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Abstract

This Ph.D. thesis contains three essays focusing on energy transition and decarbonization. En-
ergy transition aims to reduce the use of fossil fuels to combat global warming by reducing
greenhouse gas emissions. Currently, energy transition is widely discussed on societal, govern-
mental, and academic levels from the perspectives of firms, industries, and countries. Thus, this
thesis addresses energy transition and associated challenges at the firm, industry, and country

levels.

The first essay examines how firms’ technologies (assets) portfolio evolves in response to emission-
constraining regulations. The study analyzes the effect of emission "pooling" allowances on firms’
strategies and investigates the characteristics that could induce firms to transform their portfolios
faster. The essay contributes significantly to the literature by enhancing the existing framework
and expanding the set of study questions on asset portfolio formation, where the question of the

influence of the emissions constraints stays overlooked.

The second essay combines elements of complex networks and international trade theories to
examine the effect of short-term shocks associated with the energy transition. The study uses
international interindustry input-output (IO) and trade data from 2002 to 2018 to analyze the
relationships within the network and test its vulnerability to shocks of different origins. The pro-
posed shock propagation algorithm mimics how shock may spread further to the first-, second-,
and higher-order trade partners. Thus, the study fills in the gap between the classical interna-
tional trade literature, neglecting or minimizing the interindustry relationships complexity, and
the IO works lacking the analysis of trade relationships. The study also provides new arguments

regarding the most effective sanctions on Russia.

The third essay examines the evolution of international energy trade and highlights energy

security issues. The study uses data on the physical and monetary flows of fossil fuels trade

ii



iii

from 2000 to 2018 to examine the dynamics of energy flow networks. We analyze the changes in
individual economy positions and trade-network connectivity and test the small-world property.
To address the limitations of the classical Herfindahl-Hirschman Index, a concept often used to
measure the security of supply, we propose a modified energy-security index, which highlights the
interplay between fuel mix and trade partner diversification while taking into account domestic

supply and consumption balance.

In sum, the essays presented in this thesis cover various aspects of the transition, informing
each other of the complexities and variabilities involved. The works reveal possible pitfalls of
decarbonization and highlight the difference in the individual firm-, industry-, and country-
reactions to the tightening emission constraints and shifts in resource usage. I believe that the
insights brought by the works are of great interest to academia, industry, policy-makers, and the

public alike and will help in the ongoing transition to a sustainable future.

Sofia Berdysheva
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1 Introduction

1.1 Motivation and Background

Climate change, characterized by shifts in temperature regimes and increased frequency and
severity of extreme weather events around the globe, has been recognized as an imminent threat
to our planet |Berg and Boland (2014]). As a result of global warming, people around the world
experience and are exposed to such devastating effects as coastal flooding due to hurricane
intensification and sea level rise[Mousavi et al.| (2010), Pall et al. (2011)); an increase of probability
and severity of hottest temperatures Diffenbaugh et al.| (2017); severity of extreme wet conditions
Min et al| (2011), and more. The affected communities face enormous economic and, more
importantly, human losses Michel-Kerjan and Morlaye| (2007). Therefore, the increasing number
of countries considers climate change their top priority, searching for solutions to hold or mitigate

it [United Nations Climate Change| (2015]).

The well-recognized main reason for global warming is the growing level of greenhouse gas (GHG)
emissions (Crowley| (2000). Among the most notorious components are carbon dioxide (CO2),
methane, and nitrous oxide, immense volumes of which are the products of human activity
Blasing (2016]). The large share of GHG comes from burning fossil fuels in power and heat
production, and transportation. Thus, coal power plants are the largest single source of GHG
emissions. But with more than one-third of the world’s total electricity produced by coal-based
generation, finding and developing a scalable alternative takes time and effort. Adopting new
technologies and transitioning to clean resources would require time and tremendous capital
investments. Transitioning to a sustainable low GHG future is underpinned by the energy
transition or replacing fossil fuels with clean alternatives. The transition process requires a

comprehensive understanding of economic processes and relationships at micro, meso, and macro
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levels to navigate firms, industries, and governments in their actions|International Energy Agency

(2021a).

At the core of the transition is a shift in the portfolio of technologies |Chadwick et al.| (2022)
and resources that we use towards cleaner and more sustainable alternatives |Gaspari et al.
(2021). Hence, the implementation requires technological, financial, and public support as well
as coordination. For that, one shall develop a clear understanding of the firm strategies and vision
of the transition paths, how and why they may vary within and across industries, geographical
locations, and regulatory environments, and the future market changes (Aloval (2020)), Shell,
ExxonMobil, and BP)). Within that context, it is critical to model and project how firm goals
and expectations may affect the course of the transition in order to support the design of a
robust system of incentives to accelerate the transition without endangering the energy system

stability.

As adopting new technologies to improve energy efficiency and reduce GHG emissions production
spreads across industries and countries, the established business models call for reconsideration,
and reevaluation Markard, (2018]). For instance, the rapid growth of renewable energy capacities
in the electricity industry and the expansion of the electric vehicle fleet in the transportation
industry have led to cooperation and new relationships between the power industry and automo-
bile industry members Murdock et al.| (2021)). And this is just one example of how the changes

on a firm level induce industry and industrial relationship transformations.

Finally, regulations of GHG emissions and the changes in emission allowances, together with
policies focused on clean technologies imposed by the increasing number of governments, force
further adjustments on all economic levels. Thus, the European Union-introduced Emissions
Trade System is shown to bring dramatic disturbance, affecting the costs, planning horizons,
and modifying firms’ behavior and industry dynamics (European Parliament, Council of the
European Union| (2003), Fekete et al.| (2021)). Firm decisions, along with the industry evolution,

shape global trade, current and future supply chains, and consumption patterns.

In this context, the bottom-up understanding is crucial for global top-down modeling. It helps
avoid ad-hoc assumptions on what may happen, how, and at what pace. This Ph.D. thesis,
focused on the transition to the low GHG emissions future and decarbonization, starts with
the analysis of the firms’ transition strategy, followed by the modeling of the transition (and

non-transition) related shocks and their effects on the international interindustry flow dynamics,
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and concludes with the analysis of the global energy trade transformation. The study of the
firm transition investigates how a firm decides to adopt still expensive but long-term sustainable
clean technologies transitioning away from the established "dirty" assets associated with high
GHG emissions. Special consideration is given to how emission constraints and their setup
may affect a firm’s decisions. In view of the changes in firms’ capacities, the industry-focused
work investigates the effect an input or output shock may have in a specific country and on the
interconnected industries around the world. Analyzing the shock consequences led us to study

the global energy trade dynamics and energy security issues.

Next, we review and provide details on each essay contribution and methodology and the

overview of the dissertation structure.

1.2 Contribution and methodology

1.2.1 Firm’s perspective

To keep global warming within 1.5°C range, firms across various industries, including but not
limited to oil and gas, transportation, and power and heat generation, have to comply with
regulations and cut their emissions. The U.S. and EU Methane Emissions Reduction plans and
programs translate into continuously updated and revised emission regulations, such as the U.S.
Clean Air Act|[EPA|(2021) or the EU CO3 emission performance standards European Parliament,
Council of the European Union| (2019). While some regulations are local, others are developed
in cooperation with other nations, for instance, the U.S.and EU initiated the Global Methane
Pledge European Commission , United States of Americal(2021)). Hence, despite their differences
and location, firms face a similar challenge — how to survive and prosper in the transition, that
can be dissected into two major questions: (1) under what conditions and how much to invest
in clean technologies and (2) how the investment strategy should be adjusted to the changing

emission restrictions and cost conditions?

In this context, the goal of the first study is to offer a model for the optimal technology portfolio
selection useful for the understanding of how the future price, costs, productivity changes, and
associated uncertainty may affect the transition. The model is designed to examine the effect
of the firm’s view and attitude to technology-related uncertainty on the technology mix. We

differentiate the firms by their objectives ranging from the total value to profit and study how
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the imposed emission constraint (and rules on its allocation) alter the optimal outcome, thereby
speeding up or slowing down the transition. Some regulations allow for emission "pooling",
whereas others assign technology-linked constraints. We investigate the profit and investment
effect of the emissions pooling. With this, our research provides valuable intuition on why the
firm’s strategies vary and how emission constraint allocations may influence the pace of the
transition. The theoretical model of the firm’s technology portfolio choice is complemented by

the numerical simulations demonstrating and explaining the results.

Focusing on the investment decisions while differentiating the firms with respect to their objective
function, the study relates to the producer theory and the firm theory. Considering shortsighted
profit-maximizers, along with far-sighted total firm value-optimizers, our research leans on the
asset portfolio literature, technology choice, and industry dynamics research, and an extensive
list of works covers various aspects of uncertainty and investment irreversibility [Miao| (2005),
Brown et al.| (2009). However, the existing studies addressing the transition and decarbonization-
related questions in the context are sparse. What requires a modified approach to the portfolio
and technology choice problem and inspires this work is the necessity to account for (i) emission
constraints and (ii) uncertainty on the ability to use some assets in the future. Hence, we
contribute by bringing the focus to the transition effect and developing a model that allows for
analyzing strategies of firms heterogeneous in terms of their beliefs with regard to the future
asset value, associated uncertainties, and emission-based production constraints. The other
contribution of this paper is the analysis of 1) the firm’s reaction to changes in emission constraint
allocation across the technologies. Incorporating multiple aspects in which firms may differ let
us achieve another important goal: explain the observed differences in the firm’s behavior, i.e.
adoption of "clean" technologies, under the same regulatory environment. Thus, the conducted
research helps inform the ongoing policy debates on emission restrictions |Johansson| (2009), and

future targets Selcuklu et al. (2023).

To be specific, we investigate how a firm decides to alter its portfolio by transitioning from the
prevalence of established to the increasing share of transitional or hybrid ones to the dominance
of alternative technologies. We refer to various examples, including electricity-generating com-
panies or utilities. One may think of a capacity mix as a portfolio with e.g., coal, natural gas,
and other power production plants. With the goal of achieving 100% renewable electricity gen-
eration, the firm has to balance its financial costs and environmental benefits while modifying

its generation portfolio. Intuitively, for instance, it may decide to grow the share of cleaner



1| Introduction 5

natural gas-fired plants first rather than investing in renewables only considering the costs. We
solve for the optimal mix analytically and then, use numerical examples to illustrate how the
portfolio of profit- and value-maximizing firms might differ, given their future expectations on
the ability to use a particular fuel and production (and emission) efficiency changes. The studies
on the optimal production and portfolio mix look into the roles of the regulatory environment
uncertainty, resource depletion, the availability of new technologies, financing, and costs |[Pindyck
(1986)), Dixit and Pindyck (1998)). Some works add the focus on the optimal time and staging
of investments and the transition from one technology to an alternative one [Shevchenko et al.
(2016). Others expand into the analysis of the resource exhaustibility, considering that there
could be another technology making use of alternative resources Dasgupta and Stiglitz (1981)).
However, in this stream of literature influence of emissions constraints on the optimal mix of
assets is limited and if included then without exhaustibility considerations. We aim at address-
ing that limitation. The fast-growing energy transition research has primarily focused on the
industry-level shifts and supply chain transformations or taken country-level perspectives [Vanin-
sky| (2021),Solomon and Krishnal (2011)), [Naegler et al. (2021). Though relevant, works on the
industry transition assume a particular firm type or asset with the rare exception of ignoring the
heterogeneity in objectives, expectations, and technologies to which we pay special attention.
Investigations on whether and what levels of GHG emissions are feasible with a certain set of
technologies, on the other hand, make ad hoc assumptions on the mix, often avoiding the discus-
sion of the pathway to achieving it Lund and Mathiesen| (2009), Davis et al.| (2018), |Child et al.
(2019). Alternative, agent-based approaches allow for agents’ heterogeneity but lack the analysis
of uncertainties Yang et al.| (2021). Finally, literature on the transition from "dirty" to "clean"
technologies that account for uncertainties and, in many regards, overlaps with our approach is
limited in its perspective on project differentiation with respect to emission intensities, emission
allocations, future efficiency changes, and so on. Yet, it was shown that differentiation in taxa-
tion of "dirty" or subsidization of "clean" technologies could foster energy transition when one
discusses the supply chain components, but not the firm’s portfolio of technologies |Acemoglu

et al (2012al [2016)

To sum up, the first essay analysis adds to the sparse literature on firm-level decarbonization and
asset management and investing by showing how and why firms’ strategies for emission reduction

differ and which factors could lead to more aggressive investments in clean(er) technologies.
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1.2.2 Industry perspective

Bridging from the analysis of the energy transition on the firm level, we examine how energy
transition may affect industries. Initiatives, such as National Ambient Air Quality Standards
in the US EPA (2014), the Law on Air Pollution Prevention and Control in |China (2000)),
and the Directive on the limitation of emissions of certain pollutants into the air from medium
combustion plants in the EU |[European Parliament, Council of the European Union (2015),
aim to limit GHG emissions. Furthermore, various industries, especially heavy-emitting, fall
under these initiatives. As a result, firms constituting those industries adjust their portfolios
of technologies (assets) to meet the regulatory requirements, affecting industries. Even though
not all industries use fossil fuels, they all need electricity, of which more than 60% in 2018 is
produced from fossil fuels [International Energy Agency (2022¢), to operate, and the availability
and reliability of electricity are crucial for all industries. And that is why we want to understand
how energy transition, resulting in the expected decline of the share of fossil fuels usage, and as

a consequence, on the demand and trade of fossil fuels may influence industries worldwide.

We consider the influence of the energy transition on the industries from the perspectives of the
limitation or termination of trading relationships between fossil-related and the rest industries.
We define this process of change in trading relationships as a shock and assume that the shock has
several orders. The shock’s first order (or the direct) effect describes the initial change in trading
relationships. However, if there are no substitutes or available technologies to compensate for the
lost inputs, the outputs of the affected industries will shrink due to the shortage of the inputs,
causing a higher order (or indirect) shock effects since industries using the outputs from the
affected industry will face the decrease of the inputs from the affected industry. We assume the
shock may be due to trade barriers or natural hazards. The imposed trade barriers may have a
form of sanctions or be emissions policies limiting fossil fuels trade. To analyze the effect of the
shock, we utilize the data on global interindustry trade. With that, we broaden the geographical
coverage of the research to the international level. This way, we extend the research question

beyond monitoring direct and indirect shocks arising within global interindustry trade.

There are several frameworks for analyzing the shock that may arise in interindustry trade. The
first one utilizes gravity models. Those models present bilateral trade flows as a function of
bilateral trade costs (Costinot and Rodriguez-Clare| (2014)). Specifically, this framework may be

applied to reveal the welfare effects of imposing trade barriers Melitz and Ottaviano| (2008)),
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Dhingra et al.| (2017)). However, to our knowledge, those models look only into the effects of the

first order and do not allow tracking the impact of trade barriers on the third countries.

In contrast to the gravity models, network analysis allows abstracting from the underlying eco-
nomic assumptions of the gravity models and reveals how the international trade network evolved
over time. This analysis estimates the heterogeneity among trading countries regarding trade
volume and amount of trading partners. This heterogeneity is explained by the network struc-
ture, which is essential when speaking about shock propagation |Acemoglu et al.| (2012b). The
underlying network may be based on monetary or physical flows of a good (Chen et al. (2018),
Gao et al. (2015)) or several aggregated goods between countries Lee et al. (2011)). In addition, in
the literature on trade networks, there is ongoing research on the network’s resiliency to shocks
occurring when trading relationships are broken between countries or when a given country is
taken out of the trading network altogether |Gephart and Pace (2015), Fair et al. (2017). In
this case, resiliency is measured as the portion of countries staying connected after disrupting
trading relationships. However, the propagation of the shocks through the global interindustry

trade network still needs to be considered.

Asunder from the discussed streams of literature that allow analyzing consequences of a change
in bilateral trade either from the standpoints of the gravity models or from the perspective of
the network analysis stands the analysis that utilizes the data on Input-Output (I/O) tables
that provide information on the intermediate trade between industries. Usually, those tables
are used for the I/O analysis to consider how shock arising on either the demand or supply side
in a given industry influence on the production level per industry [Vogstad (2009), (Galbusera
and Giannopoulos| (2018). Moreover, there are models for the optimal resource allocation to
minimize the negative impact of a potential shock that may be measured as the volume of the
gross domestic product Garcia-Hernandez and Brouwer| (2020)). Furthermore, the I/O tables can
be extended to include data emissions or fossil fuels used in each industry. In this case, I/O
tables allow for addressing the carbon leakage problem and tracking the industry’s direct and
embodied emissions. Similarly, if there is available data on the fossil fuels used in each industry,
in that case, one may estimate indirect energy consumption, which includes energy consumed
when the inputs for the industry were produced, by industry in the country, Mongelli et al.
(2006). Finally, one may distinguish between a change of technologies in the industry and the

change of the plants’ location to third countries. However, in most papers on this topic, the
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question of how a change in trading relationships between two industries may spread further

stays overlooked.

The main contributions of this paper are the following. Firstly, we analyze the dynamic of
interindustry global trade. This will give us an understanding of how it evolved over time.
Secondly, we develop a model that would allow us to track how a shock may propagate in
the interindustry trade network further than the first-order neighbors. Lastly, we apply the
developed model to the data on the global interindustry trade, and estimate propagation of

shocks from energy-related industries.

1.2.3 Global perspective

Fossil fuels still play an essential role in electricity generation worldwide, and they account for 64
% of world electricity generation in 2018 International Energy Agency| (2022c)). However, from
2002 to 2018, the share of coal decreased by 1.3% worldwide, while the share of natural gas grew
by 1.7 %. This change is driven by policies aimed at reducing GHG emissions worldwide, which
are aimed at reducing the role of coal power plants in the electricity generation mix. As a bridging
technology, a number of researchers, including International Energy Agency (2018]), Bessi et al.
(2021), suggest replacing coal with a combination of natural gas and renewable energy sources.
However, the distribution of the proven reserves of natural gas is uneven, and 39 countries hold
approximately 90% of global natural gas reserves. At the same time, renewable energy sources
are more evenly distributed among countries |Overland et al.| (2022), meaning that some countries
depend on importing fossil fuels to meet their energy demand. For those countries, the question
of energy security is crucial. That is why, after analyzing the interindustry trade networks, we
turn over attention to the network of the fossil fuels trade with a similar question of countries’
energy security. Furthermore, we explore: (1) the evolution of the fossil fuels trade and (2) how

adding renewable energy sources has affected countries’ energy security.

