appendix A for province codes.

Data on coal trading patterns between provinces is not available; however, plant and
mine datasets alike contain information on the type of coal produced and consumed, such
that anthracite mines can only supply anthracite-consuming plants, and so on. Only thermal
coal-producing mines are included in the analysis, given that thermal coal dominates coal
use in power generation, with metallurgical coal being used for steel production.

Matching first by coal type, coal plants consume coal from local (i.e., same province)
mines where they exist first, and then import coal from other provinces on a pro-rata basis
according to the distribution of supplies remaining once each province has met its own
demand for coal. Although province-level average coal prices are available and average
transportation costs from provincial or municipal capitals to plants can be estimated, these
do not reflect actual intra-provincial coal price variations with any accuracy. Further, coal
prices remain heavily regulated in China, albeit less so than electricity prices. Because
of these uncertainties and distortions, price-based optimisation methods are not used to
determine from which provinces plants choose to purchase their coal, as they would likely
be no more accurate than the simple method employed here. In effect, this means that the
three largest coal producers supply 90% of interprovincial coal trade: Inner Mongolia (an
estimated 659 Mt in 2021, 40% of the total), Shanxi (426 Mt, 26%), Shaanxi (396 Mt, 24%).
In the model, coal is imported from outside China only to the extent that domestic mines
are unable to supply it. This results in China’s imports being largely comprised of the
highest-quality type of thermal coal, anthracite.

While these figures are based on a best-effort reconstruction of the coal network in
China with major limitations on data availability, and subject to constant change based on
market conditions, they should represent an approximation of where and in what quantities
coal is produced and consumed in China. Associating coal plants with mines in this way
makes it possible to link the operation (and retirement schedule) of specific plants with
upstream mining jobs (both locally and externally to each province) and associated tax
revenues.
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3.1. Estimating Employment

Data on the number of jobs supported by coal plants themselves is not easily available.
Survey information suggests that the number of jobs supported directly by a given plant
can vary significantly based on the age and size of the plant (with newer, larger plants
typically requiring less employees to operate) and the age stratification of employees [60].
In addition, staff may be employed in non-technical positions tied directly to the plant,
including catering, accommodation, logistics, and construction [61], depending on the
degree of vertical and horizontal integration of the plant or the enterprise that controls it.
Accurately estimating the number of employees in each specific plant is not feasible, since
this can depend on factors in addition to the plant’s location, type, owner, age, and design
for which data is not available. Bearing in mind these limitations, this analysis uses the
best available estimates of staff numbers differentiated by plant size [60] (Table 4), resulting
in estimated employment of approximately 400,000 in China’s coal plants in 2021.

The number of jobs supported by the mines supplying coal plants is much larger.
National statistics place the total number of jobs in coal mining and dressing at a peak of
5.3 million in 2014, falling to 4.5 million in 2015, 2.85 million in 2019 and 2.68 million in
2020 [62]. This decline, of nearly 50% in six years, reflects a combination of small mine
closures and falling labour intensity, as noted above.

In some cases, the number of employees in a specific mine are available in the coal
mine dataset used for this analysis. The data is incomplete, however, and biased towards
large, more labour-efficient mines. Because of this, the number of employees in coal mining
in each province is estimated by applying province-level estimates of labour intensity (in
jobs per 10,000 tonnes of annual production) [63] (Table 4). The estimated average labour
intensity of coal mining and washing diverges sharply across provinces [63]. That of the
most efficient province, Inner Mongolia (1.7 jobs/10,000 additional tons of coal production
in 2015) is similar to that of contemporary Germany. The least efficient is Jiangsu, at 30.8
jobs /10,000 tons on average. At a constant rate of productivity increase, this suggests
that less labour-efficient provinces will see much greater job losses as a proportion of total
mining employment in the short term.

These estimates, which are for the year 2015, are projected forward in the source’s
methodology by assuming an 8% annual increase in labour productivity consistent with
historical trends each year from 2015-2020, slowing to 5% per year from 20212050, and
0% thereafter (i.e., assuming no potential for further improvement at that point) [63]. This
assumption does not account for the actual dynamics of labour elasticity of demand in the
industry, such as structural impediments to hiring and firing workers, and indispensable
mining jobs unaffected by changes in output. This results in an estimate of 1.72 million
thermal coal mining jobs in 2021, which accounts for 63% of total coal mining and washing
jobs in reported in 2020 national statistics [64] and 59% of total estimated coal production
in 2019. This suggests that the model estimates aggregate employment in coal mining
reasonably well, with thermal coal demand (excluding metallurgical coal and coal for
heating) accounting for approximately 60% of total coal mine output and associated jobs.

The coal industry also supports jobs in the transport sector, particularly where dedi-
cated rail, road and port infrastructure has been put in place for specific mines, depending
on the degree of automation and efficiency of the transport process. The employment
elasticity of coal demand in turn depends at least partly on the substitutability of coal
for other products or commodities not correlated with coal demand. In the model, it is
assumed that coal transport is not substitutable, implying that coal is mostly transported
along routes and using equipment dedicated to the purpose. Coal is transported by rail,
road, and water (river or ocean) in different proportions. To arrive at an estimate of the
employment intensity of coal transport, the number of jobs in each coal transport segment
is divided by ton-kilometres of freight transported in each segment [64], then a weighted
average is calculated based on the shares of each transport mode in the coal sector [65].
This results in an estimate of 433 jobs per billion ton—km of coal transported. Actual costs
are calculated based on the amount of coal transported, multiplied by the distance between
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each plant and the capital city of the province it imports from (as a reasonable proxy for
average distance travelled).

Labour productivity improvements are likely to occur in the transport and power
sectors, as well as coal mining, driven in particular by automation. The authors have
been unable to locate data to substantiate any assumptions on the rate of improvement.
Accounting for some further automation in both sectors would accelerate the rate of job
losses observed in the results but would still have a relatively small impact in comparison
to the mining sector given the dominance of the latter in coal sector employment.

3.2. Estimating Taxes and Subsidies

The coal industry raises tax and social security revenues for subnational and national
governments in several ways. Income taxes to central government, and social security con-
tributions for investment in managed public funds, are calculated on the basis of employee
wages, which vary by employment type and region [66], using current tax brackets and
assuming only the standard deduction is made [67,68]. Social security contributions vary
across provinces and cities, but are assumed here to total 50% of base salary, with 30%
employer-contributed and 20% deducted from wages [69]. Real wages, prices and tax rates
are assumed to remain constant in the model.

The 2018 Environmental Pollution Tax levies charges on several pollutants, with the
level generally decided by subnational governments and set at higher levels for more
populous provinces (see Appendix D, Figure A1). In this study, coal plants are subject to
taxes on sulphur, nitrogen, particulates, and wastewater. Coal mines are taxed on gangue,
tailings, ash, and wastewater.

Coal mines also pay fees for mining rights, at 0.5-4% of sales value (of which 80%
goes to subnational governments), as well as (minimal) prospecting and exploration fees
based on estimated mine surface area. Resource taxes, based on the value of coal sales,
accrue to subnational government and vary by province. Finally, value-added tax (VAT),
reduced in 2019 to 13% for coal products, is levied cumulatively on coal and, ultimately,
electricity sales, using price data that is assumed to already include VAT. VAT is collected
by the national government, and 25% is then returned to the subnational government from
which the revenue was raised. Surcharges for education and construction are levied as
a percentage of VAT: 3% for education, and 1% (rural), 5% (county) and 7% (urban) for
construction. Since construction surcharges are levied based on the location of the parent
company’s headquarters, we assume, for simplicity, that all construction surcharges are
levied at the higher urban rate at 7% of VAT.

Total tax revenues to central government, therefore, include income taxes, prospecting,
and exploration fees, 20% of mining royalties, and 75% of VAT. Total revenues to subnational
governments include environmental pollution taxes, resource taxes, 80% of mining royalties,
25% of VAT, and education and construction surcharges.

Data limitations prevent estimation of subsidies at plant or mine level or distinguishing
between subsidies benefiting coal power generation, versus coal use in industry and heating.
Subsidies are estimated in aggregate on the basis of point-in-time studies, themselves reliant
on multiple assumptions and subject to uncertainty. They include subnational fiscal support
to coal mines, VAT rebates and subsidies for R&D and coalbed methane production, the
aforementioned Industrial Special Fund, price subsidies to electricity and coal transport,
and credit support. Electricity price subsidies can be estimated at plant level based on the
difference between the administratively-set benchmark (regulated) price and spot (market)
prices for electricity. Mines are assumed to take full advantage of available VAT rebates.

With the caveat that subsidy estimates are uncertain and highly aggregated, recent
estimates place overall production subsidies at CNY 17-18 per tonne of coal [70], implying
a CNY 350-375 billion production subsidy to the approximately 2.08 billion tonnes of
coal consumed by thermal plants in 2021. Annual generation subsidies for coal power
are estimated at CNY 120 billion [71] to CNY 263 billion [72] (although, in the latter case,
the bulk of these subsidies were expected at the time of writing to be eliminated by 2020
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amid the end of funding for pollution control upgrades and deregulation of price controls).
Subsidies to rail transport add at least another CNY 10 billion, with central government
subsidies estimated at CNY 2 billion [73] in 2015, and provincial subsidies from Inner
Mongolia alone at CNY 7.2 billion [71]. Taking the lower ranges, this suggests an overall
current subsidy level of at least CNY 480 billion annually to the thermal coal industry
across plants, transport, and mines, not counting historical subsidies for plant pollution
control equipment.

The negative environmental and health externalities to coal production are also not
included in this figure (although they are subject to some limited taxation). Estimates of
externalities per tonne of coal production (including impact on air quality, water and soil
quality, global warming, prevalence of respiratory disease, and a range of other factors at
various stages of production and consumption) vary. Coady, et al. [74] assess damages
from all energy sources in China (to which coal is a major, if not majority contributor) at
CNY 3 trillion for global warming impact, and a further CNY 12 trillion for local pollution,
around 40 times higher than all other subsidies combined. Zhao, et al. [75] use revealed
preference methods to estimate the environmental cost of coal-fired power plants at CNY
300 per MWh (implying a subsidy of CNY 1.52 trillion in 2021, given 5058 TWh of coal-fired
generation), which is still five times all other subsidies. Annual externality subsidies to coal
power generation are estimated by others at a more modest CNY 180 billion [72], around a
third of all other subsidies.

4. Results
4.1. National Level Results

The model was constructed to run from 2021 to 2060 for five scenarios (see Appendix B
for detail), under which the life of each plant becomes progressively shorter: 30 years under
the “No Transition” (NT) and ”"Baseline” (B) scenarios, 25 under “Low-Cost Renewables”
(R), 20 under 50% lower emissions than 2015 (C50) and 15 under “80% lower” (C80),
respectively. Figure 2 shows the production-consumption relationships of thermal coal
of all types between provinces in the B scenario, where each coal-consuming province
(outside ring) consumes coal from local mines where it is available, and imports from
other provinces where it is not (cross-circle links, where the colour of the link is that of
the destination province). The prominence of Inner Mongolia (NM), Shaanxi (SN), and
Shanxi (SX) as coal suppliers to many other provinces is clearly visible. All three produce
a large amount of coal, consume a significant share of their own coal, and export the rest
to other provinces. Inner Mongolia’s and Shanxi’s prominence as both producers and
consumers will continue to grow, such that, by 2050, both provinces will dominate coal
demand, obtaining the vast majority of coal from their own local mines.

Table 2 summarises the number of jobs supported by each province’s coal fleet, which
are also visualised in Figure 3. This refers to jobs at coal plants in that province, as well
as upstream supply chain jobs in mining and transport supported by each plant’s coal
consumption. The number of support jobs is determined largely by the labour intensity of
mining in the provinces from which the coal is sourced. Provinces themselves are more
likely to be home to a greater number of coal jobs (both locally and nationally) when they
have a combination of large coal fleets, large mining capacity, and high labour intensity.
Coal plants in Shandong, for instance, support 491,200 jobs nationally, both locally and
indirectly by importing coal from other provinces. Inner Mongolia’s coal fleet is of a similar
size but is supplied entirely by its ultra-efficient domestic mining industry workforce and
supports only 102,000 jobs, although coal exports to other provinces supports another
444,000 coal mining jobs in Inner Mongolia’s mines.



Energies 2022, 15, 800 12 of 42

2021 (2,079 Mt) 2040 (1,075 Mt)
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Figure 2. Coal production-consumption network by province, 2021-2050 (B scenario). For province
codes, see Appendix A. For a given producer (outer ring), lhumps’ in the same colour as the outer
ring represent coal consumed in the same province in which it is produced. ‘Links’, in different
colours, represent coal exported to other provinces, where the colour of the link is that of the
destination province.
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2021 (2.74m jobs) 2040 (0.73m jobs)

Figure 3. Coal jobs supported by each province, B scenario. Flows from province X (the colour of the
outside ring) to province Y, in the same colour as province X, represent jobs in province Y supported
by coal imports to fuel coal-fired power generation activity in province X.

Table 2. Summary information on estimated coal industry employment in 2021 (B scenario), in
descending order of total jobs supported by coal power generation in each province.

Jobs Supported by Coal Total Jobs Supported per

Province Power Generation in the Corfllslzfxllnatli;o?li/[t) 10,000 Tonnes of Coal Shal;u()f T)?‘ttaelci] obs
Province (Thousands) P Consumed (2021) PP
Shandong 491.2 198.9 24.7 17.9%
Jiangsu 451.7 154.8 29.2 16.5%
Henan 256.7 114.4 224 9.4%

Hebei 197.5 1153 17.1 7.2%
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Table 2. Cont.

) Jobs Supportec'l by' Coal Thermal Coal Total Jobs Supported per Share of Total Jobs
Province Power Generation in the Consumption (M) 10,000 Tonnes of Coal Supported
Province (Thousands) P Consumed (2021) pp
Liaoning 172.2 66.8 25.8 6.3%
Anhui 126.8 99.3 12.8 4.6%
Heilongjiang 122.5 36.2 33.8 4.5%
Shanxi 109.2 131.2 8.3 4.0%
Inner Mongolia 102.1 256.1 4.0 3.7%
Guizhou 95.6 58.9 16.2 3.5%
Xinjiang 86.8 136.7 6.3 3.2%
Guangdong 54.5 101.6 5.4 2.0%
Gansu 49.6 35.3 14.1 1.8%
Jilin 47.0 36.9 12.7 1.7%
Shaanxi 44.8 77.8 5.8 1.6%
Ningxia 39.8 59.8 6.7 1.5%
Hunan 39.8 325 12.2 1.5%
Sichuan 37.6 18.9 19.9 1.4%
Zhejiang 36.0 74.2 4.8 1.3%
Jiangxi 35.8 55.3 6.5 1.3%
Hubei 32.1 52.2 6.1 1.2%
Guangxi 27.2 33.3 8.2 1.0%
Fujian 20.5 45.8 4.5 0.7%
Yunnan 20.3 9.4 21.6 0.7%
Chongqing 13.7 18.9 7.3 0.5%
Tianjin 11.7 245 4.8 0.4%
Shanghai 7.0 20.9 34 0.3%
Qinghai 7.0 6.0 11.7 0.3%
Hainan 4.8 74 6.5 0.2%
Tibet 0.1 0.0 736.2 0.0%
Total 2742 2079

Figure 4 plots baseline scenario estimates for employment in the coal power industry
from 2021-2060. Employment in coal mines starts at a higher level (1.72 million) but follows
a steep downward trajectory, declining by over 60% to 655,000 by 2035. Employment in
plants (starting at 393,000) falls half as fast, by just under 30% to 277,000 in the same period.
Transport jobs are proportional to ton-km of coal transported and again fall half as fast
as plant jobs: 632,000 in 2021 falling 15% to 238,000 in 2035, reflecting a 15% drop in coal
consumption over that period. The sharp fall in mining jobs reflects the extrapolation of
past declines in mining labour intensity and the slow pace of plant retirements up to about
2034. From this point onwards, total job losses accelerate as the pace of plant retirements
increases and coal demand falls more rapidly, slowing slightly again in the 2040s and
declining to zero in 2054 as the wave of plants built in the decade to 2020 reach the end of
their operating lifetimes.

Under the baseline scenario, reflecting current policies, total employment supported
by the thermal coal power industry is projected to drop from 2.74 million in 2021, to below
1 million by 2038, below 500,000 by 2043, and below 250,000 by 2046 (see Figure 4). As
noted in previous work [16], the net employment impact of coal closure on the whole
economy is unlikely to be significantly negative as other forms of energy production and
supporting industries take its place. The public policy challenge is anticipating job losses
sufficiently well across space and time to take early action to redeploy workers elsewhere
or offer retraining programmes to avoid the potentially very large burden of mass early
retirements, or chronic unemployment, on the social security system. Methodologies have
been developed to undertake this analysis by identifying green industries and skills that
are ‘adjacent’ to emissions-intensive ones [76], but have not yet been applied in detail to
China.
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Figure 4. Employment in coal plants, transport and mines, 2021-2060, baseline scenario.

The trajectory of fiscal revenues in the B scenario does not decline as sharply and in
fact rises slightly in the short term. Income taxes and social security payments fall with the
decline in employment; however, total revenues rise initially from CNY 330 billion to CNY
339 billion in 2023, at which point total coal capacity peaks at 1205 GW. This reflects the tax
burden on physical capital (notably resource and environmental pollution taxes, VAT, and
surcharges linked to VAT) representing a much greater proportion of total revenue than
taxes on labour.

In 2021, VAT contributes CNY 153.7 billion in tax revenues to the national government
(95% of the total), about 2.7% of total VAT revenue in 2020 [77]. Of the remaining national
government revenues, income taxes contribute CNY 5.6 billion (3.4%), and mining royalties
CNY 2.6 billion (1.6%), and. For subnational governments, pollution taxes on mines gener-
ate CNY 52.7 billion (31.3%), VAT, CNY 51.2 billion (30.5%), resource taxes CNY 47.8 billion
(28.4%), and pollution taxes on plants, CNY 4.7 billion (2.8%).

As Figure 5 shows, despite the difference in composition, absolute revenues flowing to
national and subnational governments are very similar and follow a near-identical trajectory.
Annual revenues to national/subnational/all levels of government decline slowly by
1-1.5% annually from their CNY 166/173/339 billion peaks in 2023, to CNY 151/160/311
billion in 2030. Tax revenues start to fall steeply around 2034 as plant retirements accelerate,
with annual rates of decline in both cases jumping from 3% in 2034, to 5% in 2035 and 9%
in 2036, continuing to fall by 9-11% per year until 2044 and significantly faster thereafter.
Total tax revenues from the thermal coal industry fall below CNY 100 billion by 2045, and
just over CNY 30 billion in 2050. Social security payments (not strictly a tax, but a relevant
contribution to publicly managed funds) are also plotted for comparison. The trend in
social security revenue, falling from CNY 112 billion in 2021 to CNY 76 billion in 2030 (a
32% decline), and CNY 3.6 billion in 2050 (a 97% decline) is based entirely on wages, and,
therefore, follows a similar trajectory to total job losses (Figure 4) rather than tracking plant
closures, with some variation due to differences in average wage over time.

When compared to the estimated current annual subsidy level of CNY 480 billion
or more, the total of around CNY 330 billion in total tax revenue suggests that the net
fiscal contribution of the coal industry to public revenues is likely to be negative, without
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accounting for the cost of negative externalities. As the revenues associated with capital
assets fall more sharply after 2035, it becomes increasing likely that coal will become a net
fiscal drain on China, even without accounting for the public health, productivity, and other
environmental and climate externalities that coal mining and combustion generate. While
subsidies to capital assets and power price subsidies for coal may fall as generation and coal
consumption declines, other costs may rise to negate this, including contingent liabilities
arising from state-owned power or mining company losses, defaults, or bankruptcies,
restructuring efforts, and relocation/retraining costs for laid-off workers.
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Figure 5. Breakdown of tax (national and subnational) and social security revenues, 2021-2060, B

scenario.

Comparing the baseline against the R scenario, with lower expected technology costs,
and the more aggressive C50 and C80 scenarios, which artificially constrain total sector
emissions, helps to understand the marginal impact of climate policy on thermal coal
employment and the sector’s fiscal contribution. Under progressively stricter scenarios, the
short-term drop in coal capacity (reflecting the retirement of older plants) needed to meet
the target requirements becomes increasingly large.

The R scenario has relatively little impact on total employment until the late 2020s,
leading to about 270,000 fewer jobs in 2030 relative to the baseline (Figure 6). The differential
between the two pathways widens to over 630,000 in 2035, before converging back to
214,000 by 2045. Under the C50 scenario, implying coal phase-out by 2040, over 1.1
million additional job losses compared to the baseline would be expected by 2030, while,
under the C80 scenario (phase-out by 2035), almost 1.6 million additional jobs disappear by
2030—almost 40% of total thermal coal industry jobs today. Notably, even the No Transition
scenario, where all planned plants are built, only protects about 500,000 employees from
redundancy by 2030 compared to the baseline. Total jobs still fall 40% by 2040 and 85% by
2050, declining to zero in 2060.

The more ambitious phase-out pathways do have serious employment consequences
in the short term; however, the absolute magnitude of these changes is not unprecedented
in China’s coal industry. Absolute job losses by 2030, even under the C80 scenario, are
still fewer than the estimated 2.7 million coal industry jobs already lost between 2014 and
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2020 [62]. If 181 GW of CCS-enabled capacity were kept open in 2050 (as in the 2 °C scenario
described above), even at the current rate of around 150 employees for a large (circa 1 GW)
plant, this would be unlikely to support more than about 25,000-30,000 coal plant jobs at
the most in the second half of the century, and fewer in mining and transport.
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Figure 6. Employment in the thermal coal mining, power, and transport sectors under five coal
phase-out scenarios, 2021-2060.

The fiscal picture (Figure 7) is somewhat different for the first three scenarios. In the
Baseline and No Transition scenarios, revenues keep increasing as long as coal generation
capacity, hence also coal consumption (under the model assumptions), keeps increasing.
Revenues peak in 2023 (CNY 339 billion) and 2027 (CNY 399 billion) under the B and NT
scenarios, respectively. Total tax revenues remain relatively stable up to 2030 under the R
scenario, falling by just 17% through the 2020s. They decline rapidly thereafter, following a
similar trajectory as the baseline but, five years earlier, declining to zero in the late 2040s. In
the C50 and C80 scenarios, the trajectory is also similar after a sharp initial drop in revenues,
with subsequent rates of decline tracking the baseline, but starting 10-11 years and 15-16
years sooner, respectively. These patterns again reflect that the tax base for coal is much
more capital-intensive than labour-intensive, since initial job losses do not offset increasing
tax revenues from new plants, and, in each scenario, sharp declines in tax revenues coincide
with increasing rates of capacity retirement.

Overall, scenario analysis suggests that the additional job losses associated with a
pre-2050 coal phase-out target are relatively minor, even without counting job creation in
the renewables sector. Job losses are much faster in the C50 and C80 scenarios but still
slower in absolute terms than China has seen over the past decade. The timing, rather than
the rate, of tax revenue decline is most affected by more ambitious phase-out scenarios.
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Figure 7. Total tax revenues under different coal phase-out scenarios, 2021-2060.

4.2. Province-Level Results

The impact of coal phase-out is very different across provinces, due to differential
exposure to the coal industry. When “internal’ coal jobs in each province (jobs at coal plants,
and jobs at coal mines in the same province that supply these plants), and ‘external” ones
(jobs at coal mines in other provinces supported by demand from coal plants) are overlaid
on the production-consumption network in Figure 2, the results follow a markedly different
pattern, due to the differences in labour intensity between coal mines in different provinces
(Table 3; see Appendix C for full results for other scenarios) and how these interact with
changing coal demand over space and time. Under the baseline scenario, 31% of coal
industry jobs (853,000) are lost by 2030, at a similar rate to the IEA’s global predictions
and consistent with its finding of a slightly higher rate of job loss in China than elsewhere.
Perhaps most notably, the provinces at the root of the largest absolute jobs losses in the
medium term (2021-2030) are not the large mining provinces, but those with large coal
fleets that are declining in size, and moderate-to-large coal mining industries with high,
but declining, labour intensity. In combination, plant closures and inefficient local mining
means the number of total jobs lost for each GW of capacity closed is more than twice as
high in Jiangsu (where 13.5 GW are retired from 2021-2030) as Hebei (11.5 GW).