The evolution of the fossil fuels trade was already considered based on physical|Chen et al.| (2018))
or monetary (Gao et al.| (2015) volumes, and it was examined for each fossil fuel separately and
for a combination of them as well. The available results indicate that countries are highly
heterogeneous in trade volumes and the number of trading partners. Furthermore, this stream
looks at how the fossil fuels trade network changed over time and how the network’s structure has

changed, including the analysis of the communities that form the fossil fuel networks |Gao et al.
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(2015)), |Chen et al| (2016). Trade intensity between countries in comparison to trade volumes
with other countries define the communities within those networks. And it was revealed, that

the communities are affected by the external events, such as Iraq war in 2004 |Gao et al.| (2015)).

Not all of those papers consider the energy security issues, but those which do, consider energy
security from the perspective of market concentration and define energy security based on The
Hirshman-Hirfindall index (HHI). However, the question of energy security is more complex than
market concentration. There are four aspects of energy security measures named availability,
affordability, acceptability, and accessibility. Availability focuses on the security of supply and
shows how diverse a country’s energy supply portfolio is in fuel type and the energy needed
to meet its energy demand. The price aspect of energy security for both households and the
interindustry is included in affordability. The environmental and social consequences are con-
sidered in the acceptability of the energy is included in the acceptability. Finally, geographical

proximity to the energy sources is reflected in the accessibility Sovacool| (2014)).

And there are various metrics to address various aspects of energy security or a combination of
them. In the third essay, we suggest an index addressing the availability dimension of energy
security and that enables monitoring of the risks associated not only with market concentration
for a specific fuel but also accounts for the diversification in the resources. Specifically, the
essay contains our data analysis using [International Energy Agency| (2019) and United Nations
Commodity Trade| data. In addition, we use network analysis combined with market analysis
tools such as concentration analysis and build an index that considers the pitfalls that the
transition to energy can cause. Also, we included in this analysis the perspective of net energy
importers and net energy exporters. The main contribution of this research is an energy security
index that takes into account the diversity of energy sources that are available to a country on

the global market but pays attention to the overall ability to meet its energy demand with its

energy supply.

1.3 Structure of the dissertation

We deliver three independent research projects with varying objectives and methods. Three
essays constituting this dissertation are meant to be published in academic journals and are
independent of one another. That is why there will be repeated explanations of used concepts

and definitions, and one may read the essays independently.
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Chapter [2| consists of Essay I, where I analyze strategies that firms may have under energy
transition process. Chapter [3] contains Essay II, which focuses on global interindustry trading
relationships and how their resiliency to shocks from energy interindustries has changed over
time. Chapter {4 (published in Energies Vol. 14, no. 17, August 2021 https://www.mdpi.com/
1996-1073/14/17/5396) shows how energy transition affected global fossil fuels trade and how

it impacted countries’ energy security (published in Energies, please, see for the printed version).


https://www.mdpi.com/1996-1073/14/17/5396
https://www.mdpi.com/1996-1073/14/17/5396

2 Firm’s Portfolio Transition to Car-
bon Neutrality: Financial and En-

vironmental Trade-offs

Berdysheva, S.; Ikonnikova, S.

Stake-holders ‘preferences and regulations on carbon put pressure on firms across all the in-
dustries, bringing them to commitments on decarbonisation. Developing a strategy on how to
implement that, however, is non-trivial and requires careful considerations of financial impli-
cations. In this paper, we take firm’s perspective addressing the question of how to transition
away from the current portfolio of assets to the one with the low carbon footprint. In doing so,
we examine different emission allocation schemes and their effect on the decarbonisation path.

That allows us to provide new insights on policy carbon reduction and financial efficiencies.

Analyzing firm’s portfolio transformation issues, we contribute to the sparse literature on de-
carbonisation management and investing. With the goal is to assist in and navigate decision-
making of various firms shifting away from its (high-carbon) assets and established technologies,
we distinguish value- and profit-driven firms. We examine what defines the transition strate-
gies, providing critical insights on why firms differ in their reactions to carbon allowances and
technology adoption rates. Inspired by the decarbonisation challenges in energy and automotive
sectors, we complete our analysis with simulations providing insights valuable for policy-makers
and stake-holders. Our findings highlight the role of emission allowances allocations and expec-
tations on future costs and on the ability to use current technology, suggesting how policies and

regulations may help accelerating the decarbonisation.

11
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2.1 Introduction

Paris Agreement, signed by 193 states and the European Union (EU) as of 2022, signifies the con-
sensus around the world on the necessity to reduce greenhouse gas (GHG) emissions to mitigate
the climate change [United Nations Climate Change (2015)). The discussions on how to achieve
the GHG emissions reduction targets, set by the Intergovernmental Panel on Climate Change,
however, have revealed multiple challenges and sparkled fierce debates on global, national, and
industry levels. While all agree that transition requires the adoption of low-carbon technologies
and retirement of dominating high-carbon technologies, how to induce costly investments needed

to meet the emission reduction commitments remains an open questionﬂ

International Energy Agency, World Energy Forum, International Renewable Energy Associa-
tion and other national and international organizations, analyzing economic development have
offered numerous projections and scenarios suggesting the pathways to the carbon neutrality
paved by the low-carbon technologies (e.g., see International Energy Agency| (2021b)), European
Commission, Directorate-General for Climate Action (2018)), (NREL)). But research on how
realistic those plans are and what is needed to incentivize the transition on an individual firm
level has been lagging, focusing on policy effects on the industry-wide investments. Studies on
the firm-level challenges and capabilities is sparse (e.g. see Chung and Kim (2018), |Kittner
et al. (2017), Vaninsky| (2021)). Works on the firm transition are mainly focused on a particular
asset neglecting the challenges of the entire portfolio transformation van Zuijlen et al.| (2019)),

Babatunde et al.| (2019), Skoczkowski et al.| (2020)).

In this study, we aim to fill in the existing gaps and understand the decarbonisation trade-
offs faced by firms. We develop the firm production and investment model, solved under various
emission constraints, that allows to capture firms’ heterogeneity. Namely, within our framework,
firms are differentiated based on their (1) time preferences, distinguishing firms by the value
assigned to their assets and the uncertainty associated with the possibility to use those assets
in the future; (2) cost structure, capturing the disappearing over time financial advantage of
the established (high-emission) technologies, and (3) price expectations. Hence, our approach

helps investigate how a profit-oriented, namely myopic and impatient, firm would transform its

!The growing number of initiatives and regulatory changes focusing on energy efficiency, green technologies, and
limiting emissions from heavy-emitting industries is listed here https://climatepolicydatabase.org/policies
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portfolio to comply with the emission targets, in comparison to a value-driven firm that accounts

for its (growth and/or salvage) asset value when making its production and investment decisions.

In attempt to identify the factors critical for the firm’s transition strategy and explain the
observed differences in firms’ behavior, we model the firm with a portfolio of diverse assets
or technologies: (1) established (or "dirty") with high-emission footprint, (2) transitional (or
"hybrid") with the reduced emission profile, and (3) alternative (or "clean") characterized by
the minimum emission level. Then, introducing emission constraints, we examine how the firm
would transition, reducing the share of its "dirty" assets. Following the policy debates and
referring to their differences across the countries, we investigate how the possibility to "pool"
the allowancesﬂ might affect the portfolio composition and firm’s performance, in financial and

emission terms.

Finally, to demonstrate the model usefulness and help the intuition, we combine theoretical
analysis with numerical simulations. We run simulations that highlight the role of expectations
on the ability to use non-clean technologies in the future and the interplay of those expectations
with the future cost reductions for "clean" technologies. We show how the presented toolkit for
the firm’s portfolio transformation analysis may provide important policy relevant insights on the
efficiency of the emission allowances and their possible economic and environmental implications.
Hence, the results of the study are useful for navigating firm investments, cross-firm or industry
transition dynamics analysis, and policy analysis, informing on the global transition trajectory

and pace.

Based on its framework, our analysis relates to the works on optimal production and portfolio
choice that emphasize the role of uncertainty and financing for firms and industry dynamics
Dasgupta and Stiglitz (1981), Pindyck| (1986), Dixit and Pindyck|(1998), Miao| (2005). Yet, to our
best knowledge that line of research has not been combined with the analysis of decarbonisation,
missing the understanding on how emission policies, cost uncertainty, and firm’s time preferences

may shape portfolio choice and investment strategy.

Examining the portfolio-alignment with the emission goals, we address the issues raised by reg-
ulators as well as stakeholders and hence, our analysis relates to the expanding research on En-
vironmental, Social, and Governance (ESG) and Corporate Social Responsibility (CSR) (Matos
(2020), Widyawati (2019), |Gillan et al. (2021)). Earlier works the topic have been focused on

2For example, EU zero emissions shipping and transportation regulation provides and example of a possibility to
pool the emissions.
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the definition and measuring metrics of “sustainable investing”, trying to incorporate environ-
mental considerations and social impact into portfolio decisions. As the impact definitions and
the framework have been evolving, the analyses have shifted to the policy related investigations,
reporting, and project analysis, neglecting the portfolio and firm performance evaluations. In
our work we try to address that gap marked, e.g., by |Gillan et al. (2021). Another aspect in
which our work relates to ESG literature, besides the combination of financial and environmental

firm performance analysis, is the diversity of “sustainable” project considerations.

Research on investments in "clean" technology traditionally assesses investments in research
and development (R&D) and research, development, and deployment (RDD) considering ex-
treme case of near zero emissions Acemoglu et al.| (2016, Aghion et al.| (2016). Yet, the evidence
on global oil and gas industry investments reveals how companies prefer to invest in transi-
tional or hybrid technologies first as divesting away from the commercially preferable established
ones (International Energy Agency| (2020a)), [Tryggestad (2020)). We find numerous examples
for companies, like BP| [Shell, [ExxonMobil| announcing their zero-carbon goals underpinned
but moderate investments in a combination of emission-reducing and "clean" technologies. The
marked cost advantage of hybrid over "clean" technologies, referred to as alternative, especially
when full unsubsidized costs are considered EL suggests that financially-driven firms could post-
pone further emission reduction till the regulatory signals or measures induce them to do so.
Introducing three types of technologies, for which cost relationships is inverse to the emission
footprint, allows us to enrich the existing literature with the discussion of the transition pace

and the counter-play between financial and environmental values faced by firms.

The transition-associated trade-offs and the necessity to modify the value assigned to the as-
sets, along with the ability to use certain technologies and resources, have inspired the energy
and environmental policy research. To find the most efficient policy instruments, studies on
the transition have to develop projections on firms’ and market reaction. However rich, policy
literature on the asset mixture transformation had been lagging, focused primarily on either
stranded assets [Firdaus and Mori| (2023) or investments in "clean" technologies |Cherp et al.
(2018), but rarely on the both at once Rozenberg et al| (2020). Regulatory instruments facili-
tating the transition include: subsidies for green technologies development, implementation and

utilization; additional taxation of companies from heavily-emitting industries; introduction of

3Renewable energy costs are competitive with electricity generation from fossil fuels. However, it depends on
many factors, such as the prices of fossils, and the installation of new capacities IRENA (International Renewable
Energy Agency)| (2022), but the developed framework allows for costs of alternative technology be lower than
the established technology.
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emission prices that increase production costs; limitation of total firm’s emissions; and limitation
or prohibition of exploitation of certain type of projects Fekete et al.| (2021)). Besides the impact
of an individual regulation, studies have been looking into the speed of transition, namely what
may help accelerate or impede it [Shevchenko et al.| (2016). However, the comparison of policies
efficiencies is commonly detached from the analysis of reaction differences across heterogeneous

market players.

Agent-based models consider homogeneous or heterogeneous players who maximize their net
present value under the given future carbon prices [Yang et al.| (2021) in contrast to economic
studies focusing on the competition and profit-driven firms (Rugman and Verbeke, (1998)). Al-
though, in transition studies discount rate is used to reflect the uncertainty or show the role
of firms’ expectations or beliefs regarding the course of the transition Shevchenko et al.| (2016)),
Yang et al.| (2021)), but the analyses lack its further combination with the "clean" technology
cost dynamics expectations when studying the variance in policy responses within and across

the industries.

Since oil and gas, electricity generation, and transportation sectors together are responsible for
60% to over 75% of individual countries COs emissions [ EDGAR/JRC| (2021)) and therefore, be-
ing at the focus of the energy transition research, we develop a model that is applicable to either
of those industries. In the case of oil and gas industry, one may think of their electrification and
increasing use of renewable energy. In the case of power sector, the transition implies the retire-
ment of high-emitting capacities, such as coal generation, substituting them with “transitional”
less polluting natural gas-fired plants until "clean" alternative technologies, such as wind, solar,
and hydrogen, are ready to take over. Finally, in the transportation sector, we consider firms
whose vehicle fleet changes to displace internal combustion engine-based cars (ICEs) with hybrid

and "clean" vehicles such as electric and fuel cell cars.

In what follows, we first introduce the firm production and investment model, highlighting the
uncertainty and cost parameters that help us characterize value- and profit-maximizing firms,
or distinguish the firms by their expectations on the pace of the transition and technological
advances. Then, we solve the model under various assumptions on emission regulations to
investigate the impact of the emission policy setup on the firm’s choice. To help the intuition,
we develop a set up stylized simulations presented along with the theoretical derivations. We
conclude with a series of most notable results and their implications for industrial managers and

policy-makers.
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2.2 Analytical framework

We consider a rational risk-neutral firm small enough to be a price-taker or have no significant
effect on the market price by its actionsﬁ The model is designed and could be applied to model
various types of emissions. However, with multiple examples of carbon emissions in mind, we
will use carbon emissions and GHG emissions interchangeably in what follows without loss of
generality. The firm observes the price and given its expectations on the future price, costs, and
regulation makes its production (and investment) decision, namely it chooses quantities for three
categories of technologies, established (e), transitional (¢), and alternative (a). Each technology
is characterized by its currently observed costs and emissions and firm’s expectations on the

costs and emissions in the future ([2.1)).

Technology | Marginal Cost Emissions
Established High High
Transitional | Moderate Moderate
Alternative Low Low

TABLE 2.1 Key characteristics of the firm’s primary technological choices.

To the first, established, category we assign the projects and capacities which the firm has the
most experience with and input factors of production for which are readily available. As a result,
at the present moment that technology is the most cost efficient and widespread. For example,
one may think about ICE vehicles and coal plants as technologies associated with that category.
However financially attractive, projects in this category are characterized by high emissions and

hence, considered to be unsustainable.

Moving away from the business as usual, the firm has the choice to implement transitional
projects, which are more expensive but advantages when it comes to the emissions. Since
transitional technologies are often rely on and may utilize the existing infrastructure and input
factors, its costs are increased but not dramatically. Yet, projects and capacities related to
this categories are not seen as a long-term solution, owing to the still considerable emission
footprint. Thus, even those natural gas power generation is strongly preferred to coal, natural
gas is considered to be a “bridge fuel”. The same applies to the hybrid vehicles run on gasoline,

though at much better fuel use efficiency.

4Further, we discuss how the price-taking assumption can be modified within our framework without loss of
generality and will effect only the size rather than the direction of the effects analyzed.
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Finally, we distinguish "clean" or alternative technologies. Despite the variance in marginal
cost, in general, those technologies are more expensive at the moment, if considered without
governmental support (subsidies, production or investment credit, or special tariffs). In the
future, the reduction in cost is expected thanks to the growth in scale, experience, and related
infrastructure. However, how fast and steadily the costs will drop remains unclear. The key

benefit of those technologies is their minimal emission footprint.

The firm makes its decision on the combination of technologies considering the immediate profit
and the value of assets. For simplicity of interpretation and to help relate our study to other
works, we distinguish the firms based on their expectations and objectives. The p-type of firm
maximizes its profit only assigning zero value to the assets. This is an extreme case of firm
assigning very high uncertainty to the possibility to use or sell its assets in the future or of firm

being extremely impatient and focused on short-term wins only.

Alternatively, more patient or optimistic about the future firms, v-type, make their choice max-
imizing the total value, which we define below according to Modigliani and Miller| (1958]). The
firm’s objective may also depend on the firm’s development stage, growth versus maturation,
and other considerations Lewis and Churchilll (1983). The firms of v-type can further be differen-
tiated based on the weight they assign to the assets as we discuss further. Hence, our framework
allows for any type of firms ranging from extremely profit oriented to increasing accounting for
its assets value ones. Then, an assumptions or data driven observations on the firms’ asset

accounting would allow one to make the projection on the entire industry decisions in aggregate.

We solve each firm’s decision model varying the assumptions on regulatory environments. In
attempt to cover the most frequently implemented regulations related to emissions, we consider
the following three cases in our study: 1) no emission constraints, i.e. pre-transition benchmark;
2) pooled on the firm level emission constraints; 3) constraints imposed on individual technology.
Next, we present theoretically derived solutions and their analysis. The results of the numerical

simulations and their discussion are provided in the next Section.

2.2.1 Firm’model

Profit-oriented firm We start with a profit-maximizing firm considering a set of investment
options, n € {e,t,a}, divided into three categories, established, transitional, and alternative

technologies, correspondingly. Each technology is used to produce the same output. For example,
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considering a transportation firm, one may think about miles driven with ICE, hybrid, or EV
vehicle. In the case of power generation, any plant generate indistinguishable electricity. The
properties of oil or natural gas are not affected by the technologies used in the fuel production.

Hence, a per unit of output price is also equal across all the categories.

We denote the production levellﬂ in each category as ¢, and the observed price as p°. Given the
price-taker assumption, the price is set as a parameter in the current model setupﬁ Another set
of parameters is associated with the costs. Each technology is characterized by a marginal cost
function consisting of a constant component, v,, and production level dependent component,
¢n. We justify such a cost structure by the practical observations suggesting that an increase in
the asset use intensity, e.g. driving more miles per year, would accelerate the amortization and

require additional maintenance costs.

Combining all the above, we write down the firm’s profit function as:

1 1
™= Z pOQn — Undn — 20nq2:| = Z (pO — vn)qn — icnqi (21)

nefet,a} nefet,a}l

0

To simplify the notations, we introduce an individual technology net price p = p° —wv,,, rewriting

2.1 as:
1
T = E {pgqn - 26”%21} . (2.2)

nefet,a}
Hence, the profit increases with the production but the incremental increase is slowed down by
the diminishing returns parameter c. The same parameter can also be related to exhaustion,

suggesting that “good locations” with high profitability are limited.

Value-oriented firm Based on the classical definition given by |[Modigliani and Miller| (1958),

the firm’s value consists of its profit (7) and the present value of its remaining assets (A):

V=r+A. (2.3)

SReferencing [Pindyck| (1986), we employ the terms "production" and "investments" interchangeably because we
assume that the installation of new capacities and the subsequent production of one unit of output is facilitated
by each unit of investment. In line with this assumption, we have selected the cost function accordingly.