Similarly, coal plants in Inner Mongolia, despite accounting for over 10% of China’s
thermal coal demand in 2021, initially support only 3.7% of total coal jobs because the coal
mines supplying most of these plants are also in (highly labour-efficient) Inner Mongolia.
Similarly, plants in Shandong account for 8% of coal demand, but support 18% of coal
jobs nationally because of the higher average labour intensity of the mines supplying
them—some of which are in Shandong, with most of the rest sourced from Inner Mongolia,
Shaanxi, and Shanxi. By 2050, differences in labour intensity have converged significantly
and interprovincial trade in coal has largely disappeared, such that most remaining coal
mining jobs are supported by demand from plants in the same province, with Shandong
remaining the only notable exception.
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Table 3. Trends in coal industry employment supported by each province, 2021-2060 and change to
2030 (B scenario).

. . . Coal Industry Jobs Change in Jobs o
Prc{)‘l/mcte :‘ V\ihlcht (iloal Supported by Those Plants 2030 2040 2050 Supported ﬁ)zclh;r(;gg
ants Are Locate (Thousands, 2021) 2021-2030 -
Jiangsu 451,727 266,907 74,712 424 184,820 —40.9%
Shandong 491,171 329,085 127,033 16,277 162,086 —33.0%
Hebei 197,482 107,543 33,509 611 89,939 —45.5%
Henan 256,720 166,846 51,210 2995 89,874 —35.0%
Liaoning 172,183 87,222 24,526 1689 84,961 —49.3%
Heilongjiang 122,479 67,113 16,507 2150 55,366 —45.2%
Anhui 126,761 81,032 30,334 2677 45,729 —36.1%
Shanxi 109,169 81,933 32,223 6756 27,236 —24.9%
Gansu 49,634 36,818 12,692 2669 12,817 —25.8%
Sichuan 37,593 25,408 8158 2881 12,186 —32.4%
Jilin 46,989 35,728 14,085 - 11,261 —24.0%
Guizhou 95,572 85,962 36,825 1146 9610 —10.1%
Ningxia 39,826 31,067 13,857 1606 8759 —22.0%
Guangdong 54,472 46,874 25475 4447 7598 —13.9%
Yunnan 20,310 12,799 1689 - 7510 —37.0%
Xinjiang 86,787 79,472 59,785 5234 7315 —8.4%
Hubei 32,071 26,214 14,422 1762 5857 —18.3%
Zhejiang 35,969 30,152 9245 860 5817 —16.2%
Hunan 39,824 34,893 12,819 4199 4930 —12.4%
Shaanxi 44,823 41,179 21,831 5519 3644 —8.1%
Shanghai 7050 3702 - - 3348 —47.5%
Inner Mongolia 102,063 98,857 44,985 14,608 3206 —3.1%
Tianjin 11,705 9346 3343 867 2359 —20.2%
Qinghai 7007 4948 2679 - 2059 —29.4%
Fujian 20,519 18,849 8314 1319 1670 —8.1%
Guangxi 27,191 25,723 14,723 961 1468 —5.4%
Hainan 4827 3555 1589 - 1271 —26.3%
Chongqing 13,695 13,101 8787 1373 595 —4.3%
Jiangxi 35,765 35,581 21,651 10,801 183 —0.5%
Tibet 125 125 125 - -0 0.1%
Total 2,741,506 1,888,033 727,133 93,832 853,473 —31.1%

For provinces that are already very labour-efficient, productivity improvements have
less absolute impact over time relative to total provincial mining jobs, while, for provinces
with high labour intensity, annual job losses are much greater, reflecting the active consoli-
dation, closure of small mines and rollout of automated mining infrastructure that are a
feature of current government policy. In Shanxi province, for instance, the Yangquan Coal
Industry Group is using 5G technology to monitor and run mining operations remotely at
its Xinyuan mine. Having employed 3000 workers in 2012, the mine expects to provide
under 1000 jobs by 2025 [55]. This means that more jobs are lost to efficiency than to
planned or policy-accelerated plant closures and the ensuing effects on coal demand, at
least in the short term, under current policies.

The following section explores in more detail the employment and fiscal implications
of coal phase-out for a major net coal-producing province (Inner Mongolia) and a net
coal-consumer (Jing-Jin-Ji region), comparing the two and reflecting on the dynamics these
and provinces with similar net-producer and net-consumer characteristics are likely to see
if China’s coal demand falls as projected.

4.2.1. Inner Mongolia

Inner Mongolia is the largest coal-producing province in China, at over 900 million
tonnes annually, 37% of national production and nearly twice that of the next-largest
producers, Shanxi (20%) and Shaanxi (19%). As one of China’s most suitable locations for
wind farm development [78], the province also hosts substantially more wind generation
capacity than any other, at 11.4 GW, with a further 3.3 GW currently planned, although
these are still dwarfed by its 103 GW of thermal coal generation capacity (as of 2021).
Inner Mongolia has historically seen high curtailment rates for wind energy. These have
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since declined, from an average of 15% in 2016 to 10% in 2018 [79], supported by greater
long-distance transmission capacity to serve markets in Eastern provinces. Investment
in additional transmission capacity appears to have grown since the onset of COVID-19,
and is believed to have been supporting the transmission of locally generated coal-fired
electricity to demand centres in the East for at least 7.9 GW of capacity commissioned in
the first half of the year [80].

Inner Mongolia is also fast becoming China’s largest consumer of coal. As of 2021, the
province hosts 103 GW of capacity, nearly 9% of China’s total and just shy of Shandong’s
110 GW. Based on plants currently under construction, Inner Mongolia will overtake Shan-
dong in 2023 to become host to China’s largest provincial fleet, reaching peak capacity
at 120 GW in 2024. This is more than the total combined fleets of Germany and Japan,
and roughly half the size of the entire fleets of the U.S. and India. Its dependence on coal
mining and other minerals, the use of coal for domestic heating, and the provincial govern-
ment’s support for coal (extending to enterprises under government control), support the
continued expansion of the coal industry despite national policy.

In terms of employment, Inner Mongolia is, however, relatively well positioned
to transition away from a coal-based economy, with appropriate planning. Its mining
workforce is the most efficient in China, at 1.7 jobs per additional 10,000 tonnes produced
(the second-least labour intensive are Shaanxi, at 3.3, and Xinjiang, at 3.5). Thus, despite
massive coal mining and combustion operations, coal plants located in Inner Mongolia are
estimated to support just 102,000 jobs, of which only 27,000 are in the mining industry.

However, since Inner Mongolia exports over two-thirds of its coal and meets almost
40% of total interprovincial demand, the jobs associated with meeting demand from other
provinces are several times those associated with supplying just its own plants. Over
440,000 additional coal mining jobs and 39,000 coal transport jobs are associated with
coal supplied by Inner Mongolia to other provinces. Once accounting for exported coal,
therefore, over 500,000 jobs in Inner Mongolia depend on demand for thermal coal.

On the fiscal front, Inner Mongolia’s coal industry contributes CNY 33.7 billion to
central government revenues (about 15% of national revenues from coal), peaking at
CNY 35.9 billion in 2024 before falling sharply after 2030 to under CNY 15 billion by 2041.
Contribution to subnational tax revenues (in Inner Mongolia and the provinces it exports to)
start at a higher level, peaking at CNY 44 billion in 2023 and falling below CNY 15 billion
by 2043. Of these subnational tax revenues, over 40% are resource taxes and nearly 20% are
VAT payments. This is as expected: the relatively low labour intensity of coal production,
low environmental pollution taxes, and the fact that most of Inner Mongolia’s coal is
exported, means that tax revenues associated with the local coal industry are closely tied to
the production and sale of coal.

Estimates of subsidies directed by the provincial government to Inner Mongolia’s coal
industry in the past add some context to these estimates, suggesting that the apparent net
fiscal boon from coal industry operations is not as great as it first appears. While subsidies
vary from year to year depending on funding priorities and are difficult to measure with
any accuracy or certainty, historically, Inner Mongolia is estimated to have granted at least
CNY 720 million in temporary tax relief for coal price adjustments and coal rail transport.
In 2013, the cost to Inner Mongolia’s provincial government of providing coal users with
rail transportation below market rate was estimated at CNY 7.2 billion [73].

4.2.2. Jing-Jin-Ji

‘Jing-Jin-Ji’ is shorthand for the combined Beijing, Hebei and Tianjin area, a heavily
urbanised region with a population of over 112 million. In Beijing’s case, the municipality
contains no coal mines, and recently closed its last coal-fired power plant. It imports large
volumes of electricity, a majority of which is necessarily from coal plants given China’s
electricity mix but does not directly contribute to employment or tax revenue in the coal
sector. Tianjin does not produce any coal but hosts 15 GW of coal-fired power plant
capacity, while Hebei hosts 58 GW of generating capacity. The combined total of about
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72 GW represents 6% of China’s total operating capacity in 2021. Hebei produces about
0.1% of China’s thermal coal (3 million tonnes annually). No new coal capacity is planned,
and current capacity will decline as existing plants are progressively closed.

The wealth and population density of Jing-Jin-Ji relative to other provinces, and its
status as political capital, have direct implications for the political economy of coal phase-
out. With the effects of local air pollution affecting a very large populace, pressure to
address air quality issues that have plagued the area for decades has led to the relocation
of coal power serving Jing-Jin-Ji away from city areas, and the imposition of the highest
environmental pollution tax rates in China. At the same time, government policy promotes
the maintenance of stable, affordable electricity prices to help sustain continued high
growth rates. Achieving these goals simultaneously requires importing electricity from
sources cheap and flexible enough to offset transmission infrastructure costs and ensure
uninterrupted power supplies, a role still played predominantly by coal.

Neither electricity prices (both benchmark and spot prices) nor coal prices in Jing-Jin-Ji
are particularly high or low, hovering near the national median. This implies greater tax
revenue per unit of coal mined or consumed in Jing-Jin-Ji than Inner Mongolia (through
greater unit VAT and resource tax revenues, both generated ad valorem). Beijing, Hebei,
and Tianjin all impose maximum plant-level environmental pollution taxes (CNY 12/kg for
air pollutants, and CNY 14/m? for wastewater), the only provinces currently doing so (see
Appendix D, Figure A1). In Tianjin, these charges are relatively immaterial given the lack
of a coal mining industry and relatively small amount of coal-fired generation. In Beijing,
they are non-existent. (It should be noted that 65% of Beijing’s electricity demand and
40% of Tianjin’s is met through imported electricity, the bulk of which is generated in coal-
fired units in Inner Mongolia, Shanxi, Shaanxi, and Hebei and exported via long-distance
transmission lines [81]).

Hebei's significant coal plant and mining industry, however, faces higher charges per
tonne of coal extracted or burned than other provinces. In combination, the Jing-Jin-Ji
provinces collect CNY 1 billion in environmental taxes on coal plants annually (compared
to CNY 0.43 billion in Inner Mongolia, which has nearly twice the generation capacity,
albeit with fewer operating hours). Further, the estimated average labour intensity of coal
mining in Hebei is 16.7 jobs per additional 10,000 tonnes extracted, more than five times
that of Inner Mongolia (2.8). Consequently, despite having half as much coal power plant
capacity, Hebei’s coal plants support nearly 70% more local coal mining jobs (45,000) as
Inner Mongolian plants do (27,000).

4.2.3. Province-Level Comparison

In terms of employment, the national coal industry supports ten times as many mining
jobs in Inner Mongolia as Jing-Jin-Ji, and the gap will remain significant for the next two
decades. Because of Inner Mongolia’s superior labour efficiency and much larger scale, the
absolute numbers converge sharply by 2040, not least because some coal mine employment
in Inner Mongolia depends on demand from Jing-Jin-Ji, and Jing-Jin-Ji’s coal demand
supports Inner Mongolia jobs. The gap narrows to under 10,000 jobs by 2050. Plant jobs
decline steadily in Jing-Jin-Ji as its remaining plants retire on a smooth trajectory to 2050.
In Inner Mongolia, employment in plants is stable until the mid-2030s, before declining
sharply to 2040 as plants built in the 2010s start to retire and reaching zero in the mid-2050s.

Where the focus for Inner Mongolia is on coal production, continued industrial de-
velopment, growth in electricity generation and upgrading its position on the electricity
value chain, Jing-Jin-Ji is more likely to be concerned with securing reliable, affordable
power to facilitate further economic development. These contrasting potential motivations,
which mirror the relationship between net coal producers and consumers across China, are
not incompatible—in fact, the provinces’ respective interests are well-aligned, such that
an expansion of coal power in Inner Mongolia benefits both, particularly in the context
of power shortages induced by a shortage of coal supplies in late 2020 [82] and autumn
2021 [83].
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4.3. Firm-Level Results

Company identifiers in the source datasets allow the composition and trajectory of
jobs and tax revenues supported by plants operated by individual companies to be traced.
This analysis does so at the parent level, since China’s power generation firms typically
control many subsidiaries that ultimately share a beneficial owner—often the government.
Since plants can also be owned in different shares by multiple companies, the number of
jobs associated with each company is scaled by the proportion of equity ownership it has
in a given plant.

Under the B scenario, the five largest sources of employment in coal power generation
and the mines supplying them in 2021 are the ‘Big Five’ power generation companies. In
descending order of coal-fired generation capacity, these are National Energy Investment
Group (NEI; formerly Shenhua and also known as CHN Energy), Huaneng, Datang,
Huadian, and State Power Investment Corporation (SPIC). Each of these firms also controls
a considerable amount of coal production (see Table 4). NEI, created from a merger between
two large generating and mining firms, is by far the largest annual producer, at 183 million
tonnes.

Table 4. Largest 10 companies by capacity (in 2021, B scenario), with corresponding coal production
capacity, and jobs and tax revenues supported by each company’s coal plants.

. Coal Production Jobs Supported Total Tax Revenue
Company Capacity (GW) (Mt/Year) (Thoug)nds) Supported (CNY bn)

NEI/CHN Energy 142.7 183.0 297.0 39.4
Huaneng 117.0 65.0 238.4 33.3

Datang 84.8 8.0 204.7 24.0
Huadian 84.3 8.8 229.4 23.5

SPIC 67.8 19.3 160.0 184

China Resources 442 8.0 124.2 12.8
Shandong Weigiao Group 22.4 0.0 99.8 7.1
Zhejiang Provincial Energy Group 19.6 0.0 15.6 5.4
Beijing Energy Group 18.8 1.9 225 55
Jiangsu Guoxin 17.6 0.0 82.2 5.3

Between them, the ‘Big Five” support 43% of the jobs in China’s thermal coal industry;
the top 10 support 56%. The largest single source of employment, at 297,000, is NEI (see
Figure 8). The coal activities of Huaneng and Huadian support 238,400 and 229,400 jobs
each, respectively, while Datang supports 204,700. SPIC supports 160,000. Beyond the ‘Big
Five’, plants owned by China Resources (a state-owned integrated mining company) are
the next largest source of employment, supporting 135,000 jobs. Among the remaining top
ten firms, Shandong Weigiao (a private sector aluminium producer), and Jiangsu Guoxin (a
diversified state-owned investment company) support over 80,000 workers apiece. Looking
only at these ten largest firms, it is possible to deduce that close to half of all coal jobs in
China, and likely much more across all firms, are directly supported by coal plants in which
state-owned enterprises have controlling or minority interests.

Mirroring the trajectory of job losses nationally, in the B scenario, 28% of the jobs
currently supported by each of the Big 5 are lost by 2030, and another 50% are lost by
2040. By the 2040s, employment supported by the ten largest firms has declined by 77%
in aggregate, ranging from 71-84% for individual companies. The exception is Shandong
Weiqiao, where job losses are slower because of Shandong’s high mining labour intensity
and significant local coal resources, meaning it imports relatively less from more efficient
provinces than other firms.

Unsurprisingly, the Big Five are also the largest contributors (directly and indirectly)
to tax revenues nationally (see Figure 9), with the activities of the two largest, NEI and
Huaneng, generating CNY 39.4 billion and CNY 33.3 billion in revenue respectively, and
the ‘Big Five’ together, almost CNY 140 billion. The largest ten firms contribute almost CNY
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175 billion between them, representing more than half of total tax revenues from thermal
coal. Mirroring the national trajectory, total tax contributions from the ‘Big Five’ decline
relatively slowly at first, falling just 13% to CNY 121.2 billion in 2030, then start to fall much
more rapidly after 2034, falling by 60% from their 2021 levels to just CNY 55.2 billion by
2040. The tax contribution of each top ten firm falls by 43-69% by 2040, with the exception
of China Resources. By 2050, revenues from the ‘Big Five” are CNY 9.2 billion (6.6% of their
starting value), and those from the top ten firms, CNY 11.1 billion (6.3%).
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Figure 8. Largest parent companies by number of coal jobs supported, 2021-2050 (baseline scenario).
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5. Discussion

Most job losses in China’s coal power sector in any scenario are associated with mining,
which represents over four times the employment in thermal coal plants and nearly three
times that in thermal coal transport. The magnitude of expected employment decline by
2050 in coal mines is significant but is driven more by declining labour intensity than
climate policy stringency.

The experiences of the E.U. and U.S., as the preeminent economies experiencing a long-
term decline in the coal industry, are instructive for China. However, the scale of China’s
coal industry and its central role in driving economic growth and development, as well as
the dominance of SOEs in the sector, imbue China’s coal transition with unique political
economy challenges. Existing policies have focused largely on worker relocation, an option
that is more relevant for large, diversified SOEs, but does little to support workers in
smaller, local mines that have fallen victim to consolidation policies. This approach is likely
not viable in the longer term, since relocation will not be an option as plant retirements
accelerate, and a much greater focus on retraining (where relevant) and redeployment of
existing skills in clean power and industrial technologies is essential.

Managing job losses on an aggregate basis may be within reach of China’s existing
transition planning apparatus, given that the total expected job losses by 2030, even in
the most extreme climate policy scenario, are fewer than those experienced from 201420,
along with prospects for growth in clean technology value chains. However, at a local
level, new ‘green’ job creation may not occur in the same place and at the same time
as coal industry decline, making strategic planning at a provincial scale necessary to
avoid the long-term consequences of rapid deindustrialisation observed in coal transitions
outside China. State-owned and private enterprises across the country have developed, at
speed and scale, remarkable capabilities in the manufacture and development of complex
low-carbon products (notably solar panels, electric vehicles, and third generation nuclear
reactors) that have propelled China to a global leadership position in the production of
each. In anticipation of the inevitable decline in coal sector employment, China’s national
and subnational governments, as well as its SOEs in energy and industry, may do well
to focus on identifying means for further scaling up these industries that can make use
of the human capital at their disposal—including by making use of skills and expertise
developed in the coal industry—and be supported by appropriate incentives for capital
reallocation, including financial market design and regulation. Developing a package of
mutually supportive measures for efficient labour redeployment is an important topic for
further research.

The replacement of fiscal revenues tied to coal presents different challenges. In the
B scenario, two-thirds of total tax revenues linked to coal power flow to the central govern-
ment and remain relatively stable until the mid-2030s. For large coal producers, particularly
Inner Mongpolia, subnational governments receive over 50% of total tax revenues from
coal. Since subnational governments and SOEs have relative fiscal independence and
can generally issue their own debt, they represent a contingent liability for the central
government that is realised whenever they are unable to meet financial obligations, for
instance, if they borrow excessively to finance coal expansion that subsequently finds itself
in insufficient demand, either as a result of government policy, sector reforms, competition
from renewables, or all three. The risk of default and size of potential public sector liabilities
is greater for more ambitious phase-out scenarios.

Managing these potential fiscal risks is a task falling to the central government and
its agencies across multiple ministries. The National Energy Administration’s rolein ap-
proving coal power, for example, is already under review following a highly critical public
evaluation by the influential Central Environment Inspection Team (CEIT) and will be an
important instrument in preventing further investment in coal assets that may present
fiscal risks to provinces either subsidising them or investing through locally owned SOEs.
Similarly important is the China Banking and Insurance Regulatory Commission (CBIRC)
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in crafting regulation designed to prevent provinces with an interest in growing coal from
doing so where the financial (and, by implication, fiscal risks) are significant.

The national ETS—effectively an emissions standard in which the penalty for an asset
not meeting the standard is for it to be included in the scheme—is unlikely to deliver
significant revenues in the near term if current prices, allocations, and trading volumes
persist [84]. This is not least because the trajectory for free permit allocation, versus
auctioning, is not yet clear, and the exclusion of plants meeting a given emissions standard
is equivalent to free permit allocations to coal power emissions. Even if provinces are
allowed to retain a share of revenues from local permit trading, the incentive to keep prices
low to avoid accelerating the decline of coal industries, particularly those run by SOEs, is
strong.

The approximate magnitude of non-externality subsidies to the coal industry is un-
certain, but likely to be significantly higher than tax revenues from it. This suggests that
the net effect of coal phase-out may be revenue-neutral or positive, and further that the
role of central government in managing the fiscal implications of coal-phase out in itself is
likely to be largely redistributive, rather than requiring additional borrowing or monetary
stimulus measures. Central fiscal support to provinces to aid their transition—funded
partly through savings from reduced subsidy payments—may be essential to weakening
the destructive incentives for coal expansion in mining regions, such as Inner Mongolia,
that also have plentiful renewable resources able to compete on price with coal. In the
longer term, ways of taxing clean technologies will be needed to replace the resource taxes
and VAT receipts (tied to coal sales) that represent a significant proportion of subnational
revenue. In locations where coal is unlikely to be replaced directly with renewable, in-
vestments in building up other clean industries by development finance actors including
policy banks and—to an extent—state-owned commercial banks, is likely to be required.
Longer-term measures are likely to require either raising revenues from clean energy with-
out unnecessarily slowing its development, greater borrowing on the expectation of higher
future growth, or reducing public spending. The latter may be unviable, not least due to
the need to meet contingent liabilities in the coal industry (e.g., outstanding bonds and
loans) to which government is exposed through ownership of state-owned enterprises
(SOEs), pressure to meet annual GDP growth targets, clean-up costs for former mining
sites, long-term health, environmental and climate costs, and the cost of relocating and
retraining labour supplies.

The extent to which additional investment is needed in reorienting labour resources
to clean industries is a more complicated question, and one requiring more data, to be
addressed in future research. Large net fiscal outlays are likely to be necessary for China
to accelerate the pace of decarbonisation, given the need for research and development
spending, and infrastructure investment, in key technologies, notably hydrogen, nuclear,
direct air capture, storage, and possibly CCS.

6. Conclusions

This analysis has focused on the employment implications of transitioning China’s
economy away from coal, as well as the fiscal ramifications for areas dependent on the tax
revenues it generates. The results of the simulations constructed here show that the absolute
magnitude of the labour transition challenge facing China is not unprecedented in its recent
history; however, central and subnational governments will need to carefully manage the
localised effects of job losses and find productive alternative uses for unemployed labour.

The majority of tax revenues from coal flow to central government and are unlikely
to decline until the 2030s. Coal-producing provinces such as Inner Mongolia are more
dependent on subnational tax revenues, both accentuating the need for diversification
and making it more politically challenging to achieve. National-level regulation and en-
forcement will be essential in limiting provincial exposure to fiscal shortfalls caused by
coal industry declines, although these are likely to be limited until the 2030s unless China
pursues a much more aggressive phase-out strategy than currently envisaged. Almost half
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of total employment is driven by coal plants owned by five large state-owned enterprises
that are integral to several local economies and providers of critical physical and social in-
frastructure, further accentuating the difficulties of embarking on such significant structural
change. China is exceptionally well-positioned to divert coal subsidies and investment to
clean technologies and skills, and renewable power, both to meet domestic policy goals,
and as the world’s largest exporter of green products.