SHowever, one may modify that to p° = F(Xcet.q @n)- That will complicate further derivations, but not affect
the effects discussed. We leave such a model extension for further research.
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Apart from profit, when the firm produces from a given category n, it depletes potential for
further production (@) by the volume of production g,. Those remaining assets may be sold

later at a liquidation value:

A= Z A, = p}Lan’Yn(Qn - Qn)y (2-4)

ne{e,t,a}

where pl is expected price of the output adjusted for the cost of production. Liquidation
value is adjusted for: 1) the firm’s appropriation rate o, € [0,00) in a category n; and 2)
the firm’s intrinsic probability of full realization of investment potential ~y, € [0,1]. The firm’s
appropriation rate is a profitability measure showing what portion of the future price the firm
may earn as its profit. The intrinsic probability of full realization of investment potential is
driven by the firm’s expectations of regulatory changes in future. Both «a, and =, reflect the
firm’s expectations on production using technology from category n. The firm may expect that
a regulator restricts further exploitation of the technology n. In this case, the probability of
full realization of investment potential would decrease (and 7, < 1). Under expectations that
the production from the category n will be prohibited completely, v, = 0. Finally, when the
firm is certain that the regulator will not restrict production in the given category n, v, = 1.
We illustrate dependency of the firm’s value of the level of production on the figure for the

established (e), transitional (), and alternative (a) categories.
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FIGURE 2.1: Firm’s value under various expectations on future

The firm may be indifferent between production from established, transitional, and alternative
categories if the appropriation rate compensates for the probability of full realization of invest-

ment potential. For example, the firm’s value in the established and transitional categories
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equals each other when v, = 0.25, a, = 1.0, and v = 0.5, a; = 0.5. In this case, we can say that
the appropriation rate in the established category compensates for the low probability of full
realization of the investment potential. Similarly, we can see that the firm may be indifferent
between transitional and alternative categories when v, = 0.5, ae = 0.5, 7, = 1.0, o, = 0.25.
Again, here we can see that the certainty of full realization of investment potential compensates
for the appropriation rate. This example showed that if the firm behaves as a value-maximizer,
it may be indifferent between producing in different categories. If the firm expects to be limited

in its ability to exploit all the available resources in the future, it may spend more on production.

If the firm expects the appropriation rate and probability of full realization together to be less
than one, those effects multiply each other and decrease the firm’s value. However, when the firm
expects the appropriation rate and probability of full realization to move in opposite directions,
those effects may cancel out each other. For example, suppose the firm expects productivity to
improve in the transitional category, increasing the appropriation rate, while the probability of
full realization goes down. In that case, it may still invest in this category and may even be

indifferent between investments in the transitional or alternative categories. [2.1]).

2.2.2 Firm’s production as a function of emissions

In the paper, we assume that emissions are a linear or a polynomial function of the production
volume. We use both forms of the emissions, and this relationship may be described by a function

fn for each project category n:

En = fn(bnyanaqn)v (25)

where b,, stands for emissions associated with the installation of capacity needed to produce
Gn, Gy is emissions per unit of production in category n. We assume that the function f, is a
polynomial that can be approximated by a linear function. For the sake of results tractability,
we use a linear form of f, in the theoretical part of the paper. However, we keep a polynomial

form of the function for the numerical simulations.
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FIGURE 2.2: Firm’s emissions as a function of production for every category for theoretical model (a), and for
numerical simulations (b)

2.2.3 Constraints

Total emissions constraint In the model, we consider two types of emissions constraints.
Under the first type, the firm is limited in the total amount of emissions £ that it can produce

regardless of a project’s category: m

E- Y E,>0. (2.6)

ne{et,a}

Under this constraint, the firm may redistribute emissions allowances between categories. That
being said, the firm may limit production from the transitional category while increasing pro-

duction from the established category.

This constraint reflects the case when the firm is limited in the total amount of emissions.
This constraint is closely related to the cap-and-trade policy with an inability to buy additional
emissions allowances. The policy, known as cap-and-trade, combines a quantity-based limit
on emissions with a price-based approach that puts a price on emissions. One example of

implementation of this policy is the European Union’s (EU) Emissions Trading System (ETS),

launched in 2005 [European Parliament, Council of the European Union| (2003). Under the ETS,

"Here, we assume that we have an emissions budget until the end of a project’s lifetime
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the EU and national governments decide on the overall emissions cap — which is tightened every
year. This policy gives a signal to firms from carbon-intensive sectors that they should limit

their emissions or be prepared for additional expenses on emissions allowances.

Individual emissions constraints Under the second type of emissions constraints, the firm
has individual constraints for each category ﬂ However, we consider only a case when the
emissions are associated with projects in established and transitional categories (n € {e,t}). In

this case, the firm can not redistribute emissions between categories:

E,—E, >0. (2.7)

These constraints may be applied when a specific category is expected to be banned. For
example, a car fleet operator may choose not to invest in vehicles with ICEs since they may
be prohibited in the near future. Right now, California plans to achieve 100% zero-emission
vehicles sales by 2035 |[Newsom| (2022). A power-generating company may not invest in new coal
power plants since they may also be prohibited. According to the new Coal Phase-out Act,
Germany’s last coal-fired power station is expected to close no later than 2038 [Federal Ministry

for Economic Affairs and Energy (BMWi) (2019).

2.2.4 Optimization problems

In total, we solve 6 optimization problems. Two for the firms operating under unconstrained
emissions environment: one for the profit-maximizing firm (PMU(fI), and one for the value-
maximizing firm (VMUqED. The remaining problems are for constrained emissions environment
(Table . There are two problems for the profit-maximizing firm under total emissions con-

straints (PMTqEI) and under individual emissions constraints for every technology category

8We assume that the potential for future investments for alternative projects is limited as well. For example,
the installation of wind turbines requires land and may cause deforestation and land erosion |Enevoldsen| (2018)),
Nazir et al.| (2020)

9profit maximization unconstrained

10value maximization unconstrained

Hyrofit maximization with total emissions constraint
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(PMICF_ZD. After that, value-maximizing firms are considered under total emissions constraint

VMTCED, and under individual emissions constraints for every technology category (VMICED.

Maximization | Total Emission Constraint | Emission Constraints by Project Type
Profit T+ /\[Ei_ Zne{e,t,a} E”] T+ Zne{eﬂf,a} An [Ein _ En]
Value V4 plE =3 cterar Enl V+ > netetar PnlEn — En

TABLE 2.2 Expressions for Lagrangian for the firm’s optimization problems.

Here, A and u are shadow prices of imposing a total emission constraint on the profit- or value-

maximizing firm correspondingly.

To solve a constrained maximization problem, we a the theorem of Kuhn and Tucker [Sundaram
(1996). First, we formulate the Lagrangian, which equals the sum of the objective function and
constraints. Table provides the Lagrangians for every case. For profit maximization, this

may be written as:

L(q€7QtaQCL7)\) = 7I'—|—)\[E— Z En] (28)
ne{e,t,a}
oL
a_ \Uns == 2.
. (gn,A) =0 (2.9)
oL oL
—_— > > - = .

The exact solutions for every constrained case may be found in Appendix [A.]]

2.3 Numerical simulations

We present numerical simulations for two types of firms. The first type maximizes its profit,
while the second type maximizes its value. For each type of firm, we consider several regimes of
the regulatory environment when emissions are: 1) unconstrained; 2) constrained on the firm’s

level; 3) constrained on the individual category level.

2profit maximization with individual emissions constraint
13value maximization with total emissions constraint
HMyalue maximization with individual emissions constraint
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For all regulatory environments, we keep a set of parameters fixed and the same relationships
between production and emissions. For the established category, we assume that the production
linearly depends on emissions: F, = a.q. + be, and for the transitional category, there are non-
linear relationships between the firm’s emissions and production: E; = a;,/q; + b;. Finally, there

are no emissions in the alternative group, meaning F, = 0.

For all considered cases, we have assumed that c, < ¢; < ¢4, and v, < v; < v,. This assumption
shows that the costs of production in the established category are the lowest, followed by the
transitional and alternative categories. However, our model allows us to consider not only this
case but also when ¢, > ¢; > ¢, and v, > vy > v,. From a practical point of view, it means that

the established category is the alternative one and vice versa.

We will present results as a ternary diagram showing relationships between a specific value
(profit, value, emissions, etc.) and total production level, while keeping the sum of productions

from each category constant: g. + q; + ¢, = g = Const.

2.3.1 Profit-maximizing firm

Firstly, we provide the solution for the profit-maximizing firm under an unconstrained emissions
environment (a)) and (b)). The red area represents a case when the profit is less than
zero. If we assume that the firm produces when its profit is greater or equal to zero, then the
project combinations located in the red area are not attainable for the firm. The solution to
the given optimization problem gives us the largest share of the production for the projects
in the established category, followed by the project in transitional and alternative projects.
Model parameters were selected in a way to mimic the share of investments of major oil and
gas companies, according to report International Energy Agency (2020a)), in projects that are

related to each category.
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Total Profit per q
Total Emissions per q

(a) (b)

Ficure 2.3: Solution for the profit-maximizing firm under unconstrained environment as a profit per unit of
output (a), and as emissions per unit of output (b).

Under the total emission constraint, when the firm’s total volume of emissions is constrained
and equal to E, the share of production in the established category goes down. The grey area
shows unattainable combinations of categories shares since those combinations will generate more
emissions than E. Shares of the projects in the transitional and alternative categories increase
(2.4] (a)) while the total volume of emissions decreases (b)). The share of emissions from

the established category is greater than the share of emissions from the transitional category.
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(a) (b)

FIGURE 2.4: Solution for the profit-maximizing firm under total emissions constrain environment as a profit per
unit of output (a), and as emissions per unit of output (b).

Then, we introduce individual emissions constraints for established E. and transitional E; cate-

gories while keeping the level of emissions at the same level as for the total emissions constraint,
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so E. + E; = E. We start with introducing the emissions allowed equal to each category ({2.5|
(a)). Then we push the constraint on the emissions from the established category further, that
E. < E; (b)). With this example, we can illustrate how constraints on the individual level

reduce the production of the aimed category.

qe qge
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(a) (b)

F1GURE 2.5: Solution for the profit-maximizing firm under individual constraints in each category. For the case
when the total level of emissions are equal to eac}} othef E. = E; (a), and for the case when there is a stronger
emissions constraint on the established category E. > E; (a) (b).

From all the illustrative examples, we can see that the firm’s profit per total output grows with
the introduction of constraints. Despite the growth of the firm’s profit from all categories, the
total firm’s output decreases due to the constraint on the emissions, and therefore production

from the established category with the lowest costs compared to all the other categories (2.6]).
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FIGURE 2.6: Optimal firm’s total output (a) and profit (b) as a percent of optimal total output from unconstrained
case
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This section showed how constraints imposed on the firm’s emissions decrease profit and total
output. Total emissions constraint may encourage the firm to spend the majority of its emissions
budget on a category of projects with the highest emissions per unit of output but with the
lowest costs. In case when the projects in the established category have the lowest costs and
highest emissions compared to other categories, the firm may limit its investments in other
categories since all of them are competing for the same emissions budget. So, individual emissions
constraints may be a better solution to control the firm’s choice of projects than the total
emissions constraint. However, individual emissions constraints may harm the firm’s total output

and profit more than the total emissions constraint.

2.3.2 Value-maximizing firm

For the value-maximizing firm we assume that 7. < % <1 and ae <1, oy =1, and ay, > 1. In
this case, we may assume that the firm expects production costs in the established category to
increase, and a regulator may impose constraints on the full realization of investment potential.
For the alternative category, the firm expects an improvement in technologies and is sure of the

ability to fully realize investment potential v, = 1.

Firstly, we provide the solution for a value-maximizing firm under the unconstrained emissions
environment. In this case, the share of the production in the established category is close to

100% [2.7| (a), and the volume of emissions would be the largest [2.7] (b) compared to all the other

solutions.
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FIGURE 2.7: Solution for the value-maximizing firm under unconstrained environment as a profit per unit of
output (a), and as emissions per unit of output (b).
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Next, the total emissions constraint is applied to the value-maximizing firm. As a result, the
firm still invests only in the established and transitional projects 2.8| (a). However, due to the
total emissions constraint, there are some combinations of production from the established and
transitional categories in the grey zone that the firm is restricted from realizing. In this case,
the level of emissions is reduced (b). The reduction is caused by the decrease in the firm’s
output and share of the projects in the established category, together with the growth of the

share of the production from the transitional category.

qe ge
10 10

Total Value per q
Total Emissions per q

FIGURE 2.8: Solution for a value-maximizing firm with total emissions constrained. For profit per unit of output
g (a), and the total emissions that are associated with this solution (b).

Finally, we have considered a case when individual emissions constraints are applied to the
firm. Those emissions force it to expand its portfolio by adding production from the transitional
category [2.9] (a). If the constraints that are applied to the established category become even

stricter, the firm will enlarge the share of the transitional category further (a).
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FI1GURE 2.9: Solution for a value-maximizing firm under individual constraints in each category. For value per
unit of output ¢ (a), and the total emissions that are associated with this solution (b).

The reduction of the total firm’s emissions or the reduction of the emissions on an individual
level leads to a drop in the firm’s production [2.10] (a). Even though the firm’s value per unit of
output is increasing, it still can not compensate for the loss of the firm’s value (b).
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FIcUure 2.10: Optimal firm’s production (a) and value (b) as percent of the total production and value that was
for unconstrained, total emissions constraint, and individual constraints of emissions per category.

We compared solutions for the profit-maximizing and the value-maximizing firms under the same
assumptions about prices and costs. We showed that in both cases, the optimal level of total
production is reduced by introducing the emissions constraints of both types: that applied to

the total emissions that the firm produces and the emissions that are produced in each category.



Firm’s Portfolio Transition to Carbon Neutrality: Financial and Environmental Trade-offs 30

2.3.3 Comparison of profit- and value-maximizing firms behaviours

Now, we analyze how the firm’s portfolio may change depending on the firm’s objective (Figure
2.11)). In order to do so, we investigate how the probability of full realization of investment
potential influences the optimal mix of technologies in the firm’s portfolio. We provide the
results for the unconstrained emissions environment with the assumption that ¢, < ¢; < ¢4, and

Ve < V¢ < Vg, and o, < 1, oy = 1, and a4 > 1. In all considered cases, we assume that the

Ye =Vt =Ya =, and p° < pl.
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F1Gure 2.11: Firm’s value for v =0, y = 0.5, and 7 =1

If v = 0, the firm’s liquidation value equals 0, and the firm behaves as a profit-maximizer.
In this case, the firm does not account for the depletion of its resources, and the share of the
"clean" technology in the portfolio is the largest. With the growth of -, the firm is confident in
fully exploiting the investment potential associated with the "dirty" technology and takes into
account that the appropriation rate is the lowest for the "dirty" technology and largest for the
"clean" technology. It means that usage of "dirty" technology in the current period allows, on
the one hand, to maximize profit because the costs attributed to the "dirty" technology are the
lowest, and, on the other hand, since the appropriation value is the lowest for the "dirty", the
value of the assets from "dirty" category is also the lowest. That is why under the considered
set of assumptions, we see that if the firm aims to maximize its profit, it will invest the most in
"clean" technology. In contrast, if the firm expects the appropriation rate to be the highest for
the "clean" technology and currently it has the highest costs, the firm will invest in the "dirty"

technology with the lowest cost and lowest appropriation rate.
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2.4 Conclusions

Our goal was to build a model allowing for an understanding of how and why firms’ strategies for
energy transition vary under various environmental environments and to show that even under
the same type of GHG emissions constraints, firms’ behavior may differ depending on their size
or stage of development. As a result, we showed under what conditions the firm may start an

energy transition and what can accelerate the energy transition.

The developed model was used in numerical simulations under different scenarios. We showed
the interplay between the firm’s intrinsic probability of full realization of investment potential
and the firm’s appropriation rate using numerical and theoretical approaches. Depending on the
relationships between those parameters, they might neutralize each other, or they may amplify
the effect of each other. In the first case, the behavior of the value-maximizing firm may remain
as if there were no changes in the probability of the full realization of the investment potential
of projects that utilize the established technologies and the optimal mix of technologies in the
value-maximizing firm’s will be distinct from the profit-maximizing firm. In the latter case,
the value-maximizing firm may behave as the profit-maximizing firm, while keeping all other
parameters the same. If there is no external imposed constraint on emissions, both types of firms
have no strong incentives to do the transition from the established technologies to alternative
ones, while the alternative and transitional technologies costs are higher than the established. If,
however, the emissions constraints are imposed, we find that firms’ behavior is distinct depending
on whether the emissions were constrained on the firm’s level or the technology level used.
In general, we find that the per-technology type constraint is more efficient in boosting the
penetration of the alternative technologies that are associated with a lower level of emissions.
When the constrained are imposed on the firm level, and there are no differences in the origin of
the emission, we can see that the firm may be able to produce more; however, it is done at the
expense of not investing in the "clean" technologies. We recognize that the results may suffer
from a number of limitations, such as cost ranging. Another major limitation of the performed
analysis is that we have not included the budget constraint, which is available to the firm when it
invests. Also, we have yet to include the constraint on the firm’s output, which may be necessary,

especially if one looks at the power sector.



3 Resiliency and shock propagation
in interindustry trade networks: a

global perspective

Berdysheva, S.; Ikonnikova, S.

This paper is based on and inspired by the international interindustry input-output (II-I0) and
trade data from 2002 to 2018. To examine the effect of the short-term shocks stemming from
the changes associated with the transition or other events affecting input or output flows, an
enhanced model, combining elements of complex networks and international trade theories, is
developed to capture II-IO dynamics. First, using the elements of the network theory, we ana-
lyze the relationships within the network and test its vulnerability to shocks of different origins,
e.g. simulating an individual energy input (access) related shock. The proposed shock propa-
gation algorithm helps develop projections for the first-, second-, and higher-order effects. The
constructed model is further used to reveal how far an impact of the shock in an individual
industry in a given country may spread (unless it is interrupted and interfered with) and how
other industries and economies may become “infected” and experience economic losses. Thus,
the study fills in the gap between the classical international trade literature, neglecting or mini-
mizing the interindustry relationships complexity, and the IO works lacking the analysis of trade
relationships. The developed model is also used to provide new arguments regarding the most
effective sanctions on Russia, which would have a limited negative impact on the rest of the

world and developing nations.