This initial effort to reconstruct the coal network and associated jobs and tax revenues
in China has many limitations and can be extended in multiple directions. These may
include the addition of unpriced subsidies, particularly those typically considered to be
externalities. It is also possible to overlay other economic, environmental and financial
metrics on the underlying network to consider, for example, how the marginal financial
position of each plant and its owners are affected; and where and in what quantities
pollutant emissions at source are “traded” across China’s power system. As better data
becomes available, there is also potential for examination of structural change dynamics
in the labour market induced by coal phase-out. This might include examining the risk of
regional economic decline when accounting for where opportunities for re-employment
in a range of emerging clean industries might arise, with corresponding implications for
subnational migration and reskilling needs, both for governments and for large state-
owned companies with the capacity to redeploy workers across the country. Similarly, the
accuracy of the reconstructed network can be improved by accounting for price dynamics
and transport availability between provinces and matching specific mines to specific plants
based on multiple criteria, including but not limited to coal prices. Finally, this modelling
effort raises pertinent hypotheses about China’s coal transition that merit further multi-
method investigation, particularly to explore the political economy dynamics between
agents driving, and affected by, the transition.
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Appendix A. Province Codes

Table Al. Province codes used in the main text.

Province Code
Anhui AH
Beijing BJ

Chongging CQ
Fujian FJ

Guangdong GD
Gansu GS

Guangxi GX

Guizhou GZ
Henan HA
Hubei HB
Hebei HE
Hainan HI

Heilongjiang HL
Hunan HN
Jilin JL
Jiangsu JS
Jiangxi JX
Liaoning LN
Inner Mongolia NM

Ningxia NX

Qinghai QH

Sichuan SC

Shandong SD

Shanghai SH

Shaanxi SN
Shanxi SX
Tianjin 1]

Tibet XZ

Xinjiang XJ

Yunnan TN

Zhejiang Z]

Appendix B. Scenarios

This study examines the impact of coal phase-out under five scenarios. The first is a
‘no transition” scenario (NT) assuming that the coal sector continues to develop with no
constraints over and above those already in place; namely, that all plants that are either
planned or under construction are built and operated as expected, while the remainder of
the fleet is phased out according to its age.

The remaining four scenarios, which play out from 2021-2060, are designed to be
roughly equivalent to the four scenarios developed in He, et al. [85] that describe the
trajectory of coal power generation up to 2030. The standard operating lifetime of the coal
plants is manipulated.

Under the ‘baseline’ scenario (B), which reflects current policies, coal power plants
operate for 30 years, and no further plants are built other than those already approved. This
implies that coal use in electricity generation will not quite be fully phased out by 2050. In
the baseline and the ‘no transition” scenario, currently operating plants more than 30 years
old are assumed to cease operating after 35 years, plants more than 35 years old, after
40 years, and all plants more than 40 years old are assumed to retire the following year.

This implies that 108 GW of coal power (approximately 10% of the currently operating
fleet) remains online in 2050, concentrated in Inner Mongolia, Shanxi, Shandong, Xinjiang,
and Shaanxi. Coal is phased out entirely in the power sector by 2054. While the implications
for carbon budgets are not addressed here, previous studies [86,87] suggest that committed
emissions from energy infrastructure built well before 2020 significantly exceed the global
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carbon budgets for both 1.5 °C and 2 °C and that compliance with these budgets will require
a faster phase-out than projected here. Given China’s major contribution to power sector
emissions globally, the baseline scenario is unlikely to be compatible with either of the
Paris Agreement targets without significant deployment of negative emissions technologies
in the form of CCS (including variants such as co-firing coal with biomass) and direct
air capture.

The baseline therefore represents a trajectory for China’s coal power sector that reflects
existing policies (including the 2060 carbon neutrality announcement) but is not necessarily
in line with China’s international commitments under the Paris Agreement, or with the
best available science. Meeting these targets would require that CCS deployment be rapidly
accelerated, and that coal with CCS remain competitive in the long term against available
alternatives. Both appear unlikely at present.

Allowing plants to operate for this long reduces the financial risk of stranded or
otherwise non-performing assets accumulating on coal and utility company balance sheets—
although this does not eliminate them, since the economics of China’s coal plants and
decreasing utilization hours for coal suggest as much as half the current fleet is suffering
operating financial losses [10].

The baseline is, however, consistent with China decarbonisation pathway modelling
in [7], in which the unabated coal generation fleet stands at 123 GW (+68 GW CCS) in 2050
under a 2 °C scenario, and 32 GW (+149 GW CCS) under a more ambitious 1.5 °C scenario,
partially reflecting the use of CCS as a means of justifying carbon budget overshoot before
2050. In the model in this study, 472 TWh of coal-fired electricity is generated in 2050 under
the baseline scenario, similar to the 450 TWh (unabated; 850 TWh including CCS) in [7] for
a 2 °C scenario, and much higher than the 110 TWh (unabated; 900 TWh including CCS) in
the 1.5 °C scenario, in which net zero emissions are achieved in the power sector between
2045 and 2050.

CCS does feature in the 1.5 °C and 2 °C scenarios, however, since its scalability and
competitiveness are not yet established, particularly when considering price trends in clean
technologies, it is not considered as an option in the model. The potential for CCS to sustain
existing coal sector jobs and create new ones will merit further study as its feasibility
becomes clearer.

China may opt to phase out its coal plants more rapidly than in the baseline scenario,
either as a matter of top-down policy (particularly if responding to new information on
the climate system), or proliferation of cheaper, cleaner alternatives in the market, or both.
Three alternative scenarios are modelled in which coal plants are closed more quickly than
expected (i.e., an accelerated decline in capacity), assuming no additional CCS capacity.
An alternative route to a similar outcome is to keep plants open as originally planned,
but with much fewer generating hours. This may help to preserve jobs at the plants
for longer, but with severe financial consequences for plant owners that are, in many
cases, already absorbing operating losses. We assume that the closure of plants, rather
than running increasing portions of the fleet at increasingly large losses, is the preferred
strategy in designing these scenarios. In the first alternative scenario, ‘R’, the trajectory of
accelerated plant closures is calibrated to correspond to match the share of coal capacity
closures between 2020 and 2030 in the three scenarios presented in He, Lin, Sifuentes, Liu,
Abhyankar and Phadke [85], a power system model that optimises for cost given a set of
energy technology prices and carbon constraints. In the ‘R’ scenario, a more rapid phase-
out reflects the impact of lower-than-expected renewables costs on capacity additions. In
the more aggressive ‘C50” and ‘C80’ scenarios, lower-than-expected renewables costs are
combined with exogenously-imposed emissions constraints for the power sector of 50%
and 80% below 2015 levels by 2030, respectively. These latter two scenarios are reflective
of different levels of carbon constraints placed on the power sector as a proxy for the
aggressiveness of national decarbonisation policy.

To implement the scenarios, the only variable that is changed is the operating lifetime
of each coal plant, which is calibrated to reflect the approximate capacity remaining by
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2030 in the scenarios constructed in [85], multiplied by a factor of 1.42 to account for the
ratio between expected 2020 installed capacity in the source paper (832 GW) and actual
operating capacity in 2020 (1180 GW) for scenarios B and R. The higher installed capacity in
these scenarios is largely offset by lower operating hours, such that coal power generation
is similar under the B scenario, and slightly higher under the R scenario. In the C50 and
C80 scenarios, no multiplier is used since they are based on emissions reductions from a
2015 (not 2020) baseline. The scenarios, and how they are implemented into the model in
this paper, are summarised in Table A2.

Table A2. Overview of coal phase-out scenarios employed.

Scenario Description Plant Operating Lifetime (Years) Capacity in 2030 (GW) Generation in 2030 (TWh)
He et al. (2020) Model He et al. (2020) Model
No transition: all plants 30 if plant age < 30;
planned or under 35 if plant age > 30;
NT construction are built  pantage ==y N/A 1398 N/A 6069
40 if plant age > 35;
and operated as Age + 1 if plant age > 40
intended & P 8
Baseline; reflects
B existing policy of carbon Same as NT 751 x 1.42 =1057 1114 4915 4827
neutrality by 2060
Low-cost renewables;
R reflects greater than 25 707 x 1.42 = 1003 984 3676 4270
expected declines in
renewables costs
50% decline in 20
C50 emissions from Coél cancellation of plants under 498 486 2371 2125
power by 2030 relative )
construction
to 2015
80% decline in 15:
C80 emissions from COE.ﬂ cancellation of all plants under 196 195 957 867
power by 2030 relative -
construction
to 2015
Appendix C. Employment Trajectories for All Provinces, in All Scenarios
Table A3. Trends in coal industry employment supported by each province, 2021-2060 and change to
2030 (NT scenario).
L . Coal Industry Jobs Change in Jobs % Change in
Pr(;,‘{;l;ct: K‘rrﬁ:s:;oal Supported by Those Plants 2030 2040 2050 Supported Jobs Supported
(Thousands, 2021) 2021-2030 2021-2030
Jiangsu 454,814 309,291 105,484 23,119 145,523 —32.0%
Shandong 498,112 369,899 155,862 39,018 128,213 —25.7%
Hebei 197,592 112,941 37,300 3230 84,651 —42.8%
Liaoning 174,692 101,769 35,186 8559 72,923 —41.7%
Henan 261,630 193,992 70,763 18,090 67,638 —25.9%
Heilongjiang 136,288 76,313 22,747 4936 59,975 —44.0%
Shanxi 111,179 94,533 41,478 13,298 16,645 —15.0%
Sichuan 37,556 29,784 12,268 6903 7772 —20.7%
Ningxia 39,855 33,594 15,492 2952 6262 —15.7%
Yunnan 20,298 14,518 3251 1456 5780 —28.5%
Zhejiang 36,564 31,332 10,646 1690 5232 —14.3%
Shanghai 7049 4094 410 426 2956 —41.9%
Tianjin 11,964 9788 3812 1426 2176 —18.2%
Hainan 4824 3537 1588 - 1286 —26.7%
Guangdong 56,109 55,114 34,164 12,473 995 —1.8%
Chongqing 15,602 15,208 11,029 3775 394 —2.5%
Jilin 49,346 49,228 27,642 14,336 118 —0.2%
Tibet 125 125 125 - —0 0.1%
Anhui 131,335 131,347 61,094 23,470 -13 0.0%
Hubei 32,703 33,775 22,471 10,690 —1072 3.3%
Qinghai 7037 8145 4829 1769 —1108 15.7%
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Table A3. Cont.

. . . Coal Industry Jobs Change in Jobs % Change in
Pr(;)‘lnncte X‘ ‘A;Jhmht Cdoal Supported by Those Plants 2030 2040 2050 Supported Jobs Supported
ants Are Locate (Thousands, 2021) 2021-2030 2021-2030
Fujian 21,641 24,287 13,984 6851 —2646 12.2%
Guangxi 29,432 35,313 24,697 10,223 —5881 20.0%
Shaanxi 47,039 57,887 36,137 18,439 —10,849 23.1%
Hunan 41,329 55,033 33,913 25,576 —13,703 33.2%
Jiangxi 38,186 54,671 41,601 32,527 —16,485 43.2%
Gansu 58,412 77,101 40,963 21,561 —18,689 32.0%
Inner Mongolia 104,358 125,769 70,231 38,657 —21,410 20.5%
Xinjiang 88,704 113,471 87,001 24,037 —24,767 27.9%
Guizhou 98,991 127,164 76,066 34,038 —28,173 28.5%
Total 2,812,764 2,349,021 1,102,235 403,526 463,743 —16.5%
Table A4. Trends in coal industry employment supported by each province, 2021-2060 and change to
2030 (R scenario).
. . . Coal Industry Jobs . o
Province in Which Coal Change in Employment % Employment
Plants Are Located Supported by Those Plants 2030 2040 2050 2021-2030 Loss 2021-2030
(Thousands, 2021)
Jiangsu 451,727 204,389 30,884 - 247,338 —54.8%

Shandong 491,171 278,881 55,747 - 212,290 —43.2%
Henan 256,720 140,251 19,213 - 116,469 —45.4%

Hebei 197,482 88,824 18,825 - 108,658 —55.0%
Liaoning 172,183 80,029 9253 - 92,153 —53.5%
Heilongjiang 122,479 57,417 8011 - 65,062 —53.1%
Anhui 126,761 76,000 12,768 - 50,762 —40.0%
Shanxi 109,169 68,753 17,948 - 40,416 —37.0%
Guizhou 95,572 69,376 15,441 - 26,196 —27.4%
Gansu 49,634 31,043 6091 - 18,591 —37.5%
Sichuan 37,593 21,373 3883 - 16,221 —43.1%
Jilin 46,989 31,572 2691 - 15417 —32.8%
Guangdong 54,472 41,286 9748 - 13,186 —24.2%
Inner Mongolia 102,063 88,979 27,705 - 13,084 —12.8%
Zhejiang 35,969 24,336 1344 - 11,633 —32.3%
Ningxia 39,826 28,746 10,353 - 11,080 —27.8%
Yunnan 20,310 9339 - - 10,970 —54.0%
Hunan 39,824 29,554 6581 - 10,270 —25.8%
Xinjiang 86,787 76,995 23,726 - 9792 —11.3%
Hubei 32,071 24,210 8883 - 7861 —24.5%
Shaanxi 44,823 37,658 14,121 - 7166 —16.0%
Fujian 20,519 16,098 4470 - 4421 —21.5%
Tianjin 11,705 7404 2507 - 4301 —36.7%
Shanghai 7050 2759 - - 4291 —60.9%
Guangxi 27,191 22,962 8929 - 4229 —15.6%
Jiangxi 35,765 32,930 14,977 - 2835 —7.9%
Qinghai 7007 4649 1094 - 2358 —33.7%
Hainan 4827 3109 - - 1717 —35.6%
Chongqing 13,695 12,577 4116 - 1118 —8.2%

Tibet 125 125 125 - -0 0.1%
Total 2,741,506 1,611,622 339,436 - 1,129,885 —41.2%

Table A5. Trends in coal industry employment supported by each province, 2021-2060 and change to
2030 (C50 scenario).
. . . Coal Industry Jobs . o
Province in Which Coal Change in Employment % Employment
Plants Are Located Supported by Those Plants 2030 2040 2050 2021-2030 Loss 2021-2030
(Thousands, 2021)

Shandong 491,171 138,729 - - 352,442 —71.8%
Jiangsu 451,727 103,992 - - 347,735 —77.0%
Henan 256,720 63,422 - - 193,298 —75.3%

Hebei 197,482 47,124 - - 150,358 —76.1%
Liaoning 172,183 30,375 - - 141,808 —82.4%
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Table A5. Cont.

. . . Coal Industry Jobs . o
Province in Which Coal Change in Employment % Employment
Plants Are Located Supported by Those Plants 2030 2040 2050 ¥ 2021—201?50 Y Loss 21:)21}’—2030
(Thousands, 2021)

Heilongjiang 122,479 18,720 - - 103,759 —84.7%
Anhui 126,761 39,220 - - 87,541 —69.1%
Shanxi 109,169 31,127 - - 78,043 —71.5%

Inner Mongolia 102,063 31,868 - - 70,195 —68.8%
Guizhou 95,572 36,280 - - 59,292 —62.0%
Gansu 49,634 12,444 - - 37,191 —74.9%
Guangdong 54,472 21,005 - - 33,467 —61.4%
Jilin 46,989 13,880 - - 33,109 —70.5%
Sichuan 37,593 5739 - - 31,855 —84.7%
Hunan 39,824 8790 - - 31,033 —77.9%
Zhejiang 35,969 8345 - - 27,624 —76.8%
Xinjiang 86,787 59,426 - - 27,361 —31.5%
Shaanxi 44,823 17,680 - - 27,144 —60.6%
Jiangxi 35,765 11,389 - - 24,375 —68.2%
Ningxia 39,826 15,807 - - 24,019 —60.3%
Hubei 32,071 12,681 - - 19,390 —60.5%
Yunnan 20,310 2141 - - 18,168 —89.5%
Guangxi 27,191 13,648 - - 13,543 —49.8%
Fujian 20,519 6987 - - 13,531 —65.9%
Tianjin 11,705 2521 - - 9184 —78.5%

Shanghai 7050 - - - 7050 —100.0%

Chonggqing 13,695 7442 - - 6253 —45.7%
Qinghai 7007 3255 - - 3752 —53.5%
Hainan 4827 1572 - - 3254 —67.4%

Tibet 125 125 - - -0 0.1%
Total 2,741,506 765,732 - - 1,975,774 —72.1%
Table A6. Trends in coal industry employment supported by each province, 2021-2060 and change to
2030 (C80 scenario).
. . . Coal Industry Jobs . o
Province in Which Coal Change in Employment % Employment
Plants Are Located Supported by Those Plants 2030 2040 2050 2021-2030 Loss 2021-2030
(Thousands, 2021)

Shandong 491,171 42,493 - - 448,678 —91.3%
Jiangsu 451,727 42,550 - - 409,176 —90.6%
Henan 256,720 19,468 - - 237,252 —92.4%

Hebei 197,482 26,462 - - 171,020 —86.6%
Liaoning 172,183 9815 - - 162,368 —94.3%

Heilongjiang 122,479 7308 - - 115,171 —94.0%
Anhui 126,761 13,136 - - 113,625 —89.6%
Shanxi 109,169 12,279 - - 96,890 —88.8%

Inner Mongolia 102,063 13,439 - - 88,624 —86.8%
Guizhou 95,572 13,147 - - 82,425 —86.2%
Xinjiang 86,787 20,095 - - 66,692 —76.8%

Guangdong 54,472 5354 - - 49,117 —90.2%

Gansu 49,634 3758 - - 45,877 —92.4%

Jilin 46,989 2646 - - 44,343 —94.4%
Hunan 39,824 2502 - - 37,322 —93.7%
Sichuan 37,593 914 - - 36,679 —97.6%
Shaanxi 44,823 9172 - - 35,651 —79.5%
Zhejiang 35,969 508 - - 35,461 —98.6%
Jiangxi 35,765 4506 - - 31,259 —87.4%
Ningxia 39,826 11,204 - - 28,622 —71.9%
Hubei 32,071 7086 - - 24,985 —77.9%
Yunnan 20,310 - - - 20,310 —100.0%
Guangxi 27,191 7886 - - 19,305 —71.0%
Fujian 20,519 3145 - - 17,374 —84.7%

Chonggqing 13,695 2761 - - 10,934 —79.8%
Tianjin 11,705 1642 - - 10,063 —86.0%

Shanghai 7050 - - - 7050 —100.0%
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Table Aé6. Cont.

. . . Coal Industry Jobs .
Province in Which Coal Change in Employment % Employment
Plants Are Located Supported by Those Plants 2030 2040 2050 2021-2030 Loss 2021-2030
(Thousands, 2021)
Qinghai 7007 1346 - - 5661 —80.8%
Hainan 4827 - - - 4827 —100.0%
Tibet 125 125 - - -0 0.1%
Total 2,741,506 284,746 - - 2,456,760 —89.6%

Appendix D. Technical Appendix

This appendix details the assumptions and calculations made in order to generate the
model results reported in the paper.

Appendix D.1. Coal Plant Operations

Coal plants are deemed to be operational or non-operational based on the start year of
operations (contained in the data) and end year (determined in each scenario based on the
methodology in Appendix B). To estimate coal consumption per useful unit of electricity
produced, information on coal energy content (EC) and plant efficiency is required. Coal
energy content assumptions differ by the type of coal consumed (see Table A7).

Table A7. Coal energy content assumptions. Source: Carbon Tracker Initiative.

Coal Type Energy Content (kcal per kg)
Anthracite 6066
Bituminous 5316
Sub-bituminous 4897
Lignite 3713
Average (used when coal type unknown) 4500

These figures are then converted to GJ per tonne using the conversion factor 239,005.7
GJ/kcal, and then to M/Wh per tonne using the conversion factor 3.6 G]/MWh (A1).

MWh kcal 1000
e (M) 5 « (100 ) a

Plant efficiency factors (EF) vary by type of plant (see Table A8) and are estimated to
decay (d) by 0.18% per year, based on data provided by Carbon Tracker Initiative.

Table A8. Plant efficiency assumptions by technology type.

Plant Technology Type Efficiency (%) Source
Subcritical 39.6% [88]
Supercritical 42% [89]
Ultra-supercritical 44% [89]

Estimated capacity factors (CF) by province are provided in Table 1 in the main text
and are sourced from published statistics provided by the China Electricity Council (CEC)
for the year 2019. Coal consumption (C) by plant i with capacity CA in year ¢ that began
operating in year t* is calculated using Equations (A2) and (A3):

Efficiencyy = EF; x (1 —d)"™" (A2)

B CA; x CF; x 8766

Cit rC

x Ef ficiency; (A3)
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It is assumed that each plant starts phasing down its operations two years ahead
of closure, reducing its initial capacity factor by one third for the penultimate year of
operation, and by two thirds for the last year of operation. This is intended to be a crude
proxy for reflecting declining demand for the services of coal plants targeted for phase-out,
either because they are not providing sufficient value to the market or are considered not
to meet regulatory targets.

Appendix D.2. Coal Mining Operations

The coal mine dataset contains fields for each mine’s opening year and remaining
operational lifetime. If remaining lifetime data is not available, the mine is assumed to
operate either until 2050, or for 50 years from its opening year, whichever is the longest. If
the opening year is also unavailable, the mine is assumed to operate for 50 years after the
base year (2021). The dataset is filtered for mines that produce thermal coal. If the mine
produces both thermal and metallurgical coal, it is classed as a thermal coal mine. Thermal
coal production by province and coal type is then aggregated.

Appendix D.3. Coal Production-Consumption Network

Each plant prioritises the consumption of coal mined in the province in which it is
located (which must match the type of coal the plant consumes) and imports the balance
from other provinces. Similarly, China prioritises the consumption of domestic coal, and
is assumed to import coal only when there is an undersupply (which is the case for, e.g.,
anthracite). In each province p and for each coal type ct, the amount of coal demand met by
local supplies (CD**) is the minimum of local demand d (coal of that type consumed by
plants in that province) and local supply s (coal of that type produced by mines m in the
same province) (A4).

i m
CD;?E?Z = min < Z di,p,ctr Z Sp,ct) (A4)
n=1 n=1

The amount of each plant’s total coal demand (CD'!") met by importing from other
provinces (CDexternaly or from outside China is what remains when local demand is sub-
tracted from it. The amount of each province’s coal supply exported to other provinces
(CSexported) i what remains once local demand is subtracted from total local production (A5).

m i
exported local
CSprct = Z Spet — Z CDi,p’Ct (A5)
n=1 n=1

The amount of coal (by type) imported from outside China (CD""P°"?) is the maximum
of total demand (CD'!*), minus total domestic supply (CD?! + CD®ly across all
provinces; and zero (A6).

, P P P
CDQT”O”E”Z = max (0, Z CD;‘fE?’ - Z CDi,‘fgi” - Z CDg’fth’”ﬂl ) (A6)
n=1 n=1

n=1

The percentage of the interprovincial coal export market (ep) held by each province is
the share of coal exported by that province over total interprovincial exports, for each coal
type (A7). d

C Sex ;;or te
ePpet =~ (A7)

4 exported
Z:n=1 cs p,ct

Each province then sources its coal externally from other provinces (where applicable)
on a pro-rata basis according to each other province’s share of the interprovincial market.
This is recalculated for each year ¢ in the model.
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Appendix D.4. Coal Transport Operations

Since the model aggregates mines at the provincial level and does not link specific
mines to specific plants, coal transportation distances are calculated on the basis of the
shortest geographic distance between the capital city of each province, and the plant.
See [90] for a similar approach. A calculation for the cost of transport is required in order
to assess revenues from VAT levied on the transport and power generation components of
the supply chain. Average coal transport prices by mode, and the share of each mode in
total transport volumes, are used to estimate an overall average cost per ton-km.

Table A9. Cost and share of transport by mode.

Transport Mode

Average Cost (CNY /ton-km) Weighted Average Cost of

Share (Scaled to 100%) [65]

[Source] Transport (CNY /ton-km)
Rail 0.1[91] 46.67%
Road 0.55[92] 28.57% 0.2196
Water 0.06375 [92] 24.76%

Total transport costs (TC) for each plant in a given year are the sum, across provinces,
of the product of distance dist between plant i and the capital of province p, and the amount
of coal demanded from each province CDP (AS8).