32
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3.1 Introduction

The primary culprit behind rising temperatures is greenhouse gas (GHG) emissions, specifically
carbon dioxide. The Paris Agreement, signed by 195 countries and the European Union (EU)
in 2015, represents a worldwide agreement to combat climate change, and its primary goal is
to limit global warming to well below 2°C above pre-industrial levels |United Nations Climate
Change| (2015). GHG emissions reduction calls for energy transition, which is characterized
by the decrease in fossil fuel usage through the growth of the share of energy generated from
renewable energy sources and improving the efficiency of energy usage. According to statistics
from 2021 [EDGAR/JRC|(2021)), the power and transportation industries are the most significant
contributors to global carbon dioxide emissions, accounting for more than half of the total, which

is why those industries should be targeted first to reduce the production of GHG emissions.

In the electric power industry, coal power plants produce the most GHG emissions [International
Energy Agency| (2021a)), so accordingly the energy transition process targets them at first |Jakob
et al.| (2020)), causing coal power plants to phase out. During this process, they are replaced by a
combination of natural gas power plants and renewable energy sources Safari et al.| (2019), [Bessi
et al.| (2021)), International Energy Agency| (2022a). This process has already started, and shares
of renewables and natural gas power plants worldwide in the electricity generation mix from
2002 to 2018 increased by 3.3% and 7.1%, correspondingly International Energy Agency| (2019).
At the same time, the share of coal has shrunk worldwide by 1.3% |International Energy Agency
(2019). Even though the share of coal power plants in electricity generation reduced, the trade
volume of coal increased Berdysheva and Ikonnikova, (2021) due to the growth of total energy
consumption [International Energy Agency (2019). However, the number of coal suppliers that
represent the top 95% of the global coal flow worldwide stayed almost the same and equaled 63
in 2002 and 62 in 2018 Berdysheva and Ikonnikova| (2021)).

Replacing internal combustion engine (ICE) cars with electric vehicles (EVs) could be a solution
to the environmental challenges in the transportation industry. And this process has already
started as well since the proliferation of electric vehicles (EVs) has been on the rise, as noted by
Hardman et al.| (2017), with the trend expected to continue |[Fachrizal et al.| (2020). According to
the International Energy Agency| (2022b)), global EV sales have doubled since 2019, with nearly
10% of all cars sold in 2021 being electric. This positive development is expected to decrease the

world’s dependence on oil-based products, leading to a more secure energy landscape for countries
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Yuan et al| (2020). Nevertheless, achieving this energy security is contingent on meeting the
increasing energy demand through energy production growth. An in-depth analysis is thus
warranted, not only on oil dependency but also on other fossil fuels utilized for transportation

purposes.

The energy transition, along with shifts in the global supply and demand balance, has an im-
pact on global fossil fuels trade Zhong et al.| (2017)), and, consequently, on energy security of
countries and various industries, as it alters the supply chain [Yuan et al.|(2020)). In our work,
we examine the global interindustry resiliency to shocks, particularly in relation to the effects
of trade restrictions between fossil-related and other industries. Our analysis aims to track how

such shocks propagate throughout the system over time.

Four groups of literature performed an earlier analysis of shocks in international trade. The
first group focuses on input/output analysis developed by |Leontief (1936]). This approach al-
lows for modeling the shocks on the supply or (and) demand sides (Galbusera and Giannopoulos
(2018). Depending on the goal, input/output analysis can be applied to a certain region Garcia-
Hernandez and Brouwer (2020)) or globally |Contreras and Fagiolo (2014). A wide range of
problems may be addressed using this framework. For example, it allows for solving the optimal
resource distribution problem under an assumption that the shock may occur on the demand or
supply side with various objective functions, such as minimization of gross domestic product or
gross output disruptions |Garcia-Hernandez and Brouwer| (2020)). To accomplish this, a technol-
ogy matrix is calculated as interindustry monetary flows divided by the total output from each
industry Kitzes (2013). Subsequently, the final demand or final production changes due to the
shock while keeping the technology matrix the same while supply or demand in each industry
transforms. The main drawback of this approach, if one evaluates the effect of the change on
the industry’s output, is that under this set of assumptions, even though the available inputs
from the industry have changed, it does not influence the interindustry consumption. However,
network analysis is rarely applied in this group of literature |Cerina et al.| (2015). We contribute
to this group of literature as we provide a framework to analyze how actual interindustry trading
relationships may be changed due to the changes in the actual interindustry trade in different

countries.

The second group of literature emphasizes the importance of interindustry trade network struc-
ture and considers how a specific type of network may either amplify or compensate for the

idiosyncratic productivity shock arising in a given industry Acemoglu et al.| (2012a). This
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highlights the interconnected nature of industries and how shocks can have cascading effects
throughout the system, specifically when there is a view of unique suppliers who are essential to

other industries.

The third group of literature applies the network analysis framework for understanding how
shocks can propagate through a system of physical or monetary flows of goods. Analyzing his-
torical data on trade networks and how it has changed over time shed light on the effects that
external factors such as energy transition Berdysheva and Ikonnikova (2021)), or limitation of
trade volumes may have the network dynamics. Another critical question that can be addressed
using network analysis is what communities are in the network. By identifying clusters of coun-
tries that are closely connected in terms of their trade relationships, it is possible to gain insights
into the structure of the network and how different regions of the world are interconnected |(Chen
et al.| (2018), Zhong et al|(2017). In addition to understanding the structure and evolution of
the trading network, network analysis can also be used to estimate how the shock arising from
a trade limitation may spread further and cause long-lasting |Fair et al.| (2017) or avalanching

effects |Lee et al.| (2011)).

Finally, international trade theory, and specifically gravity models presenting bilateral trade
flows as a function of bilateral trade costs Costinot and Rodriguez-Clare (2014)) are widely used
to analyze the impact of trade barriers on the welfare [Melitz and Ottaviano| (2008), [Dhingra
et al. (2017). However, those models look only into the effects of the first order and do not allow
tracking the impact of trade barriers on the third countries. The presented paper considers that

effect on the interindustry trading network.

We can witness that after Russia invaded Ukraine in 2022, there were distortions in interindustry
trade, including a considerable decrease in the natural gas trade between Russia and Germany
at the end of August 2022 |[Eckert and Steitz| (2023)). This brings us to the question of how to
model the effect of the shock propagation given both: 1) How the shock on the inputs may affect
an industry’s outputs; 2) How the reduction of outputs, if it takes place, may spread further,

amplifying the initial effect of the shock.

The main contributions of this paper are the following: 1) We analyze the dynamic of interindus-
try global trade, and this will give us an understanding of how it evolved over time; 2)We develop
a model that would allow us to track how the shock may propagate in the interindustry trade

network further than the first-order neighbors; 3)We apply the developed model to the data
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on global interindustry trade and estimate the effects of the shock propagation arising from

fossil-related industries.

The rest of the paper is organized as follows: we start with the discussion of the data, and we
estimate the evolution of resiliency to shocks over time using methods from network analysis.
Then, we present a model of shock propagation beyond the first-order neighbors. Finally, we
apply the developed model to global interindustry trade data and present empirical results on
how the shock arising in a fossil-related industry may propagate to its neighbors and how it

evolved during the considered period.

3.2 Data and Framework

3.2.1 Data

To analyze the resilience of global interindustry trade to shocks and evaluate how they may prop-
agate, we used data from Organisation for Economic Co-operation and Development (OECD) on
Inter-Country Input-Output (ICIO) Tables. ICIO Tables contain information on trading rela-
tionships between 45 unique industries in 66 countries OECD) (2021)), including OECD countries,
26 other countries (including China, India, Russia, and Saudi Arabia), and the rest of the world
grouped as one. However, to simplify the analysis, we grouped some of the industries, and the

full list of available and considered grouped industries is presented in the appendix

The data on global interindustry trade is presented in the form of a square matrix with importers

in columns and exporters in rows (3.1

Output Intermediate Use
Economy 1 Economy r
Input Ind. 1| ... [Ind. 4| " |Ind. 1] .. | 1Ind. i
Ind. 1
Economy 1
Intermediate Ind ¢
input A
Ind. 1
Economy r
Ind. i

TABLE 3.1 Interindustry trade table scheme.
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In the presented paper, we considered what happens if fossil-related industries, such as Mining
and quarrying energy producing products and Coke and refined petroleum products are excluded
from interindustry trade. This may happen due to shifts in the geopolitical situation or as a

result of environmental concerns.

3.2.2 Network analysis

We base our analysis on an input-output matrix A with entries a;s showing relationships be-
tween industries i € {1,2,...,5} located in various economies r € {1,2,..., R}. It may also be
represented as a directed weighted graph with S x R nodes. Each node represents one industry
in one country, and each directed link with weight a’{j > 0 represents monetary flow from a
industry ¢ in a country 7 to a industry j in a country s. In other words, if aj7 > 0, then a

industry ¢ in a country r supplies inputs to a industry j in a country s.
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F1curE 3.1: Commutative distribution of links in the input-output table for 2018.

We use interchangeably the notations between the input-output matrix and network representa-
tion of the interindustry trade. To define the network, we follow a standard approach of creating
a "backbone" network. As a result, we keep only those links accounting together for only 95 %
of the total trade volume for three years in a row. This approach allows us to reduce the size of
the network while keeping the network structure the same [3.1] The same method was applied

in the paper [Fair et al. (2017, which analyzed the resilience of the wheat trade.
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We use | - | notation to count non-zero elements, i.e. |aj?| = 1 if industry 7 in country r acts
as a supplier for industry j in country s. Thus, > >, |lai7| equals to the number of trading
partners of a industry j in country s that supply inputs, which is also called in-degree dzZ,j) of
the node (s,7). Similarly, > >, |a§ﬂ equals the number of trading partners that buy inputs
from a industry j in country s, which is also called out-degree d@j) of the node (s,j). This

allows us to introduce a node’s (s, j) degree that equals the sum of in- and out-degrees and may

be given as follows:

dis gy = d{s jy + P = ZZ (lajs| + la3y (3.1)

Even though a node’s degree allows us to get information about the number of trading partners,
it neglects the flow volume between selected pairs of nodes. To that end, we use a node’s strength
that is calculated based on the volume that flows in and out of the node. Similar to the node’s

degree, the node’s strength is calculated as a sum of in- and out-strength and equals to:

S(s.j) = S(sg +Sout ZZ ar5+a5r (32)

The shape of degree and strength distributions illustrate heterogeneity among various industries
(Figure . Thus, in 2018 distributions approximate power-law pointing out that only a small
number of industries have more than 25 trading partners and the most interindustry trade volume
compared to the most extensive industries. The most connected industry with the highest trade

volume is Commercial and public services in the USA, China, Germany, and Japan.

In addition, another important measure that characterizes the network is the average shortest
path length. It is defined as the average number of steps along the shortest path it takes to get
from one node to another across all nodes in the network. In other words, this measure shows how
fast the signal (or the shock) may reach all the nodes in the network. For the considered reduced

network, the average shortest path length was around three during the considered timeframe.
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F1GURE 3.2: The degree (a) and strength (b) distributions.

3.2.3 Network resilience to shocks

In the current literature on network analysis, there are two main types of shocks based on their
origin. The first type of shocks is errors; when it occurs, a random node is removed from the
network. The second type of shocks is an attack; when it happens, a specific node with certain
characteristics is removed. We estimate the shock’s effect via the size of a giant strong component
(GSC). The size of GSC equals the number of connected nodes in both directions, meaning one
may approach the other nodes from the start node, and the start node can be reached from

those other nodes Dorogovtsev et al.| (2001)).

To model the attacks, we use Page-In-Rank centrality, which shows how important a node is
in terms of the importance of its predecessors in a connected network Page et al. (1999), and
for the attacks, we will be removing the industries based on their Page-In-Rank centrality. This

may illustrate the effect of trade restrictions from one country to another on a industry level.

The network is resilient to shocks if removing the node from the network reduces its giant
component is reduced by one. Removing the node does not divide the network into two separate
subnetworks. The equation in the form y = 1 — = describes this process. Here y is the GSC’s
size after removing a portion of nodes x divided by the network initial size. When we remove
the node, it means that a specific industry in a country is excluded from global interindustry

trade Figure |3.3
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Ficure 3.3: Giant component size in 2018.

As one may expect, the network is more vulnerable to attacks rather than to errors since the
size of GSC divided by the initial size of GSC is closer to the -45° for errors than for the attacks.
We can see that from 2000 to 2008, the network resiliency improved. When 10% or 20 % of the
nodes were taken out, the size of GSC divided by the initial size of GSC was greater in 2008

than in 2002. However, after the global financial crisis in 2008, resiliency decreased.

3.2.4 Shock Propagation Model

In this section we introduce a framework for the analysis of multi-order shock propagation.
The shock decreases trade volume between two industries (Figure (a)). The cause of this
reduction may be random, e.g., a natural disaster |Garcia-Hernandez and Brouwer| (2020)), or a
change in the regulation, e.g., imposing trade barriers |[Kinne| (2012)). Trade barriers may be in
the form of sanctions or may be a consequence of the environment-oriented policies aiming at
limiting imports of fossil-related industries. This may decrease inputs available for the industry’s
production. As a result, the affected industry will decrease its production, and the initial shock
will have a avalanching effect. We limit our analysis to consideration of the shock effect only in
the short term, meaning that we model how the shock may spread across industries. However, we

leave the question of establishing new trading relationships behind the scope of this framework.



@Resiliency and shock propagation in interindustry trade networks: a global perspective 41

(a) (b) ()

1.0
0 0 0
0.8
1 1 L
2 2 2 06?
aQ
3 3 3 S
04 S
4 4 4
0.2
5 5 5
0o 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0.0

FI1GURE 3.4: Interindustry monetary flows as the share of the initial state.

Let us assume that the trade volume from industry ¢ in the country r to industry j in the country
s is reduced. Then the monetary flow between given pair of industries and countries is reduced

as follows:

a;-";(n =1)= i aii(n=0), (3.3)
where n is the distance from the shock start; the intensity of the shock is given by fi* € [0, 1].
If f;; = 0, the link from the country  and the industry 7 to the country s and the industry j is

deleted. And if f;; > 0, then a limitation on a total trade flow volume is imposed.

The shock propagates further from the affected industry j in the country s since the amount of
the needed inputs is reduced due to the loss of a trade volume from industry ¢ in a country r.
In this case, the neighbors of the first order are said to be affected. As a result, a industry’s j
output may be reduced because of a lack of the inputs from the industry ¢ in the country r if
it is impossible to substitute for them in the short-term run. We assume that the industry j in
the country s may resist the shock up to a threshold level ¢7. Then, the indicator function may

be given as:

0, ifwi<tf
7o (3.4)

1, ifw] >t

To calculate the weights of shock propagation to the industry j, we first calculate how the

shares of each country have changed because of the shock, keeping the industries fixed. Then,
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we calculate a product of those changed shares for each country for each industry that supplied

inputs to the affected industry j in the country r:

(3.5)

As a result, the weights in the interindustry trade matrix for the neighbors of order n = 2 will
be equal to the product of the shock propagation indicator times the shock’s weight times the

weight of the link at the previous order:

aif(n=2)=0 - wiln=2)-a3(n=1). (3.6)

For the neighbors of order n = 3, we assume that the shock propagates even further since the
output of the affected industry j in the region s will be reduced because of the initial shock. This
leads to reducing the inputs of those industries that use inputs from industry j in the country
s. Let us denote those industries as i and countries as r. In this case, the weights of the shocks

will be given as follows:

aii(n=3)=t; -wj(n=3) a;i(n=2). (3.8)

This model could be illustrated with an example on Figure In the first-order (a), flow from
the start node 1 to node 0 stops ag1 = 0. For the second-order (b), the flow that goes from
node 0 is reduced proportionally to the input of node 1. Finally, for the third-order (c), the
production from those nodes that used the output of the start node as input will also reduce

production.

Those shocks may propagate even further to the neighbors of higher orders. In general, for

orders m = 2,3, .., N, the propagation of shocks may be written as:
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thowi(m)-al$(m —1),  if mis even
ap(m)y=< " 7 K (3.9)
tl; : wj-T(m) aji(m—1), if mis odd.

The average percentage change E due to the shock propagation of order m for the whole in-

terindustry trade network with number of flows (R - S)? equals to:

Avg(m) =1 - @ 32222 ”n—O (3.10)

and it shows what portion of global interindustry trade is lost due to the shock propagation of
order m. If Avg(m) = 0, the shock does not affect interindustry trade, while if Avg(m) = 1, the

elimination of the industry destroys the global interindustry trade.

The outcome of the sanctions may vary significantly depending on the type of the economy’s
orientation, meaning what industry is the most crucial for the country domestic production and
what industry is engaged in global trade the most. For example, the effect of imposing trade
limitations on a target industry that depends little on export and is domestically oriented is
different from the effect of the sanctions that are imposed on a target industry that is export-
oriented and not so crucial for the domestic economy. As a result, in the first case, the target
economy of the country under the sanctions will be affected more than in the second case, when
the countries utilizing those exports from the target economy may be harmed more. That is
why, together with average percentage change of the entire network, the average percentage
change for the intermediate inputs and outputs should be estimated separately. We measure the
impact of the shock as the average percentage change of the inputs available to the economy
(Avg?™(m)). Similarly, we can define the average percentage change of the economy (Avg®*(m))

outputs after the shock . And it can be calculated as follows:

Avgl" (m) = 1 Aved" (m) = 1

)

5To calculate the average percentage change we have included only non-zero elements of the interindustry trade
matrix.
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Similarly, we define the average percentage change of inputs and output available to the industries

as:

, 1 a’f(m) 1 a;?(m)
Avg"(m) =1— ——= . Avgll(m)=1-—- 3"y .
Vel (m) RS? £ £ a3(0) ver ) RS? £ a5(0)

The average percentage change of intermediate inputs measures how the shock impacts the
inputs needed by industries in a given country. When one assesses the impact of the shock
arising from the limitations on a county’s imports and, therefore, the lack of the intermediate

inputs needed, the appropriate measure is Avgi". Similarly, average percentage change due to

out

>4 shows the reduction of intermediate outputs produced by

shock of intermediate outputs Avg
this given country, and it may be used to measure the shock effect from the limitations on export

from a given country.