4
TC; = ) _ dist;, x CD? (A8)
n=1

Appendix D.5. Employment

The number of jobs supported by each coal plant while it is operating depends on the
capacity of the plant (Table A10).

Table A10. Number of jobs in coal plants by plant capacity. Adapted from [60].

Plant Capacity (c) (MW) Number of Jobs
0<c<100 60
100 < ¢ <300 100
100 < ¢ < 600 110
600 < c <1000 120
>1000 150

The number of jobs (per billion ton-km) supported by the transport of coal in each
province is the weighted average across modes of the total number of jobs supported by
each transport mode in each province, divided by total freight volumes for each mode in
each province. Table A11 summarises the data points used in constructing this measure, as
well as the 2015 figures for coal mining jobs per 10,000 tons of coal production by province.
This coal mining labour intensity measure, L, is projected forward based on annual rates of
labour productivity growth g cited in [63] (A9). In the transport sector, jobs are assumed to
be held in the province of origin of the coal being transported.

b =2015,¢ = 8%, 2015 <t < 2020
Li=Lyx (1—g)"" where{ b=2020,g=5%, 2021 <t< 2050 (A9)
b =2050,¢ = 0%, 2051 < t < 2060
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Table A11. Estimated jobs per billion ton-km of coal transported, and per 10,000 tons of coal produced,
by province.

Freight Volumes (Billion ton-km, = Weighted Average Jobs Jobs per 10,000 tons Coal

Jobs (2020) [64]

2020) [65] per Billion ton-km Production (L), 2015 [63]
Province Road Rail Water Road Rail Water
Anhui 47.3 132.3 8.4 754 326.8 622.5 183.5 17.5
Beijing 103.3 262.2 0.3 814 27.6 0.0 3354.8 20
Chongqing 27.2 123.7 12.1 20.8 95.3 245.3 451.0 18
Fujian 33.5 96.0 14.6 19.4 96.2 713.6 173.8 9
Gansu 64.8 443 0.2 151.7 98.0 0.0 438.0 16.5
Guangdong 72.1 388.3 414 30.1 256.4 2450.8 183.3 0
Guangxi 66.4 66.8 44 75.3 147.1 176.5 345.1 25.5
Guizhou 335 59.6 0.2 64.2 54.8 45 755.1 8
Hainan 6.5 19.4 6.1 1.7 4.1 159.0 194.2 0
Hebei 88.1 118.0 18.0 493.7 802.7 59.9 165.2 23
Heilongjiang 137.3 60.6 0.6 814 79.5 0.6 1229.5 29
Henan 110.8 229.5 2.1 214.6 530.0 121.2 395.5 28.7
Hubei 78.6 159.7 13.2 93.9 226.8 292.6 410.1 9.5
Hunan 77.8 129.5 32 85.5 131.7 422 811.9 16.5
Inner Mongolia 108.1 57.6 0.0 273.5 195.5 0.0 353.4 1.7
Jiangsu 64.0 233.6 51.7 33.3 323.5 637.9 351.1 37
Jiangxi 56.3 89.7 3.3 56.5 304.0 255 386.9 21
Jilin 62.6 61.9 0.0 54.0 126.3 0.0 690.5 26
Liaoning 112.6 115.6 28.4 123.2 266.3 502.7 287.6 325
Ningxia 19.7 11.1 0.2 214 43.7 0.0 473.6 7.5
Qinghai 23.3 19.6 0.0 27.2 12.6 0.0 1076.7 10.5
Shaanxi 97.4 111.0 0.0 175.0 173.1 0.1 598.6 33
Shandong 88.0 203.7 38.4 152.5 674.6 189.6 324.7 32.2
Shanghai 33.7 179.7 31.6 1.5 83.9 2947.1 80.8 0
Shanxi 102.6 75.8 0.0 277.5 269.2 0.0 326.4 9.5
Sichuan 70.8 166.8 0.7 87.8 152.8 30.6 879.4 12
Tianjin 28.3 58.8 10.9 51.7 59.9 154.6 367.8 0
Tibet 0.7 15.4 0.0 4.0 114 0.0 1041.6 0
Xinjiang 57.4 79.7 0.1 114.6 80.2 0.0 703.8 35
Yunnan 39.0 75.2 0.2 51.9 101.5 1.7 737.5 20
Zhejiang 4.0 202.2 29.0 23.6 208.2 1007 .4 189.7 0
Total 1915.8 3647.4 319.5

Appendix D.6. Tax Revenues and Subsidies

Estimation of tax revenues raised from employment requires estimating average
wages by province for each type of employee. Data on average wages in the mining, power,
and transport industries for each province is drawn from the China Statistical Yearbook
2019 [93]. In each industry, there is a substantial difference between public and private
sector wages (public sector wages are typically much higher), and a weighted average is
taken based on the proportion of public vs. private employees in each sector. In the mining
sector, the public/private ratio (%) is 62/38; in power, it is 80/20; and in transport, 44/56
(Table A12).

Social security payments are raised from wages; they are not strictly a tax but are made
up of contributions by employers and employees. All employees are assumed to contribute
to social security at the rate of 20% of gross salary; all employers, 30% of gross salary.

Income taxes are levied based on each employee’s taxable income. The standard
deduction for income taxes in China is CNY 60,000 [68]. We assume that each employee
claims the standard deduction. Taxable income is the maximum of is what remains, and
zero. Total tax payable by each employee is taxable income multiplied by the tax rate for
the applicable tax bracket, minus an additional ‘quick deduction’ for that bracket reflecting
the amount taxed at a lower rate (Table A13).
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Table A12. Wages by sector (public sector, private sector, and weighted average) and province.

Average Wage, Public Sector Average Wage, Private Sector Weighted Average Wage
(Thousand CNY/Year) (Thousand CNY/Year) (Thousand CNY/Year)

Province Mining Power Transport Mining Power Transport Mining Power Transport
Anhui 59.0 101.9 85.5 48.5 113.1 100.3 48.9 80.9 62.9
Beijing 67.0 135.0 109.0 74.6 176.7 156.4 66.1 123.3 91.1
Chonggqing 60.3 74.4 69.1 54.9 92.9 85.4 57.7 89.5 71.6
Fujian 54.3 61.3 58.6 447 119.7 104.8 58.0 90.1 72.0
Gansu 43.2 85.4 69.3 47.4 83.5 76.3 45.3 84.6 62.5
Guangdong 48.6 142.3 106.6 48.0 142.6 123.8 62.5 107.5 82.2
Guangxi 45.3 63.9 56.8 44.5 101.7 90.3 46.0 89.8 65.2
Guizhou 52.6 71.1 64.0 55.3 110.8 99.7 42.7 91.5 64.0
Hainan 44.7 65.6 57.6 354 100.8 87.7 54.3 97.6 73.2
Hebei 43.9 82.2 67.6 44.6 100.4 89.3 48.4 87.1 65.3
Heilongjiang 39.3 90.0 70.7 36.2 80.3 71.5 43.7 83.1 60.9
Henan 39.2 71.8 59.4 42.9 88.5 79.5 43.0 75.9 57.4
Hubei 43.5 82.8 67.8 39.7 103.2 90.5 42.2 86.4 61.5
Hunan 42.7 57.6 51.9 39.7 94.3 83.4 39.6 85.2 59.5
Inner Mongolia 57.1 120.1 96.1 50.5 101.4 91.3 451 91.5 65.4
Jiangsu 55.8 94.1 79.5 56.0 142.7 125.5 62.6 98.5 78.3
Jiangxi 47.5 60.1 55.3 45.4 85.0 77.2 471 87.0 64.6
Jilin 36.5 71.2 58.0 32.1 89.6 78.1 36.6 77.9 54.6
Liaoning 40.9 79.2 64.6 411 78.9 71.3 42.2 85.9 61.3
Ningxia 50.4 128.9 99.0 54.9 120.3 107.3 49.6 88.0 66.4
Qinghai 43.9 130.2 97.3 53.5 102.7 92.9 48.2 99.9 70.8
Shaanxi 49.3 100.6 81.0 45.8 105.7 93.8 44.2 89.9 64.2
Shandong 53.1 96.2 79.7 66.4 107.7 99.5 61.4 90.9 74.3
Shanghai 0.0 271.2 167.8 57.5 204.3 175.1 65.7 134.4 95.7
Shanxi 50.2 81.3 69.5 411 87.1 78.0 44.2 93.6 65.8
Sichuan 47.2 103.2 81.9 46.7 108.9 96.6 48.1 98.1 69.9
Tianjin 68.3 140.1 112.7 63.9 156.4 138.0 58.2 103.3 77.9
Tibet 0.0 105.2 65.1 0.0 104.0 83.3 0.0 108.8 47.6
Xinjiang 68.6 141.6 113.8 61.4 103.8 95.4 50.0 104.6 73.9
Yunnan 50.9 70.5 63.0 55.4 102.9 93.4 46.3 100.9 70.1
Zhejiang 61.9 87.5 77.7 58.7 129.4 115.3 60.6 97.0 76.5

Table A13. Income tax brackets, rates, and quick deductions.

Taxable Income (T, Thousand CNY) Rate (%) Quick Deduction (Thousand CNY)
0<T<36 3 0
36 <T<144 10 2.52
144 < T < 300 20 16.92
300 < T <420 25 31.92
420 < T <660 30 52.92
660 < T <960 35 85.92
T > 960 40 181.92

Data on environmental pollution taxes is available only as ranges for each province
(Figure A1), with more population-dense provinces typically opting for higher tax rates
across all pollutants. In each case, the average of the range for each province is used to
calculate the applicable tax. Taxes are levied on plants” sulphur dioxide, nitrous oxide,
particulate matter, and wastewater emissions. The first three are levied at rates ranging
from CNY 1.2-10/kg; wastewater is taxed at CNY 1.4-10.5/m>. Emissions of pollutants
per MWh generated vary by plant type (see Table A14).
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Figure A1l. Environmental Pollution Tax rates for selected pollutants by province. Units: CNY/kg
(CNY/m? for wastewater).

Table A14. Coal plant local pollutant emissions by plant type.

Plant Tvoe SOy NOy PM2.5 Wastewater

P (kg/MWh) [89] (kg/MWh) [89] (kg/MWh) [89] (m3/MWHh) [94]
Subcritical 0.117 0.165 0.032 227 x 107°
Supercritical 0.103 0.15 0.03 227 x 107°
Ultra-supercritical 0.1 0.142 0.028 227 x 107°

Further pollution taxes are levied on mining activities (and, in principle, transport
activities, although these are assumed to be insignificant in this analysis and are not
included). The relevant taxes and pollution rates per tonne of coal equivalent (tce; a
standard measurement based on coal with 7000 kcal/kg calorific value) are detailed in
Table A15.

Table A15. Coal mining pollutant tax and emissions rates [95,96].

Pollutant Tax Rate (CNY/kg) Emissions (kg/tce)
Coal gangue 0.005 175
Mine tailings 0.015 0.013
Coal ash 0.025 39.6
Wastewater [94] 1.4-10.5 0.3

Prospecting and exploration fees are levied on operational mines, based on the area
that the mine covers: CNY 500/km?/ year for the former, and CNY 1000/ km?2/ year for
the latter. Since the dataset used for this exercise contains very limited information on
mine sizes, an average production density of 0.52 million tons (Mt)/km? /year is used as
an approximate proxy [97]. Precision for this tax is relatively less important than for other
taxes, since it represents a very small proportion of total revenues. This produces estimates
of CNY 964.7 /Mt in prospecting fees, and CNY 1929.4/Mt in exploration fees.
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Mining royalties (of which 20% go to central government, 80% to provincial govern-
ment) and resource taxes (100% provincial governments) are levied ad valorem on coal sales
by value, which are derived from the amount of coal consumed by each plant from each
province. Royalties range from 0.5-4% of sales; here an average figure of 1.8% of sales is
used. Resource tax rates vary by province and are provided in Table A16 alongside average
provincial coal and coal-fired electricity prices (weighted average of fixed (benchmark) and
spot market tariffs), which are used in the calculation of VAT.

VAT (of which 75% goes to central government, 25% returned to the subnational
jurisdictions in which it was generated) is levied at the rate r of 12%, cumulatively, on coal
sales, transport, and electricity sales. As with other VAT systems, each buyer in the process
pays the requisite VAT and reclaims it once the good in question is sold, such that total
VAT paid should be 12% of the final sale price. Prices used in the data already include VAT;
the formula for calculating VAT payable is found in Equation (A10). At each stage, VAT is
calculated based on the price of the service or good (coal, transport, wholesale electricity),
and the VAT already paid upstream is deducted. If VAT already paid exceeds VAT payable
at that stage of the value chain, no VAT is paid at that stage.

r
147

VAT = pvar X (AlO)

Table A16. Average coal [98] and electricity prices [99] (2019, incl. VAT), and resource tax rates [100],
by province.

C . Electricity Price  Electricity Price % Electricity Weighted Average
. oal Price . . . Resource Tax
Province (CNY/ton) (Benchmark) (Spot) Sold on Spot Electricity Price Rate (%)
(CNY/MWh) (CNY/MWh) Market (CNY/MWh)
Anhui 584.37 384.4 346 33.7% 3715 2.0%
Beijing 473.11 368.2 353.3 24.0% 364.6 2.0%
Chongqing 591.97 396.4 394.6 23.9% 396.0 3.0%
Fujian 542.08 3932 363.2 27.6% 3849 2.0%
Gansu 468.87 297.8 190.6 22.8% 273.4 2.5%
Guangdong 571.98 453 412.8 29.2% 4413 0.0%
Guangxi 688.14 420.7 306.6 36.2% 379.4 2.5%
Guizhou 4924 351.5 323.6 30.0% 343.1 5.0%
Hainan 505.69 429.8 399.8 1.3% 429.4 0.0%
Hebei 473.11 368.2 353.3 24.0% 364.6 2.0%
Heilongjiang 522.7 374 362.6 15.3% 372.3 2.0%
Henan 527.87 377.9 359.4 30.8% 372.2 2.0%
Hubei 597.44 416.1 408.6 27.4% 414.0 2.0%
Hunan 633.34 450 436.5 24.8% 446.7 2.5%
Inner Mongolia 272.44 293.2 220.2 36.0% 266.9 9.0%
Jiangsu 541.3 391 360.5 49.6% 3759 2.0%
Jiangxi 656.69 414.3 403.6 26.7% 4114 2.0%
Jilin 540.57 373.1 250.9 24.0% 343.8 2.0%
Liaoning 540.29 375.3 360 34.9% 370.0 2.0%
Ningxia 359.74 259.5 248.4 30.5% 256.1 6.5%
Qinghai 528.74 324.7 224.7 49.0% 275.7 6.0%
Shaanxi 419.07 354.5 291.6 14.6% 345.3 6.0%
Shandong 559.98 394.9 381.1 25.3% 3914 4.0%
Shanghai 528.7 4155 385.5 9.7% 412.6 0.0%
Shanxi 352.17 332 310.8 43.7% 322.7 8.0%
Sichuan 589.21 401.2 298.2 22.9% 377.6 2.5%
Tianjin 491.24 365.5 306.4 13.2% 357.7 0.0%
Tibet 589.21 401.2 298.2 22.9% 377.6 0.0%
Xinjiang 253.89 260 170.2 16.7% 245.0 6.0%
Yunnan 479.79 335.8 181 57.7% 246.5 5.5%
Zhejiang 582.75 4153 390.2 27.8% 408.3 0.0%

Only a handful of relevant subsidies can be calculated within the model. They are
summarized in Table A17. The first is VAT rebates for coal mines and coalbed methane
production; these are capped at a fixed level. It is assumed that they are claimed to the
maximum amount as long as the total VAT liabilities generated by coal mines exceed the
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subsidy cap. The general VAT rebate is applied first; if sufficient liabilities remain after that,
the coalbed methane rebate is applied.

The price protection subsidy is calculated on the basis of the average difference
between fixed benchmark price and spot prices for electricity by province in Table A16,
multiplied by the proportion of coal-fired electricity sold. Environmental externality
subsidies for coal plants are calculated on the basis of tce (converted from tonnes of coal
based on the calorific content of each coal type).

Table A17. Estimated annual subsidies to the coal industry.

Subsidy Type Origin Unit Value Source
VAT rebate (general) Fiscal Central CNY bn 1.71 [73]
VAT rebate (coalbed methane) Fiscal Central CNY bn 1.1 [73]
Fiscal support Fiscal Provincial CNY bn 53 [101]
Research Direct Central CNY bn 0.33 [73]
Coalbed methane production Direct Both CNY bn 0.41 [73]
Transition Fund Direct Central CNY bn 10.5 [35]
Rate subsidy—electricity Rates Central CNY bn 146 [102]
Rate subsidy—rail Rates Central CNY bn 1.9 [73]
Rate subsidy—rail Rates Provincial CNY bn 7.2 [71]
Price protection—direct Central CNY/kWh 0.064 [72]
Price protection—spot markets Central CNY/kWh 0.13 [72]
Credit support Central CNY 35.7 [73]
Priority dispatch Central CNY 6.8 [71]
Environmental externalities Central CNY/tce 154 [72]
Total (estimated)
Production Both CNY/ton 17.78 [70]
Generation Both CNY bn 120.8 [71]
Generation Both CNY bn 263 [72]
Generation—environmental Both CNY bn 119.3 [72]
Generation—externalities Both CNY bn 179 [72]
Generation—price protection Both CNY bn 183.3 [72]
Generation—crowding out renewables Both CNY bn 17.5 [72]
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A4. Additional work and related publications

The three papers submitted for consideration as part of this dissertation have emerged from,
and stimulated, a wider body of work. In some cases, the additional pieces of research shaped the
methodological approach and data choices in the papers. In others, the discoveries or frameworks

developed in the papers motivated further work.

Early in the research design process, I convened a day-long conference on the use of asset-level
data for use in decision-making related to climate and environmental risks. The conference, summarised
in Clark and McNally (2020), took place while I was still aiming to make use of agent-based modelling
methods in simulating the transmission of stranded asset risks across economies featuring SOEs. While
the methodological approaches ultimately chosen for Papers 1 and 2 precluded the use of asset-level or
geospatial data for this purpose, asset-level datasets with geospatial coordinates became a core
component of Paper 3 once a key dataset on coal mining became available. I was able to apply some of
the technical and subject-specific knowledge and techniques discussed from the conference and

resulting dialogues to the development of the asset-level coal industry model used in the third paper.

In developing the research design for the first paper, I worked with the Center on Global Energy
Policy (CGEP) at the Columbia University School of International and Public Affairs (SIPA) to host
and report on a researcher-practitioner dialogue exploring the role of SOEs in the low-carbon transition.
Subsequently planned workshops in India were curtailed by travel restrictions in 2020 and 2021, but
the workshop report findings were published (Benoit & Clark, 2020) and influenced the development
of Paper 1’s methodology. After the paper’s publication a second workshop focusing specifically on
SPCs was convened by Agora Energiewende in Berlin, featuring representation from all six of the
countries examined in the paper. A third workshop, looking more closely at the role of SOEs in China’s

transition, took place in February 2023 at the University of California San Diego.

The initial collaboration with CGEP progressed to the development of a database of GHG
emissions associated with SOEs across multiple sectors, the most comprehensive of its kind to date and

a useful exercise in validating the empirical relevance of the research questions explored in this
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dissertation. The findings are summarised in Clark and Benoit (2022) and highlight the severity of data
limitations in tracking SOE’s emissions profiles and obtaining robust information on their activities.
Even with incomplete reported emissions data, the publication accompanying the completion of the
database concludes that SOEs account for at least 7.49 GtCOse in annual direct emissions. Including

estimated emissions from non-reporting entities raised the total to 8.89 GtCOze.

The initial research for Papers 2 and 3 both involved a detailed review of the literature on
stranded assets, particularly evidence concerning the consequences of asset stranding beyond the
financial markets, and by extension on labour markets and fiscal revenue from disrupted industries. The
review also examined the political economy dynamics determining how losses on stranded assets are
allocated, and how the credibility of policy measures for managing stranding risks and materialised
costs interacts with entrenched interest groups. This work, along with a review of the role of COVID-
19 related recovery stimulus measures in reducing or increasing governments’ exposure to asset
stranding risks, contributed to a publication in the Annual Review of Environment and Resources

(Caldecott, Clark, Koskelo, Mulholland, & Hickey, 2021),

Some of the research conducted for this dissertation was applied to a joint policy research
project with a multidisciplinary group of research students associated with several European universities
(Europaeum Scholars). The project, ‘Lost in Transition? Charting a Course for Europe’s Automotive
Industry Workers’ consisted of a detailed proposal for a ‘just transition’ mechanism for automotive
sector suppliers in Europe (Renard et al., 2021). The investigation process featured workshops with
actors including established academics in the field, environmental and labour law experts, and trade
union representatives. The literature and policy documents reviewed for this work were informed by

the research conducted as part of this dissertation.

Three other policy research publications also extended and applied parts of the material
developed in the thesis papers. They investigated how governments can complement efforts to transition
away from fossil fuels by promoting innovation in clean technologies. The first of these was a case

study on the role of German and Chinese industrial policy in the development of the solar photovoltaic
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industry, and the rationale behind it. An abridged version of the study was incorporated into a review
of the role of state innovation policy in promoting technological change in the energy system, and the
full case study was published as an Appendix (Grubb et al., 2021). The second included a policy-focused
case study of the material in Paper 3, which appears in full within the body of the report (Barbrook-
Johnson et al., 2023). Both of these were published under the Economics of Energy Innovation and
Systems Transition (EEIST) project. The third was an investigation into the use of contracts-for-
difference as a market-based innovation mechanism for decarbonising international shipping, drawing

on its use in the power sector to design a version adapted to the maritime context (Clark et al., 2021).

The literature review and methodology development in Paper 3 also benefited directly from a
wide-ranging project on the challenges and opportunities associated with phasing out coal in China
commissioned by the UK’s Foreign Commonwealth and Development Office. The project, delivered in
collaboration with Dr David Robinson (Oxford Institute for Energy Studies), Dr Conor Hickey (Oxford
University) and several researchers at Tsinghua University, was part of the China Energy and Low-
Carbon Economy Programme (CELCEP) under the UK Government’s Prosperity Fund. While the
policy report that inspired the paper was not published because the project funding was withdrawn prior
to completion, it laid the analytical groundwork for the analysis ultimately conducted in Paper 3.
Tsinghua University researchers were able to conduct interviews with otherwise unreachable Chinese
stakeholders across industry, government, and academia that helped to shape the research design. The
data and modelling underlying the finished paper was then further developed and refined during a three-
month fellowship with the International Institute for Applied Systems Analysis (IIASA) in 2021,
culminating in a working paper that formed the basis for the peer-reviewed version of Paper 3. The

working paper is stored in IIASA’s research depository.

The research conducted in the three papers and ancillary publications, particularly the material
most relevant to China, culminated in a wide-ranging policy-focused paper targeting high-level
policymakers in the Chinese government. The paper lays out a detailed framework for sustainable
economic and ecological development in China consistent with its carbon neutrality pledges, and

identifies a set of actions and policy initiatives across every major economic sector required in order to
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achieve the pledges while laying the foundation for long-term growth. A confidential version of the
paper was submitted directly to the State Council of the Chinese government in December 2022. An
abridged version was also published in collaboration with the London School of Economics, Columbia
University, Tsinghua University, the Chinese Academy of Sciences, and the Capital University of
Economics and Business in 2023 (Zhu et al., 2023). A third, abridged, version will be submitted for

publication in a peer-reviewed journal later in 2023.

Finally, a collaboration with Boston University yielded a working paper examining the early
retirement options for coal-fired power plants owned and financed by Chinese SOEs (both in the form
of SPCs and development banks) outside China’s borders (Clark, Jindal, Shrimali, Springer, & Rafaty,
2023). This explores one of the possible extensions of Paper 2 into a new context — namely, one where
the economic benefits of infrastructure investments accrue to the host country, not the country where
the investment originated. This will also be submitted for publication in a peer-reviewed journal later

in 2023.
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