3.3 Results

We present the results based on the proposed methodology, starting with the quantitative de-
scription of the interindustry trade network evolution. We provide evidence of the development
of the network resiliency to the shocks arising from eliminating industries from the interindustry
trade network. After that, we turn to the analysis of shock propagation, and how it may affect
the interindustry trade if there are no substitutes for the inputs. Motivated by the Russian
invasion of Ukraine in 2022 and subsequent sanctions imposed on Russia, we model how the
termination of trade with Russia as an exporter or import may affect other countries. Further-
more, since Russia was the largest exporter of fossil fuels, including coal, oil, and natural gas, in
2018 International Energy Agency| (2019), we analyze the propagation of shock originating from
the termination of trading relationships with fossil-related industries in Russia. Finally, we look
at the evolution of the dependency on fossil-related industries of the largest fossil fuel exporters

worldwide.



@Resiliency and shock propagation in interindustry trade networks: a global perspective 45

3.3.1 Interindustry trade network evolution

Network resilience refers to the ability of the network to withstand and recover from disruptions
or failures that may occur within the network. In our study, a disruption implies a node removal
from the network. It means that the trade with the industry terminates in both directions. We
have evaluated the network resiliency when 10% and 20% of the nodes are removed from the
network. And, we evaluate the network resiliency to the targeted attacks based on a node’s

Page-In-Rank centrality (Figure [3.5]).
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FicURE 3.5: Evolution of global interindustry trade network resiliency when 10% a 20% of nodes are removed
based on Page-In-Rank centrality.

Our findings demonstrate that the network ability to withstand disruptions has improved over
the considered time frame, as evidenced by the increased resiliency observed when 10% of nodes
were removed. However, no such improvement was observed when 20% of nodes were removed.
In addition, our results suggest that the network response to the global financial crisis of 2008

was delayed by one year, resulting in a decrease in its ability to withstand disruptions.
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3.3.2 Shock propagation modelling

We applied the developed model to the data on global interindustry trade to get further insights
into how shock may propagate. In the section |3.2.2| we showed that the average shortest path
length from 2002 to 2018 equals three. It means that, it takes three nodes on average to reach
every other node in the network. That is why we consider shock propagation only to the third-

order neighbors.

3.3.2.1 Excluding Russia from interindustry trade

After Russia invaded Ukraine, several countries, including the USA and European Union Mem-

bers, imposed sanctions on Russia Minami Funakoshi and Deka, (2022)), including trade sanctions

aimed at limiting trading relationships with Russia.
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FIGURE 3.6: The average percentage change due to the shock propagation of third order when Russia is excluded
as importer (a), and exporter (b) in 2018

So, we begin with a case where Russia is eliminated from the global trading network while
keeping the trade within the country. We modeled what happens if every country terminates
trade with Russia, where Russia behaves either as an importer Figure (a) or an exporter
Figure (b) in 2018. Also, we simulated the shock propagation to the third-order neighbors,

and the results are presented on the Figure [3.7]
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F1GUrE 3.7: The average percentage change due to the shock propagation of order n when Russia is excluded
as importer (a), and exporter (b) in 2018

For the zero-order neighbors, trading relationships are still the same since we did not consider any
trading partners yet. Then, the shock occurs for the first-order neighbors, limiting or terminating
trading relationships between a starting node and its nearest neighbors. It causes deficits in the
inputs of the first-order neighbors resulting in decreased outputs serving as inputs for other
industries. Those deficits cause the shock to spread to the second-order neighbors through the
lack of inputs from the first-order neighbors. And the shock spreads further, causing avalanching
effects. As shown on the Figure we can see that the average percentage change in the trade
relationships for the first-order neighbors is relatively small for imports and exports. As shown
in Figure [3.7, when we remove Russia from the global interindustry trade, its volume changes
by 0.9% and 1.8 % for the import and export correspondingly. Indeed, Russia’s share in global
trade, which includes added values as well, is larger than the volume of interindustry trade, and
the share of Russia in total world import is only 1%, and in export, it is 2% WITS| in 2018.
However, when the shock propagates further, its impact on interindustry trade strengthens and
accounts for 4% and 39% when the shock reaches the third-order neighbors, assuming there are

no substitutes for the lost inputs.

In 2018, the share of the inputs from foreign countries in Russia equaled 5% on average in Russia,
and the most dependent industries on the import are Transport equipment with 20%, Textiles,
textile products, leather and footwear with 16%, and Machinery with 15%. However, when there
are no imports to Russia, the average percentage change in its intermediate inputs equals 100%.
At the same time, if there are no exports from Russia, the average percentage change in its

intermediate outputs equals 23%. Comparing those two cases reveals that imposing sanctions
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on imports to Russia is more efficient and leads to minor losses in global interindustry trading

relationships than when Russian export is sanctioned.

Excluding Russian fossil-related industries from interindustry trade Since Russia

was the largest exporter of fossil fuels in 2018 International Energy Agency (2019), we also

look into how the termination of trade with Russia as an exporter of products from fossil-related
industries, including Mining and quarrying, energy-producing products (Figure[3.8|(a)) and Coke
and refined petroleum products (Figure (b)), influences other countries. The industry Mining
and quarrying, energy-producing products includes non-cooking coal, crude oil, and natural gas.

And the industry Coke and refined petroleum products includes processes products from crude

petroleum and coal (2008]).
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FicUure 3.8: The average percentage change due to the shock of the third order when Russia is excluded as
exporter of products from Mining and quarrying, energy-producing products (a) and Coke and refined petroleum
products (b) industries in 2018.

Supposing that Coke and refined petroleum products industry is excluded from the interindus-
try trade, while it is maintained inside Russia. In this case, the average percentage change
equals 20%. At the same time, the average percentage change in Russian intermediate outputs
equals 15%. Similarly, suppose the Mining and quarrying, energy producing products industry
is no longer integrated into the global interindustry trade network. In that case, the average

percentage change equals 21% for the world, while for Russia, it equals 14 %.

Based on our findings, if we remove Coke and refined petroleum products industry from inter-

national trade, the most significant impact is on Commercial and public services, Transport,
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and FElectricity, gas, steam, and air conditioning supply industries, with the average percentage
change of inputs available to them 0.24%, 23%, and 23%, respectively. And the average percent-
age change of the inputs available to the economy is most considerable for Lithuania, Bulgaria,

and Slovakia with 90%, 83%, and 82%.

Similarly, the results for Mining and quarrying, energy producing products are comparable to
those when excluding the Coke and refined petroleum products industry, with the most affected
industries being Coke and refined petroleum products, Electricity, gas, steam, and air condition-
ing supply, and Commercial and public services with the average percentage change of inputs
available to them of 32%, 29%, 27%. According to our simulation, the average percentage change

of inputs available is 100%, 99%, and 89% in Latvia, Bulgaria, and Hungary.

It’s important to note that these numbers may not accurately reflect the current situation as
they are based on data from 2018, and we assumed that there are no substitutes for the lost

trade flows. Therefore, it’s crucial to approach these figures with caution.

Evolution of reliance on fossil-related industries To evaluate the dependency of global
interindustry trade on fossil-related industries, we selected the four largest fossil fuel exporters,
including Australia (AUS), Canada (CAN), Russia (RUS), and Saudi Arabia (SAU). In addition
to those countries, we also included the USA since its share in the global energy trade rapidly
grows |U.S. Energy Information Administration (2020)). The average percentage change of the
global interindustry trade network is biggest for Mining and quarrying, energy-producing products
industry when Russia is excluded, followed by Saudi Arabia and Australia (Figure (a)). In
addition, we showed that the highest average percentage change of the global interindustry
trade network for the Coke and refined petroleum products are caused by excluding this industry
located in Australia, followed by Saudi Arabia and Canada (Figure[3.9|(b)). Over the considered
period, the average percentage change of the global interindustry trade network caused by the

exclusion of those industries in the given set of countries rose.
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FiGure 3.9: Evolution of the average percentage change due to the shock propagation of the third order when
Coke and refined petroleum products (a) and Mining and quarrying, energy-producing products (b) industries in
2018 are excluded from the international interindustry trade.

We also explore the impact of excluding the Mining and quarrying, energy producing products
industry from interindustry trade, with a focus on its location, based on data for 2018. The
analysis reveals that the average percentage change in interindustry trade volume varies de-
pending on the shock origin. Specifically, when the industry located in the USA is excluded
from interindustry trade, the average percentage change in available inputs is highest in Mexico,
Canada, and Chile, with values of 50%, 50%, and 23%, respectively. Similarly, excluding the
industry in Canada results in the highest average percentage change in available inputs for Ice-
land, followed by the USA and Mexico, with values of 46%, 22%, and 19%. Likewise, excluding
the industry in Saudi Arabia from trade leads to the most significant effects in South Africa,
followed by South Korea and Taiwan, with values of 48%, 35%, and 32%. Finally, when the
industry located in Australia is excluded from trade, the most affected countries are Argentina,
Taiwan, and India, with the average percentage change in available inputs of 80%, 60%, and

60%.

The analysis indicates that among industries that may experience a drop in available inputs due
to the withdrawal of Mining and quarrying, energy producing products from interindustry trade
are most significant for Coke and refined petroleum products, followed by Commercial and public
services and FElectricity, gas, steam, and air conditioning supply. These findings suggest that
the influence of excluding this industry from trade is consistent across the globe, but values of
the average change in available inputs and the location of the industry are not crucial factors in

determining which other industries will be "infected" around the world.
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The impact of excluding the Coke and refined petroleum products from interindustry trade is
contingent upon its location. Notably, when the industry is situated in the USA, its elimination
leads to the most substantial percentage change in the available inputs in countries such as Costa
Rica, Mexico, and Chile, with values of 90%, 58%, and 58%, respectively. Additionally, excluding
the industry in Canada results in the most substantial percentage change in the available inputs
for Iceland, followed by the USA and Mexico, with values of 14%, 7%, and 6%, respectively.
Similarly, excluding the industry in Saudi Arabia from trade has the most significant impact on
India, followed by France and the rest of the world, with values of 11%, 4%, and 3%, respectively.
Analogous to the Mining and quarrying, energy-producing products industry, the effect on other
industries worldwide does not exhibit significant disparities, and the obtained results suggest
that the influence of excluding this industry from trade is consistent across the globe, with the
most affected industries being Coke and refined petroleum products itself, followed by Commercial

and public services, and Transport.

3.4 Conclusions

Our paper had two main objectives. Firstly, we aimed to investigate the evolution of resiliency to
shocks in the global interindustry trade. Secondly, we aimed to create a model that considers the
consequences of terminating trading relationships between industries, focusing on the limitations
or terminations of trading relationships between fossil-related industries in countries that account
for the largest share of the fossil fuels trade, including Russia, Saudi Arabia and Australia, and

other industries in different countries.

Our analysis of the global interindustry trade network from 2002 to 2018 revealed that its
resiliency to attacks had improved for thresholds of 10% and 20%. However, the global crisis
of 2008 had a negative impact on the network resiliency, potentially due to the decrease in the

number of participants and interindustry trade volume.

We also developed a framework to model the propagation of shocks through global interindustry
trade up to order m, originating either from importers or exporters. This framework can be used
for the normative or positive analysis of the termination or limitation of trading relationships
due to trade barriers, which may be introduced due to a change in political or environmental

agenda.
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The developed model was employed to examine the scenario where Russia is eliminated either
as an importer or exporter of goods in interindustry trade. The analysis revealed that the
discontinuation of imports to Russia resulted in the most significant average percentage decrease
in interindustry trade within its boundaries, as compared to the effect on global interindustry
trade, which was relatively modest. Conversely, the elimination of Russia’s export capacity was
associated with substantial losses in the volume of global interindustry trade while having a

minimal impact on interindustry trade within Russia.

The present study utilized the developed model to demonstrate that the average percentage
change in the trade volume of international trade increased over time for fossil-related industries
such as Mining and Quarrying, Energy-Producing Products, and Coke and Refined Petroleum
Products located in the USA, Australia, Canada, Russia, and Saudi Arabia. This finding suggests
that the global interindustry trade has become increasingly susceptible to disruptions arising
from these industries. Additionally, the analysis revealed that the average percentage change in
available inputs for economies is more reliant on the location of the eliminated industry than on

the industry that is affected.

However, our analysis has several limitations. Omne limitation is that we assumed that any
lost trade volume could not be compensated, meaning that our framework is only suitable for
examining the short-term effects of shocks. Additionally, we did not consider how new trading
relationships could be established, and incorporating this aspect could enable us to analyze both
short-term and long-term effects. Finally, our analysis was conducted at a high level of industrial
aggregation, which makes it impossible to track how trade restrictions on specific goods could
impact the interindustry trade network. Nonetheless, our developed framework could be applied
to a lower level of industrial aggregation in the interindustry trade model to examine these

effects.
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The global energy mix is undergoing an accelerating transformation driven by new resources,
novel technologies, and climate change-related commitments. Changes in the use and availability
of energy resources have affected fossil fuel (coal, oil, and natural gas) trade patterns. Some
economies enjoy increasing energy independence, whereas others become more dependent on
imports to satisfy their energy needs. Using 2000-2018 United Nations Commodity trade and
International Energy Agency energy- and monetary-flow data, we examine the evolution of the
international network of energy flows to reveal new patterns and understand their energy security
implications. We explore how the growth in US unconventional resources, European Union
renewable energy, China’s natural gas consumption, and changes in other energy flows affect
individual economy positions and trade-network connectivity. Testing the small-world property
helps us understand the diffusion of new technologies, including energy-demand electrification
and renewable energy adoption. We introduce a modified energy-security index to highlight the
interplay between fuel and import diversification and domestic supply and consumption. We
conclude with insights about the projected energy transition and its effect on the future the

international network of energy flows and energy security.
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4.1 Introduction

The past two decades have brought dramatic changes to the energy landscape. Technological
advances helped untap abundant unconventional natural gas and oil resources and led to nearly
exponential growth in renewable energy production. The shares of unconventional resources
in global natural gas and oil production have grown from less than 1% in 2000 to about 15%
and 12%, respectively, in 2019 [U.S. Energy Information Administration (2020). Over the same
period of time, the supply of renewable energy has increased by about 50%, reaching 5% of
global total primary energy consumption (International Energy Agency| (2018) . An increased
number of countries have adopted the Paris Agreement and have introduced policies to encourage
and accelerate deployment of low-carbon technologies. The process referred to as “the energy
transition” aims to decrease carbon and other emissions, mitigating climate-change issues. The
associated change in the energy mix would also help to achieve UN Sustainable Development
Goals. The transition is underpinned by supply-side transformation along with demand-side
reconfiguration. Developments in battery and other energy-storage technologies, adoption of
circular economy principles, and employment of innovative materials are among the key drivers

behind the decreasing energy intensity of global GDP.

Innovations and new energy-resource exploitation have been unevenly introduced and imple-
mented among the countries. While many developed countries have been deploying clean-energy
resources and reducing final energy consumption, fast-growing developing countries demand
increasing volumes of energy, much of which are imported. Over the past two decades, the
European countries have reduced their consumption by an average of 5%: this includes the
Netherlands (-20%), Portugal (-16%), and Germany (-5%) |[BP. In the meantime, the leading
Asian economy, Japan, has decreased its energy demand by about 15%; Canada has led the
transition, reducing its energy intensity by almost 20%, whereas the United States has managed
to decouple its energy consumption from GDP and has held its energy demand fairly flat [In-
ternational Energy Agency| (2019). In contrast, primary energy use in China and central Africa
has almost tripled, and in India, eastern Africa, and the Middle East, primary energy use has
more than doubled, pushing global energy use to a 40% increase. Only partially satisfied by the
increase in the renewable energy supply, the growing energy demand brings new disturbances to

the status quo of fossil fuel trade |Gonzalez-Salazar et al.| (2018).
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Those changes in the global and individual-economy energy-mix compositions have been enabled
by and have impacted the international energy trade. The shifts in energy demand and supply
have reshaped the network of fossil energy flows among countries Chen et al.| (2018) . Energy is
the critical resource for national economies and plays a pivotal role in economic development as
well as the climate-change agenda. The structure of the energy supply has a profound effect on
energy security and is an important factor in geopolitical decisions. Hence, understanding the
effect of changes brought by the energy transition, especially the energy-trade evolution and its

energy-security implications, is crucial for revealing new vulnerabilities and risks [Finley| (2019)).

The purpose of this paper is to provide new insights about the effects of the energy transition
and fossil-fuel use on the international energy trade and on energy security. First, we want to
update and enhance the quantitative description of the INEF. By examining the evolution of
fossil-fuel trade patterns, we intend to reveal whether energy and economic integration continues
or the transition away from coal, substituted by natural gas and renewable energy resources,
has weakened existing trade links and reduced network connectivity. Second, we aim to explore
the changes in individual economy positions in natural gas, coal, and oil trade, which are crucial
for understanding the competition and price dynamics. Particularly, we want to reveal whether
the European Union’s recent energy and environmental policies, China’s strategies for carbon
neutrality, and U.S. energy exports have affected the metaphorical systemic gravity of those
regions and their suppliers. Finally, we tackle energy-security questions focusing on the effect of
supply diversification under the changing (traded) energy mix, shifts in production capabilities,

and domestic fossil-fuel demand shrinkage.

Economic integration, expansion of fuel transportation routes and infrastructure, demand elec-
trification, and new energy and environmental policies have led to the surge in studies focusing
on and emphasizing the geographical aspects of the energy transition Chen et al.| (2018), Bridge
et al.| (2013)). The large number of involved countries, the complexity of energy-network flows,
and multidimensionality have induced scientists to step away from the traditionally used general
equilibrium—based international trade models, turning instead to complex network- and graph-
based models instead. Such models could be combined with input—output analysis or other
economic approaches to investigate spatial and economic embeddedness of countries and their
dynamics|Chen et al.|[(2018). The increasing number of works applying network methods include
but are not limited to the following: studies of international trade linkages, interdependencies,

and energy communities |[Kali and Reyes| (2007), |Zhong et al.| (2017); assessments of the carbon
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footprint, carbon leakage, and environmental impacts of the fossil-fuel trade (Gan et al. (2020),
Bernard and Vielle| (2009), |Aichele and Felbermayr, (2015)) ; and analyses of energy security,
environmental regulations, and sustainability (Chen et al| (2018), Zhong et al.| (2014), |Jamasb
and Pollitt (2008)).

While the diversity of the fast-growing body of literature tries to address the expanding number
of relevant questions, several drawbacks call for further contributions. First, the revealed dy-
namics in the trade and security of supply suggests that the analysis should be regularly updated
Finley| (2019) . Second, the network models often separate energy and monetary flows, raising
the question of how to compare them |Sovacool (2011)), Kruyt et al.| (2009), |An et al. (2014)), |Gao
et al. (2015) . Third, with a few exceptions, analyses focus on one particular fuel (e.g., natural
gas |Chen et al| (2016), coal, or oil) or combine all energy sources together. Such approaches
prevent researchers from understanding the role of individual fuels and the importance of their
substitutability, which plays a key role in the energy transition Vivodal (2009). Finally, numerous
studies on energy security, offering a wide range of security indexes and comparisons of them,
traditionally limit their attention to one or two of the following aspects: (1) supply diversifica-
tion, thus rarely considering the security or vulnerability of exporters; (2) one selected fuel or
all fuels without insights about individual fuel contributions; and (3) individual energy-system
component changes, namely interfuel substitution, or a change in the domestic demand or sup-
ply level Hughes (2009), Sovacool (2013) . However, understanding trade-offs among various
energy-security components is essential in the time of the energy transition and developments of
new production possibilities |Podbregar et al.| (2020)), Narula and Reddy| (2015), |Gasser (2020).
The study on the global security index study concludes that various measures are required to
understand energy security, as countries vary in their capabilities, priorities, expectations, and

preferences |Azzuni and Breyer| (2020)).

Our analysis aims at updating the previous studies, filling in the gaps in the existing methodolo-
gies and providing an alternative, secure measure useful for all the economies and their diverse
transition strategies. Hence, we contribute to this literature in several ways. First, we update
the previous studies with recent data on energy production, consumption, and trade, expanding
the previously investigated time frame to 2000-2018. We compare the two most-used publicly
available databases, that of the IEA and UN Comtrade, linking our study to a large number of

the earlier analyses. Furthermore, along with the energy-flow data, we compile the associated
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monetary flows, enabling deeper economic understanding. Our data analysis helps to enrich the

intuitions provided by similar works and to support future studies.

Second, with the data on the individual fuel flows covering a period of two decades, we char-
acterize individual-economy energy systems’ evolutions, getting insights about the trade devel-
opments, and we relate variation in regional trade dynamics to the evolution of energy-system
components. We pay special attention to the centers of gravity within the global energy trade
system, including the European Union (EU) with its largest primary energy consumer, Ger-
many, the United States, and China, by tracking the changes in absolute and relative strength
of economies. We apply the complex-network method to examine the evolution of trade through
the dynamics of strength and connectivity distributions. Then we test the small world property
to reveal how the clustering and network distances for different fuels change over time. Com-
monly used for network description, the small world property indicates trade interconnectedness,
tightness of competition, and diffusion efficiency. Hence, in the context of the global energy sys-
tem, this property helps researchers understand how fast and far-reaching the transition to

low-carbon fuels may be.

Finally, we suggest a modified energy-security index, capturing and reflecting developments in
demand, supply, and trade. Exporting economies are often advised to diversify their economies,
yet existing security indexes are not designed to suggest preferable diversification policies Ross
(2019). Building on the classical Herfindahl-Hirschman Index, we offer a measure useful for
energy importers and exporters alike. Our index is designed for consistency in discussions among
international trade participants, informing them of energy-security implications of the energy

transition and trade changes.

The rest of the paper is organized as follows: We start with the compiled data set description
discussing the issues associated with the use of two different datasets. Then, we turn to the
methodology for the trade and energy-security analysis. We highlight the similarities to and
differences from the previous studies. Finally, we present the empirical results, including the
conclusions about the overall trade-network development and shifts in energy security across all
the considered economies. After that, we characterize dynamics related to the top exporters and
importers, focusing on the role of individual fuel trade. We conclude with insights regarding the
trends in trade and energy security for individual fuels and their contributions to international

energy-system dynamics.
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FIGURE 4.1: Comparison of the IEA and UN Comtrade datasets for natural gas data.

4.2 Data

To analyze the international energy trade evolution and its implications, we compiled a com-
prehensive dataset using the United Nations Commodity Trade (UNC) and IEA World Energy
Balances databases International Energy Agency| (2019). We retrieved the data describing histor-
ical production, consumption, and trade of oil, natural gas, coal, and renewable energy resources.
This section describes the selected variables and provides details on the database construction,

addressing issues including missing and erroneous data. Further technical details can be found

in the Appendix
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4.2.1 Dataset description

For 245 countries included in the UNC and IEA databases, we extracted data for the period of
2000 through 2019 on:

Total primary energy consumption (TPEC) by energy type,

Total final energy consumption,

Domestic energy production for coal, oil, natural gas, and other sources of energy (including

RE),

Import of coal, oil, and natural gas, with economy of origin specified for each flow,

Export of coal, oil, and natural gas with its destination.

Within and across the databases, different units of measurement are used. For instance, import
and export flows are given in kilograms and the U.S. dollar value. For consistency and cross-
comparison, we converted all energy units into Joules (J) based on the net calorific values, as
described in appendix In what follows, we distinguish "energy flows" (in J) and "monetary
flows" (in USD).

UNC database employs Harmonized Commodity Description and Coding Systems, or HS code,
to classify goods and services. In our study, the following codes have been used: 2701 (oil),
271111 (natural gas in liquefied state) and 271121 (natural gas in gaseous states), and 2709
(coal) for correspondence with the previous analogous studies |Chen et al. (2018), |Gao et al.

(2015), Hao et al. (2016).

4.2.2 Data processing and verification

With access to the two databases, we have an opportunity to fill in the gaps in data, detect
erroneous data, perform a general verification, and comprise a more comprehensive database.
The majority of data categories can be found in both databases; however, the UNC database
contains more comprehensive bilateral trade information, whereas IEA has more granular data

on produced and consumed energy [United Nations Commodity Trade. To combine the data
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extracts and expand our dataset, in support of a more granular analysis, we checked the data

for consistency.

the verification exercise was complicated by the occurrence of erroneous and missing data. So, we
test the hypothesis of data compatibility by running a linear regression for the UNC against IEA
data|Gephart and Pace| (2015)). We perform this exercise for the entire dataset and for individual
classes of data. Thus, the results for the natural gas data, cleaned of outliers, are represented
in Figure The results of the regression analysis do not allow to reject the hypothesis on the
slope =1 for each individual fuel dataset. Hence, we confirm the similarity between the UNC

and IEA data and conclude that the two datasets could be merged complimenting each other.

Combining the data allows us to fix various data issues and address problems such as bilateral
asymmetry. We find that in some cases, the reported import quantity by economy i from
economy j is not equal to the reported export quantity from j to ¢. We combat such a bilateral
asymmetry by averaging over reported quantities or correcting it referring to the second dataset.

Further detail on the comparison is provided in Appendix

We use the final dataset to map energy import and export data and grasp the radical changes

in the world energy landscape analyzed in detail in the empirical analysis presented in Section

(Fig. [[2).
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FIGURE 4.2: The maps of energy importers and exporters for 2000 (upper) and 2018 (lower) based on the net
fossil fuels flows (in grey are the countries with no data).

4.3 Network analysis

The international energy trade, accounting for almost 90% of the total primary energy consump-

tion, is described by the directed oil, natural gas, and coal flows and can be seen as a network

[U.S. Energy Information Administration, (2020). Such a network, or INEF, is formed by nodes,

countries, and links, import and export flows, connecting the nodes. Analyzing INEF as a com-
plex network, we can characterize its structure, detect economically and environmentally relevant
properties, reveal trade patterns, and monitor the dynamics. The methodology presented in this
section was developed to answer questions relevant to the energy transition and shed light on
the impact of shifts in fossil energy use. We introduce concepts to help answer questions such
as: Does the regional integration continue or is it disrupted by the reduction in carbon-heavy
coal consumption and production? Who are the most pivotal players on the energy market?
How do the energy transition and adoption of new technology affect their positions? These and

other relevant questions can be addressed. Our goal is to a provide quantitative description of
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the individual and total energy trade, reveal the channels of its evolution, and track the changes

between 2000 and 2019.

To allow for different levels of aggregation, we specify a directed weighted network for individual
fuels and all the flows combined. A network N* for fuels k¥ € {C,G,0} - coal, natural gas,
and oil, respectively, is defined by the set of economies F = {1..,1,..7,..,n} and the set of flows
Fk={ Z’;} between all the pairs of economies ¢ and j. The matrix, formed by Z-];» elements, is
called the adjacency matrix and has zeros on its diagonal. The elements of the adjacency matrix

are net flows, so that:

fi; = 0, while f;; =0 when 4 imports energy from j
FF = (4.1)

fi; =0, while f;; > 0 if economy ¢ is exporter for j

We use | - | notation to count non-zero elements, i.e. |f;;|=1 for all exporters j of economy i and
> j | fij| is the total number of exporters for i. Counting all the non-zero elements, we get the
number of importers serving economy i, known as in-degree d'™. Summing up | fji| over all the
possible export destinations, we calculate out-degree d°“!. Combined the two values determine

the number of trade links or net trading partners, i.e. economy’s degree df:

df = df™ + ™ = 3 (171 + 174) -

jENE

We analyze the evolution of trade connections by examining the dynamics in the number of links,
namely looking at changes in individual economy degrees and the global degree distributions.
Fig. provides an example of the cumulative distribution reporting the number of links
associated with a given percent of the total energy traded. The distribution reveals that in 2018,
95% of the total energy traded has been supplied by 22%, or 490 out of 2180, links. The trade
links are arranged by the trade volume, with the smallest contributor standing last, depicting
the concentration of flows. In what follows, we focus on the essential links falling into the 95"

percentile, reducing the size of the network. Such a link cut-off is applied to each fuel separately

and recalculated for every year.
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FIGURE 4.3: The cumulative distribution for the total fossil fuels trade in 2018.

The usefulness of the degree analysis is limited because it does not account for flow volumes.

To that end, we use the link strength analysis characterizing the trade embeddedness or trade

volume. Formally, economy’s strength is the sum of its in- and out-strength and is equal to the

total trade volume:

ko kin kOUt_ k k
s; =8 +5 *E <ij+ ji>7

JENk

where f;. accounts for the out-flows of economy 7 and f.; measures the inflow volumes.
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FIGURE 4.4: The degree and strength distributions for fossil fuels energy trade in 2018.

The shape of the degree and strength distributions helps demonstrate the heterogeneity among

economies. Thus, the 2018 distributions exhibit the power-law character pointing out to a

high dispersion in economies trade positions (Figure |4.4)). The majority of economies have less

than five trading partners, and only a handful have more than 20 trading partners. Among

those highly connected are the major importers, including China, India, Korea, Japan, the U.S.,
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European economies, and the largest exporters, such as Russia, Saudi Arabia, Canada, and

Australia. In the results section, we pay special attention to them.

Finally, along with the degree and strength measures, networks can be characterized by density,
D, telling us what portion of all possible links has been realized on a given network. For a

directed network it is calculated as:

Zz’ENk ZjeNk fij

P="E0E -1

(4.4)

We calculate the INEF density for individual fuels and total fossil energy flows to discuss the

changes in the networks connectivity and globalization trends.

4.3.1 Testing the small world hypothesis

In addition to measuring degrees and strengths, we investigate whether the INEF possesses the
"small-world" property. In a small-world network, most nodes are not directly connected, but,
if needed, almost any node can be reached by every other through a small number of transitors.
Therefore, a small-world network is characterized by (a) short average path length L, implying
that trade between any pair of economies involves only a few transitors and (b) high clustering.
The latter implies that some economies are highly interconnected in a way that makes them form
a single market. The clustering coefficient quantifies how close the trade partners of a given
economy from forming a completely connected sub-network. Hence, the small-world measure

provides insights about regional network structure and the existence of "trade communities".

Clustering coeflicient C' is defined by the number of links m; connecting trade partners of econ-
omy ¢ and is averaged over the total number of economies |E|, as suggested by Watts and

Strogatz| (1998):

1 " 2m1
“= |E] Z di(d; — 1) 4
i€ENk

The small-worldness can be quantified with coefficient o - a measure comparing the clustering
and the average path length of a given network to an analogs of an equivalent random network.

We choose the Watts-Strogatz (WS) approach to generate the random network with the same
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number of nodes, links, and the average degree, as proposed by Watts and Strogatz (1998), and

calculate the small-world coefficient:

Ck(NF LF(NE
‘= C(Nr(a”do)m)/L(NT(ando)m)’ (4.6)

The network is said to possess the small-world property if the coefficient o > 1 [Humphries and
Gurney| (2008). Despite its sensitivity to network size, o serves as a helpful measure showing the
changes in the network connectivity. In reality, the small-world feature is often associated with
networks consisting of several interconnected communities. The increase in the number of links
or closer integration often results in higher ¢ or strengthening of the small-worldness. However,
if the location of the new links does not shorten the average distance and/or coincides with
the disappearance of links and decreasing clustering, the small-worldness may be weakened.
Figure demonstrates how the INEF has experienced a reduction in the small-worldness.
To develop further understanding of the drivers behind the small-world measure reduction, in
Section [£.5] we provide the clustering coefficients and the average shortest path lengths estimates

for individual fuel networks.
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FIGURE 4.5: The evolution of small-world coefficient for oil (left) and the INEF (right).

The small-world effect has some crucial implications. First of all, the closer the small-world
quotient to 1, the more interconnected the economies and the faster diffusion processes are
expected to be. Thus, the small-world coefficient dynamics may explain the spread of new
technologies, price signals, or the effects of regulation. Furthermore, recent research has been

focusing on the link between the network robustness or shock-resiliency and small-worldness
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Peng et al.| (2016). Those implications call for special attention to the small-world property in

the context of the energy transition.

4.4 Enmergy Security Analysis

Energy security is a complex concept brought in the context of geopolitical and policy discussions,
highlighting risks of physical availability of energy. The energy transition has led to an expansion
of the security notion to embrace other elements critical for the energy supply. The enhanced
definition includes the following aspects of energy security Kruyt et al| (2009)), |Asia Pacific
Energy Research Centre (APERC)| (2007):

Availability — geological existence of a resource in some location.

Accessibility — geopolitical aspect of the access to energy.

Affordability — economical aspect of energy availability.

Acceptability — environmental and societal preference.

Approaches to energy security vary and may focus on a single or multiple elements of the above-
provided definition. In our study, we consider energy security indicators based on bilateral energy

exchange between economies, neglecting the issues of availability and acceptability.

The network analysis, presented in the previous section, provides insights into the changes in
the overall network and reveals economies’ embeddedness in trade. The degree and strength
analysis also points to economies with central and peripheral positions and diversification of
trade. However, to understand the security implications of the network evolution, additional
measures are required. Various energy security indexes, calculated with the datasets used for
the network analysis, are commonly applied to quantify and compare energy security among the
economies or changes over time |Gasser| (2020). We start this section by reviewing the widely
known HHI-based indexes. We discuss their weaknesses and introduce new modified measures,
namely consumption security index (CSI) and production security index (PSI). To develop intu-
ition and highlight the advantages of the proposed indexes, we construct an illustrative example
with interpretations linked to the energy transition strategies of some economies. We conclude

with insights employed in the next section, where we present our empirical results.
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4.4.1 Traditional HHI-based indexes

Various indexes, public and commercial, have been developed to quantify energy security. Several
previous studies focusing on the INEF have estimated the classical Herfindahl-—Hirschman Index
(HHI), also known as Simpson index, relating security to supply concentration|Chen et al.| (2018),
Gao et al.[(2015), Gasser| (2020). However, the obtained results have not been addressing security
concerns raised in the energy transition discussions, suggesting the need for improvements in the

index or the use of different measures.

Traditionally, the HHI index quantifies trade concentration and is calculated, solely, based on
the trade flows of type | € {C,G, O, FF} for coal, natural gas, oil and aggregation over fossil

fuels, correspondingly, as:

! Y ! i\
HHIimp:i = Z Z I HHIemp:j = Z Z 1 (47)
] )
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To analyze the import competition, the summation over all the import sources j is used. The

l

same expression is applied to quantify economy’s j export concentration HHI,,_;, in which case

the summation shall be done over all export destination .

The expression reveals that HHI does not account for any changes in domestic production
or fuel consumption mix. If an economy decreases its energy import, e.g., thanks to the growth
in domestic energy production, it is likely to limit the number of trading partners. In this case,
HHI might increase, suggesting the worsening energy security situation. While this, indeed, leads
to the higher import vulnerability, the overall economy security may improve with the energy
self-sufficiency. Hence, the HHI index would lead to misleading conclusions. Another situation

in which HHI could result in erroneous conclusions is when an economy serves as a hub.

Those and other related considerations have led to the development of another class of security
index, including consumption into consideration, and hence, resolving "hub" situations. It has
also been realized that energy security shall account for fuel substitutability and energy mix.
These arguments have led the International Energy Agency to develop the HHI-based energy se-
curity index (ESI), combining the concentration index for individual fuels with supplier-economy

risk weights, r;, and fuel shares in the supply:
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Here ch is the primary energy consumption of fuel k, whereas (Qp!’) is the total primary energy
supply in economy . ESI has been designed to measure energy security from an importer per-
spective and does not provide an appropriate measure for energy export risk exposure. Changing
weather conditions, global crises, and fuel preferences make exporting economies face acute sup-
ply risks and speak of supply security. Thus, the COVID-19 pandemic has resulted in a sharp
drop in oil use, having a detrimental effect on the oil exporters. Besides, economy-specific im-
port constraints are a commonly used instrument for political and economic pressure [Ikonnikova
and Zwart| (2014). Among the most well-known examples are financial and trade sanctions on
Iran that were imposed starting 1970, reintroduced by the U.S., the E.U. several times. Iran
suffered from the curtailed export, forced to search for new buyers for its oil and develop new
supply routes, Katzman| (2021)). Under the energy transition, some exporters become especially
vulnerable, facing changing fuel preferences and shrinking supply opportunities. The carbon
neutrality targets adopted by the increasing number of economies suggest changes in the future

coal production and trade possibilities, calling for coal export security analysis.

Hence, the enhancements that make ESI superior to HHI are not sufficient to address exporters’
concerns. ESI captures the changes in the consumption mix but is ignorant to possible changes
in the production mix, determining exporters’ supply risk exposure under the energy transition.
To tackle that issue, we introduce modified security indexes distinguishing exporter and importer

perspectives.

4.4.2 Importer and exporter perspective on energy security

It is logical to assume that just as exporters may mitigate their supply risk by managing their
trade flow concentration. However, we have already established that concentration of trade flows
alone, is not sufficient to reflect the security. One have to consider the weight of the trade in econ-
omy’s energy balance. In other words, the concentration index shall be modified to account for
total energy. Importers improve their security by becoming self-sufficient, for instance, decreas-
ing the share of consumption imported. Therefore, importer index shall be consumption-based

measure, we call it consumption security index (CSI). In contrast, the exposure of exporters
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stem from the share of the total producition traded. So exporters would be less vulnerable the
more of their produciton is consumed domestically or spread among a larger number of buyers.
Hence, exporter or production security index (PSI) shall weigh the export concentration against

the fuel produciton.

We incorporate the above thinking into our analysis and modify the traditional HHI and HHI-
derived indexes normalizing the trade concentration to the total production of fuel k € {C, G, O},
pr , and total fuel consumption, Qci-“, deriving the security index for exporters and importers

as:

FE\? 7E\?

k _ Je k _ %)

PSI} = Z (Qp’-“) CSIy = Z (QJ“) , (4.9)
jENE ? jJENE

Note that the presented indexes allow to identify hub economies with index values > 1. For

economies that import or export energy for own utilization CSI¥ and PSI¥ values are in the

range [0, 1].

It is important to recall that the difference between the domestic production and consumption,

for any given fuel type, is determined by the sum of net flows, or strength in a particular direction:

Qef —Qpi = (f5—17) (4.10)

JENF
Although developed with importer and exporter perspectives in mind, both indexes may be
applied by the economy serving as a hub or have strong export and import trade connections.
An excellent example of such an economy is the U.S., strengthening its trade position with
the growing domestic production of renewable energy and unconventional oil and natural gas
resources, increasing exported volumes. The fossil energy resource depletion in the past has

made the U.S. rely on energy import, a substantial portion of which is reserved despite its own

growing supply.

The modified indexes help distinguish between in- and out-flow related risks informing economies,
like the U.S., on the security management needs in different directions. Yet, as suggested by ESI,
an aggregate index evaluating the total energy portfolio security is needed for the economy-wide
analysis. The IEA approach is valuable but, as noted, suffers from the production mix ignorance

and inability to isolate the role of the consumption versus production mix changes. We try to
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address those issues with our total consumption and total production security indexes, CSIZP

and PSIZ]-D , respectively.

Formally speaking, different types of fossil fuels are not perfect substitutes. If economy 7 im-
ports fg from economy 7, while economy j exports energy type O from economy ¢, such that
fg = fg in energy value, the loss of a trade partner would require both economies to make
additional investments to compensate for the energy supply losses. This issue is often addressed
by introducing of the conversion efficiency, 7, or degree of substitutability. Thus, for any two

energy types k and m € {C,G,O}:

5= - £ = non - £ (4.11)
k m

The change in energy generation and utilization technologies makes n a dynamic variable whose
value may change across the economies. Without loss of generality, we leave the technical details
outside the scope of our paper and, in what follows, assume perfect substitutability, i.e. for V
k,m: n*™ = 1. In this case, fi]; =>4 le» and the flow of fossil fuels between any two economies
i and j is equal to the sum of net flows of coal, natural gas, and oil and equation is

rewritten as:

Qcf —Qpl =Y Y (hi-r=> 15 (4.12)

JENk k JENk

Then, we can estimate an economy’s aggregate energy security calculating security for individual
fuels and combining those values based on the fuel shares in the total consumption share and

production:

k2 . k2
3 (QZ’?) PSIf—ZSﬁ% 3 (Q;k> . (4.13)

jENk ¢

k
csIf = Y 245
k Qc;

The derived aggregate indexes are able to account for the changes in consumption and production
mixes. Notably, the indexes will show whether the growth in domestic production and the
resulting increase in self-sufficiency is compensated or outweighed by the change in the trade flow
concentration stemming from the drop of some trade-partners, e.g., for political or environmental

reasons.
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4.4.3 Illustrative example

To develop the intuition behind the introduced security indexes and ease their comparison to the
established HHI-based measures, we construct an illustrative example. Consider an economy,
named A, consuming two fuels, ¢ and g. Let there be two exporters, supplying A, called B
and C. Assuming all the economies have similar political risk, we normalized it to one: 74 =
rg = rc = 1. We evaluate the changes in energy security caused by the energy transition, e.g.
changes in teh fuel use, and the growth in the domestic production, resulting in the energy trade

evolution.

Focusing on the import-oriented indexes, we calculate CSI, PSI, ESI, and HHI. We start by
considering the indexes for one fuel, Case 1 ((Table . The consumption of that fuel is set to
be fixed Qc”” = 6; we drop the superscript to save on notations. We distinguish four possibilities
for trade and production to develop. In cases 1.1 and 1.2, economy A imports more than half
of the consumed energy, whereas in cases 1.3 and 1.4, the economy reduces its import in half,
raising own energy production. In all the cases, the economy may either import the required
energy from one exporter or split the export equally between B and C, but the volume of
import is twice as high in the first two cases. The situation described can be associated with
the developments in Germany and the U.S., reducing their natural gas imports and growing

domestic energy production.

TABLE 4.1 Energy Security indexes for economy A, the case of one fuel.

HHI | CSI? | ESI
05 | 022 | 15
1.0 | 044 | 3.0
0.5 | 0.05 |0.75

1.0 0.11 1.5

Case Import to A Qp’
1.1 | fap=2; fac =2
1.2 | fap=4; fac =0
1.3 | fap=1; fac =1
14 | fap=2; fac =0

@@m@‘?
R

INFNIEIEIES

The results presented in Table provide two important insights. First, we see that the HHI
values have been affected only by export distribution and not by the change in the domestic
production, as discussed earlier in this section. Second, ESI has the same values in cases 1.1
and 1.4, suggesting that the increase in own production balances out the loss associated with
the increased import concentration. Hence, the substitution of an import flow with the own
production has no impact on the security. In contrast, our CSI shows that domestic production
strengthening the security of supply. The latter argument is frequently brought in political
debates. Furthermore, comparing the ESI and CSI estimates, we find that both have the highest
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values in case 1.2 and the lowest in 1.3. Hence, we confirm IEA insights about the role of

diversification and the total import size.

Next, we turn to C'ase 2 to explore the role of the energy mix and its effect on security under the
energy transition. Here, we assume again that the total consumption level remains unchanged
and distinguish five possible scenarios with respect to domestic production and import diversifi-
cation. In cases 2.1-2.3, economy A keeps the domestic production unchanged, whereas in cases
2.4 and 2.5, it is increased by 25%. Case 2.1 is a business-as-usual situation, with all other cases
representing the situation when carbon-heavy C fuel has to be substituted by G in the con-
sumption profile. The substitution leads to the changes in trade, i.e. introduction of fffB =2
or ng =1 and fgc = 1 in cases 2.2 and 2.3 accordingly. Hence, in cases 2.2 and 2.5, the
economy diversifies its imports for both fuels. Case 2.4 corresponds to the situation, when the
economy loses one of its trading partners and starts to import more from the remaining partner.
We associate this situation with the developments in China; the country has been reducing its

coal consumption, increasing natural gas use and trade.

TABLE 4.2 Energy Security indexes for economy A, the case with two fuels.

Case Import to A Qci Qplj Qcﬁ HHI 4 CSIIX ESI4
21 | f$5=215%=2 |Q&5=6] 4 | 8 05 | 0.17 | 0.75
f55=0f5-=0 | Qc§ =2 0

22 | [$5=2/5%=0 | QS =4] 4 | 8 | 05 | 017 | 0.75
fip=250=0 | Q=4
23 | fS=115% =1 |Q5=4] 4 | 8 05 | 0.06 | 050
fip=1iffg=1 |Qcf=1
2.4 f5=L1f5-=0 [ Q5=4] 6 8 1.0 0.03 | 0.67
fip=1f50=0 | Q=4
25 | f{5=05f{-=05|Q5=4]| 6 8 0.5 | 0.02 | 0.33
fS55 =05:f5- =05 | Qc§ =4

The estimation results of all the situation reported in Table Examining the multi-fuel
situation, the weakness of HHI becomes even more apparent, as the index takes only two values.
The ESI estimates, however, reveal some similarity to our CSI, but we first discuss the differences
to make the rationing behind our modification more transparent. First of all, one may notice
that the largest ESI value is assigned to case 2.1, whereas CSI reaches its maximum in case

2.2. This result implies that our security index values fuel diversification more than supply
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concentration. In other words, the more balanced the energy mix is, the better it is for energy
security. Second, it appears that ESI is loses its sensitivity to supply diversification, as the
volume of import decreases, as follows from the minor difference between the values in cases 2.4
and 2.5. In comparison, our index continues to show the benefit of the supply diversification
boosted by the increased fuel variety. Lastly, CSI value in case 2.3 is lower than in 2.4, with the
opposite true for EIS. Similar to the one fuel case, it highlights the greater importance of the

domestic production boost over the import concentration.

Hence, we conclude with several essential insights supported by our modified indexes. First,
without changes to the total consumption and production levels, fuel diversification would have
a greater impact on energy security than import diversification. Second, a boost in domestic
production brings more security benefits than fuel or supply diversification. Hence, the invest-
ments in renewables improve the energy security of any economy, along with the increase in
domestic production of other energy sources. The transition away from coal would help improve
energy security in countries, with coal outweighing other fuels in the energy mix. For instance,
countries like China would benefit from a more balanced consumption mix. However, reducing
the equality among fuels due to the transition and witnessing new dominant fuels, like natural
gas, economies may experience worsening of their security situation. With those insights, we
proceed to the empirical analysis to test and verify the usefulness of our network description and

developed security indexes.

4.5 Results

Following the developed methodology, we start the presentation of results with the quantitative
description of the INEF. We provide insights about the evolution of individual fuel and altogether
fossil energy trade, paying particular attention to the changes associated with the production
and consumption energy mix changes accompanying the energy transition and adoption of tech-
nologies. We discuss the global trends and country-specific developments and trends, reporting
the estimates for the top 10 global economies, which are also the largest energy consumers.
Then, we proceed with the results for energy security, focusing on the interplay between fuel
and supply diversification and changes in energy mixes. We select the most noticeable results,

keeping further observations and results in Appendix [A.4]
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4.5.1 Energy transition and trade network evolution

To put the observed developments into context, it is worth recalling that the world population
and the global GDP continue to grow, explaining the increase in the global primary energy
consumption. Although fossil energy continues to be the dominant energy source, the share of
renewable and nuclear energy steadily increases. For the analyzed period of 2000 — 2019, RE
generation has grown by ~ 50%; yet, despite the accelerated installations of RE capacities, about
~ 95% of energy demand is covered by fossil fuels BPS (2020). Hence, the world increasingly

relies on fossil energy, and almost 85% of it is delivered through the international trade network.

4.5.1.1 Flow analysis

The compiled dataset allows us to see how the volume of energy trade has witnessed an almost
50% increase between 2000 and 2019. This trade growth has not been even across the fuels: the
coal trade has risen by about 150%, natural gas — by close to 70%, whereas oil has increased by
less than 30% (Figure . The changes in coal and natural gas trade have roughly coincided
with the changes in the monetary flows. In contrast to the mild growth in trade, monetary flows

associated with oil have undergone dramatic perturbations over the last two decades.
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FIGURE 4.6: The evolution of fossil fuel trade in energy (Exajoules = 10'8J ~ 10'® Btu) and monetary (USD
10'?) terms.

To understand such uneven developments, we turn to the network analysis and explore the
changes in the number of links and the associated flows, namely degrees and strength distri-

butions. First, we observe that the increase in the trade volume has been accompanied by the
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increase in the number of economies involved (Figure [A.1). Yet, looking into the truncated
network, applying 95% cut-off, we find that the scope of the network has hardly changed. But
the number of trade destinations for natural gas has increased by 55%, for coal by mere 10%,

and for oil went down by almost 10%.

While the number of nodes for coal remained fairly stable, the percent of links responsible for
the 95% of flows dramatically decreased, suggesting the market concentration related to the
changes in China’s and India’s consumption, as we discuss next. The expansion of the liquified
natural gas trade and the emergence of new gas spot markets stands behind the upward trend
or decrease in flow concentration. Finally, we see a possible explanation for the fluctuations and
the rise in oil monetary flows in the oil trade concentration as depicted by the statistics on the

links.
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FIGURE 4.7: Changes in the number of nodes and links accounting for 95% of INEF.

As marked in the methodology section, we have to check the distribution of strengths for a
better understanding of the trade dynamics. We focus on the results for China (CHN), Europe
(EU) and Germany (DE), the United States (USA), Russian Federation (RUS), and Australia
(AUS). The results shall give us insights into whether the concentration has increased or the
reduction in the number of links has led to the unification of flows. The shape of cumulative
energy flow distribution has already suggested that there are only a few major players in the
network (Figure . Investigating the changes in country strengths, we, therefore, turn to the
top ten economies. We estimate and report the in- and out-strengths for the largest importers
and exporters (Figure . The presented plots reveal that two main results. First, we find that

the total energy strength distribution is driven by the oil (Figure flows surpassing other fuels
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by volume and monetary values by far. Second, we see that oil importers have increased in size
and become more homogeneous. In other words, the number of large consumers increased, and
those consumers became more comparable in size. Thus, China has grown its oil consumption,
while the U.S. and EU have been slowly decreasing its demand. The changes on the export
side have been less dramatic, with the exception of the emergence of a new exporter — the U.S..
Such evolution in strength helps explain the oil price dynamics, highlighting the role of buyer

vs. seller competition.
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FIGURE 4.8: The change in the fossil fuels trade concentration from 2001 (left) to 2018 (right).
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FIGURE 4.9: The change in the oil trade concentration from 2001 (left) to 2018 (right).

Similarly, we examine the distributions and their dynamics for natural gas and coal networks.
We confirm the original intuition that the development of the liquefied natural gas trade has

resulted in the increased natural gas network density and connectivity (Table [4.3). Intensified
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electrification worldwide and the energy transition have contributed to the homogenization of
natural gas import flows. The enhanced ability to grow domestic production, owing to the
unconventional resources, has mitigated the increase in absolute strength of natural gas compared
to oil. Transition away from coal for environmental reasons, like in China and Germany, or
economic, like in the U.S., has coincided with the growth in coal power generation in Asia. As
a result, both in- and out-flows have become more uniformly distributed. The densities of coal,
natural gas, and oil networks decrease, fluctuate, and grow, correspondingly, with the overall

the INEF density going up.

TABLE 4.3 The evolution of networks densities for coal, natural gas, oil and fossil fuels networks.

Year | D¢ | D | DO | DFF
2000 | 0.045 | 0.026 | 0.033 | 0.038
2010 | 0.050 | 0.026 | 0.037 | 0.039
2015 | 0.044 | 0.029 | 0.036 | 0.041
2018 | 0.040 | 0.028 | 0.041 | 0.042

The concentration of oil and coal flows is often linked to their price dynamics, e.g. as discussed
by [Fattouh| (2007). Yet, the energy network literature rarely includes monetary flows data. We
address that weakness of the previous studies, like Chen et al. (2018), reporting on the monetary
flows associated with individual fuels as well as the total energy trade (Figure . Combining
the strength and degree analysis with the monetary observations, we find that the inequality in
import and export are responsible for the observed monetary flow dynamics. But the pressure or
boost to the prices may also stem from the inter-fuel network developments. Thus, we highlight
the reduced weights of oil flows coupled with the homogenization of imports and exports. These
findings justify our equal attention to import and export concentration and consumption and

production mixes in the energy security analysis.

4.5.1.2 Small-worldness

Networks for different types of fossil fuels provide the grounds for the analysis of trade com-
munities and trade structure dynamics. The characteristic feature used in such analysis is
small-worldness. The higher the small-world coefficient is, the larger is the size of communities
in the network and the smaller the characteristic path between them. We describe the trade
evolution addressing the question on whether the developments in consumption and fuel trans-

portation infrastructure boosted the energy integration and trade globalization. We calculate
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the clustering coefficients and the average path lengths for individual fuels and plot the evolution

of the small-world coefficient for natural gas and coal (Fig. [4.10)).
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FIGURE 4.10: The evolution of small-world coefficient for coal (left) and natural gas (right).

Figure reveals that during the considered period, small-worldness o is decreasing for the fossil
fuels network. This decrease is primarily driven by the developments in the coal trade. Pressure
on establishing new coal trade relationships, the decrease in demand, and the removal of some
destinations lead to the strengthening of distanced regional communities. At the same time, the
growth of the LNG trade has turned the natural gas trading network into a small-world network
with an increasing number of destinations and links. Before the LNG trade expansion, the size
of communities was smaller, while the distance between them was larger when compared to the
present-day natural gas network. However, this growth of the small world coefficient for the

natural gas network has not compensated for the lost trading relationships in coal networks.

The network analysis helped us to reveal the following significant trends. First, we established
that the number of network participants had been slowly increasing. The trade embraces almost
the entire world; yet, only a small number of economies continue to hold the position of gravity
centers, including China, the U.S., the European Union, India, Australia, and a few others. We
revealed that the transition away from coal by the major consumers had a weakening effect the
trade integration leading to increased trade regionality. The development of natural gas resources
and technologies, in contrast, has led to the increased global integration and the emergence of
new trade channels. Finally, we notice the redistribution in oil trade flows resulting in the
unification among the major oil importers and the emergence of the U.S. as the new exporter.

The homogenization in the buyer market is likely to explain the monetary flow fluctuations. With
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those observations, we proceed with the energy security analysis. Further details are represented

in appendix [A23] Table [A74]

4.5.1.3 [Energy security overview

To get a general picture of how energy security evolves, we start by presenting the estimated
aggregate CSI and PSI indexes distributions for the entire network (Figure . We show the
violin plots depicting the change in CSI and PSI distributions over time and allowing for their
cross-comparison. Hence the PSI and CSI help to find detect a small number of energy hubs,
for instance, the Netherlands, with index values over 1. Along with that, we the results for the

HHI, calculated based on the energy and monetary flows (Figure [4.12)).
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FIGURE 4.11: Distributions of country PSI and CSI based on the aggregate fossil energy trade.

Examining the modified index estimations, we make two interesting observations. First, see that
CSI has a longer distribution tail and features of a log-normal distribution. It implies that a
larger number of consumers have supply-related concerns. In contrast, the smaller number of
net exporters tend to be reasonably well secured with much lower exposure to supply risk. That
suggests other than environmental reasons for the energy transition by the net energy importers.
Thus, over the past two decades, the mean value of CSI has decreased by 7%, indicating that
the overall position of energy-importing economies has improved, whereas the mean value of PSI

has gone up by 13%, implying weakening of the energy-exporting economies positions. Second,
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we see the impact of the negative oil price drop impact on exporters’ security in 2015, which is

likely to be seen in the recent COVID-19 time data once it becomes available.
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FIGURE 4.12: The evolution of individual country HHI for the fossil energy import.

Turning to HHI results, we confirm that HHI has low sensitivity to the on-going developments
associated with the energy transition and changes in energy use. However, the exercise using
energy and monetary flow helps to answer sometimes brought critique, showing the close cor-
respondence in the values calculated with the two flows. For comparison, we present the HHI
based on monetary and energy flows for natural gas (Figure . It enables us to show how

the differences in price for a single type of energy are less than for all fossil fuels.
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4.5.1.4 Energy security: Individual country analysis

To get further insights about changes in energy security, we turn to the security assessments
for the largest importers and exporters, China, Europe, and the U.S. (see Figure 4.8). Most
of the countries play either a net importer or exporter roles in the considered period of time.

However, thanks to the unconventional resource production growth, the U.S. has become the

net fossil fuels exporter in 2019 [U.S. Energy Information Administration| (2020)). We use the
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unique opportunity and examine the U.S. security development in the course of its conversion,

including the country into the set of importers and exporters.

To start our discussion with the description of the total primary energy consumption, TPEC,
focusing on the shares of fossil fuels in the energy mix. Figure[£.14]shows how China’s TPEC has
been continuously increasing, supporting its fast GDP growth. However, aggressive investments
in nuclear and renewable energy, including hydro, have helped the country break the increasing
trends. And since 2011-2012, China has been slowly decreasing the share of fossil fuels in TPEC.
In 2019, before the COVID-19 disruption in power generation and consumption coal accounted
for 59% of China’s total energy consumption, about 1.5 percentage points down on the previous
year. So, for almost a decade China has been gradually reducing the share of coal in its energy
mix and decreasing its consumption in absolute terms too. That transition has been supported
by the growing share of low-carbon and energy, including natural gas, hydro, solar, and wind,
which accounted for 23% of the total energy consumption. This trend has been mainly supported
by the transition away from coal (Figure . That led to slow down the rising vulnerability

in coal import, as indicated by CSI.

It is crucial for energy security analysis to recognize that the substitution of fossil fuels boosted
the country’s reliance on domestic production. However, the limitations in coal use could not
be compensated solely by renewable and nuclear energy production. Since 2011, China has been
increasing its natural gas production, consumption, and import. In total, the dependence of
China’s economy on natural gas has soared along with its security index, implying the increased
exposure to supply risk (Figure . With a somewhat similar situation around oil, China’s
aggregated energy security index is going up, confirming and explaining the concerns raised in
the country’s energy transition and development strategy. Hence, our index and analysis go in
line with the current observations and reflect real-world developments. In contrast, IEA’s mea-
sure has hardly captured the dynamics and cannot provide a clear explanation to the standing

concerns. China’s ESI shows minor fluctuations around a relatively constant level (Figure [4.15]).
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FIGURE 4.14: The evolution of the TPEC and the share of fossil fuels in TPEC.
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Analyzing the energy mix dynamics for Europe and Germany specifically, we first confirm the
widespread image of the region as the pioneer in the energy transition. Energy efficiency measures
and carbon-reduction commitments result in Europe’s decreasing TPEC and the share of fossil
energy, with some weather-driven fluctuations. Yet, looking at the transition in detail, we reveal
that the electrification and the drop in domestic coal production have induced the country to
import more coal, even though the total coal consumption decreased. Furthermore, substituting
coal consumption, Germany has been increasing the share of natural gas in primary energy
imports and consumption. Based on the insights from our illustrative example, the decrease in
total domestic energy production, combined with the re-balance in the fuel consumption and
import mix, translates into the increasing aggregate and individual fuel CSI. This result goes
against the common belief that an increase in RE would inevitably lead to an improvement in
energy security. Hence, our analysis informs policy-makers of the importance to account for
the changes in domestic production, i.e., whether RE compensates for the lost coal production,
consumption mix, monitoring for the dis-balance, and shift towards high reliance on one fuel,

and supply diversification.
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FIGURE 4.16: The evolution of CSI for coal importers.
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F1GURE 4.17: The evolution of coal consumption and its share in the total energy mix.

Looking into the U.S. security and energy trade dynamics, we must analyze its importer and
exporter positions in parallel. Driven by resource availability and market demand, the U.S.’s use
of fossil energy has undergone dramatic changes over the past two decades. At the beginning of
the millennia, the country faced the depletion of economically recoverable fossil fuel resources and
grew energy imports under relatively stable TPEC. After 2005, the shale revolution has enabled
the country to elevate domestic energy production, surpassing the depletion of conventional fossil
fuels. Thus, the surge in domestic production has led to dramatic natural gas and then oil price
drops. With minimum policy support, the U.S. squeezed out coal, substituting it with natural
gas. In the last years, the drop in coal demand and flooding of the market with natural gas and

oil turned the country into an exporter.

Those developments are reflected in CSI and PSI. The increase in imports in the early 2000s
is captured by the increasing aggregate and individual fuel CSI. At that time, PSI has been
negligible. The rise in energy-sufficiency has dropped CSI, whereas PSI has been slowly growing,
reflecting the export developments. In the last years, CSI eliminating security of supply concerns
from the government’s agenda. However, the expansion in exports shall soon bring increasing

PSI concerns. The COVID-19 situation has demonstrated that the U.S. is already exposed to
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the export supply risks, calling for fuel or export destination diversification to mitigate future

risks.

We shall highlight that while for China ESI demonstrated limited dynamics, the estimates for
Germany and the U.S. appear to be misleading. In the time of the domestic production uplift,
the U.S.’s ESI has fallen markedly, suggesting the security improvements, which ignore the
increasing coal import exposure. In the last few years, the ESI values have been going up
without indicating that the vulnerability stems from the export this time. Germany’s ESI had
remained fluctuating around the same level until 2016 when the conflict with Russia led to the
necessity to use other suppliers affecting the concentration component of the index. Hence, we

confirm our earlier observation that ESI is limited use in the case of production mix change.
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F1GURE 4.18: The evolution of CSI for natural gas importers.
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FIGURE 4.19: The evolution of natural gas consumption and its share in the total energy mix.

For the individual exporter analysis, we choose Russia, Australia, and the U.S., highlighting
their increasing role in the INEF. Examining the coal production dynamics for those countries,
observe a striking correlation with the changes in coal share in the total energy production for
all the three exporters. As a result, the PSI dynamics mimics the change in the weight of coal

in primary energy export. Thus, the increase in the coal’s share results in the increased risk
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and elevated PSI values. This linkage is only slightly broken in the case of the U.S. due to the

natural gas development described above.
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F1cURrE 4.20: The evolution of coal production and its share in the total energy mix.
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FIGURE 4.21: The evolution of PSI for coal exporters.

The situation is quite similar for the natural gas export. The increase in resource production
coincides with export growth. Higher reliance on the trade translates into an upward trend in
PSI. Some deviation can only be found in the case of Russia. Growing coal production and
export to Asian and European regions surpass natural gas leading to a downward trend in the
natural gas share in the total energy production. This dis-balance benefits natural gas security,
harming PSI for coal. Hence, the intuition used in the case of importers applies to the exporter’s
risk assessment. Namely, the disproportional shift in one fuel export would translate into an

increased supply, just as the overall increasing reliance on export.
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F1GUurE 4.23: The evolution of PSI for natural gas exporters

In summary, we find that the increasing number of net energy importers adopt climate goals
and implement the energy transition affecting the international trade of fossil energy. Despite
the common belief that investments in RE improve countries’ energy security, we find that most
countries either saw little change in their security or experience its worsening. In line with
the developed intuition, we find that reduction in coal consumption shifts the balance in fuel
diversification, weakening the security. The increased reliance on natural gas could have had
a stronger negative impact on energy security, but the expanding LNG trade, spot trade, and
entry of new exporters, such as the U.S., reduce the negative impact. Finally, we find that
the growth in the global energy demand induces the major energy exporters to produce more,
exposing them to supply risk. But the symmetry in the situation with importers helps keep the

global average security close to a constant level.

4.6 Conclusions

Motivated by the observed changes in the global and individual country energy mixes, we aimed

at updating the earlier studies describing the effect of the energy transition and shifts in energy
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use on the international energy trade. To account for the global developments, we had to
enhance previous studies, including all the fossil energy sources and all the countries with energy
statistics. To embrace the complexity of the trade, we paid attention to dynamics associated with
imports as well as exports. Finally, realizing that political concerns regarding energy security
often shape trade, we included it in our analysis. While we followed the existing methodology on
complex network analysis for the trade network description, we found that the traditionally used
HHI-based security indexes are ill-suited for the transition analysis. As a result, we developed
modified security indexes useful for importers and exporters alike and applicable to individual

fuel analysis or aggregate energy supply description.

Our methodology for energy security analysis and the accompanying illustrative example helped
us develop the intuition, which we later verified with the real data analysis. First, our indexes
suggest that energy security is highly sensitive to the ability to produce energy resources domes-
tically. Second, (import or export) supply concentration may be outweighed by the dis-balance
in fuel (consumption and production) mix. Third, the interplay of these three factors shall be

seen in the global interdependency perspective.

In the empirical analysis, we have confirmed the importance of the increasing impact of the
energy transition and new technology adoption, translating into the shifts in production and
consumption mixes, on the international trade. Thanks to the most up-to-date energy data, we
have been able to describe the consequences of China’s coal consumption reduction, Germany’s
boost in renewable energy, and the U.S. export growth. Among the most interesting results,
we revealed the homogenization among the major energy importers of oil and natural gas, and
continuous regional integration. In contrast for coal, we find the tightening of the regional

communities, as the increasing number of countries limits its coal trade.

We find that the transition away from coal pushes energy importers to rely more on natural
gas. Countries for which this leads to a reduction in fuel diversification have a negative energy
security impact. But the regions for which this implies a transition to a more balanced fuel
portfolio and/or ability to boost the domestic production strengthen their security. Hence, we
reveal that RE as an instrument to increase domestic energy production improves the energy
security situation, but the policies constraining the use of coal, resulting in the decrease in the

total energy production and increase in the share of natural gas, shall be warned.
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We see several prospective venues for future research. First, we believe that the evolution of
energy communities for individual fossil fuels should be analyzed to gain further understanding
of coal-related developments and discuss the issues such as carbon leakage. Second, one shall
focus on energy conversion and substitutability, accounting for the dynamics related to the
introduction and adoption of new technologies. Finally, we find that further insights may be

developed about the linkage between importer and exporter energy security.



5 Conclusion

The energy transition is a complicated process engaging individuals, firms, industries, and coun-
tries. On each level, challenges need to be addressed to achieve a sustainable energy transition
that would not threaten the security of already existing firms, industries, and countries. On
the firm level, it is crucial to understand what regulatory regime could initiate a firm’s transi-
tion from established, "dirty" technology to an alternative or "clean" technology. On the level
of an industry, it is essential to understand how different industries across the globe may re-
act to a limitation or termination of trading relationships between industries, especially if a
shock originates from an energy-related industry, and how this shock may propagate to other
industries. Finally, on a country’s level, it is crucial to understand how introducing renewable
capacities to its electricity-generating portfolio may affect its energy security. This dissertation
sheds light on energy transition from those perspectives and suggests frameworks for analyzing
energy transition effects. This chapter provides an overview of the key results, implications, and

limitations.

The first paper presents a model and tool designed to aid firms undergoing an energy transition
and how it selects a portfolio of technologies and the production level with each technology. The
optimal production levels for different categories of emissions and costs were determined both
numerically and theoretically, using both profit and value as the firm’s objective function. The
study considered three environmental regimes: unconstrained emissions, emissions constrained
at the firm level, and emissions constrained by origin. Results demonstrated that emissions and
total production levels decreased under constrained regimes. Firms pursuing value-maximization
invested more in low-cost, high-emission projects if they expected these projects to be prohibited
in the future. The study’s findings highlight the importance of tailoring policies to suit different

firms’ objectives and show that the method of emissions regulation has a significant impact. Total
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emissions constraints may lead to heavy investment in high-emission projects, while category-
specific constraints rule out this outcome. However, the more constrained the emissions are,
the lower will be the total firms’ output. This research contributes to the literature on the
optimal production choice and closes the existing gap by adding emissions constraints of various
types when the optimal mix of production is determined given a set of available technologies.
In addition, our research contributes to the literature on the energy transition as well since it
considers the individual firm going through transition instead of an industry or a country. In this
paper, further improvements may be made. Firstly, one may also consider emissions constraints
together with budget constraints. Thus, we can ensure that newly installed capacities are within
budget constraints. Secondly, if we consider a realistic firm, the minimum production level that
a firm is required to produce may be introduced. For example, suppose an energy-generating
company goes under an energy transition. In that case, it is crucial that facilities dependent on

its electricity steel could deliver the needed electricity to either houses or plants.

The second paper discusses how the evolution of energy systems influenced resiliency to shocks of
a global interindustry trade network and how a shock originating from a limitation or termination
of trading relationships between fossil-related industries, such as Mining and quarrying, energy
producing products and Coke and refined petroleum products, and other industries may propagate
in a global interindustry network. The paper includes two parts. In the first part, we evaluate the
development of interindustry trade relationship resiliency to shocks and attacks. In the second
part, we suggest a framework to assess how a shock originating in one industry in a specific
country may propagate to other industries and countries. The suggested framework may be
applied to estimate the effect of sanctions that are imposed on a country, and it allows to provide
insights on the effects of the sanctions not only on the bilateral trade relationships but also to have
a better understanding of how other countries may be affected as well. We showed that even
though resiliency to attacks decreased, the effect of shock propagation originating in energy-
related industries increased. This means that the damage caused by cutting off one energy-
related industry in the country to other industries and countries has increased. This way, we
could highlight the importance of interindustry linkages on the global level that brings awareness
that policy or sanctions introduced on specific countries or industries may echo across the globe
in other industries that use the products produced by sanctioned countries and industries. The
second essay contributes to the literature on the analysis of global trade networks since it assesses
the resiliency of the global interindustry trade networks rather than focusing on a single product.

In addition, it also contributes to the international trade literature since it allows us to estimate
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how a change in trading relationships between a pair of industries may also influence other
trade relationships. However, the proposed framework has limitations, such as the absence of
substitution for lost trade volume, limiting its usefulness to short-term effects only, and the
high level of aggregation of global interindustry trade data, which makes impossible to track the

effects of eliminating a specific good instead of a specific industry.

We conclude this dissertation by considering the impact of the energy transition and changes
in energy use on international energy trade. We updated previous studies on energy security
by bringing up the question of not only the net energy importers but also net energy exporters,
who also may suffer from a highly concentrated market. We developed modified security indexes
for net energy importers and exporters and found that energy security is highly sensitive to
the ability to produce energy domestically; supply concentration may be outweighed by the dis-
balance in the fuel (consumption and production) mix. Our empirical analysis confirmed the
impact of the energy transition and new technology adoption on international trade. It showed
the consequences of China’s coal reduction, Germany’s boost in renewables, and the US’s export
growth. We found that transitioning from coal increases reliance on natural gas, which can
have negative or positive energy security impacts depending on fuel portfolio diversification and
domestic production. We suggest future research on energy communities for individual fossil
fuels, energy conversion and substitutability, and the linkage between importer and exporter

energy security.



Appendix

A.1 Firm’s Portfolio Transition to Carbon Neutrality: Financial

and Environmental Trade-offs

Equilibrium for the profit-maximizing firm under emissions constrained applied on the firm level:
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Equilibrium for the value-maximizing firm under emissions constrained applied on the firm level:
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Condition, under which the optimal level of new capacities for a profit-maximizer equals to the

value of value-maximizer:
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A.2 Resiliency and shock propagation in interindustry trade net-

works: a global perspective

Industry ISIC Grouped Industries
Rev4
Agriculture, hunting, forestry 01, 02 Agriculture, hunting, forestry
Fishing and aquaculture 03 Fishing and aquaculture
Mining and quarrying, energy producing 05, 06 Mining and quarrying, energy produc-
products ing products
Mining and quarrying, non-energy produc- 07, 08 Mining and quarrying, non-energy pro-
ing products ducing products
Mining support service activities 09 Mining support service activities
Food products, beverages and tobacco 10, 11, Food products, beverages and tobacco
12
Textiles, textile products, leather and 13, 14, Textiles, textile products, leather and
footwear 15 footwear
Wood and products of wood and cork 16 Wood and products of wood and cork
Paper products and printing 17, 18 Paper products and printing
Coke and refined petroleum products 19 Coke and refined petroleum products
Chemical and chemical products 20 Chemical and chemical products
Pharmaceuticals, medicinal chemical and 21 Pharmaceuticals, medicinal chemical
botanical products and botanical products
Rubber and plastics products 22 Rubber and plastics products
Other non-metallic mineral products 23 Other non-metallic mineral products
Basic metals 24 Basic metals
Fabricated metal products 25 Machinery
Computer, electronic and optical equip- 26 Machinery

ment
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Electrical equipment

Machinery and equipment, nec

Motor vehicles, trailers and semi-trailers
Other transport equipment
Manufacturing nec; repair and installation
of machinery and equipment

Electricity, gas, steam and air conditioning
supply

Water supply; sewerage, waste manage-
ment and remediation activities

Construction

Wholesale and retail trade; repair of motor
vehicles

Land transport and transport via pipelines
Water transport

Air transport

Warehousing and support activities for
transportation

Postal and courier activities
Accommodation and food service activi-
ties

Publishing, audiovisual and broadcasting
activities

Telecommunications

IT and other information services

Financial and insurance activities

Real estate activities
Professional, scientific and technical activ-
ities

Administrative and support services

27
28
29
30
31,
33

32,

36,

38, 39
41, 42,
43
45,
47
49
50
51
52

37,

46,

53
55, 56

59,
60

61

62, 63

64,
66
68
69 to 75

65,

77 to 82

Machinery

Machinery

Transport equipment

Transport equipment

Manufacturing nec; repair and installa-
tion of machinery and equipment
Electricity, gas, steam and air condi-
tioning supply

Commercial and public services

Construction

Commercial and public services

Transport

Transport

Transport

Commercial and public services

Commercial and public services

Commercial and public services

Commercial and public services

Commercial and public services

Commercial and public services

Financial and insurance activities

Commercial and public services

Commercial and public services

Commercial and public services
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Public administration and defence; com- 84 Commercial and public services
pulsory social security
Education 85 Commercial and public services

Human health and social work activities 86, 87, Commercial and public services

88

Arts, entertainment and recreation 90, 91, Commercial and public services
92, 93

Other service activities 94,95, 96 Commercial and public services

Activities of households as employers; 97, 98 Residential
undifferentiated goods- and services-
producing activities of households for own

use

A.3 The Energy Transition and Shifts in Fossil Fuel Use: The
Study of International Energy Trade and Energy Security

Dynamics

The appendix is an optional section that can contain details and data supplemental to the main
The data for the total primary energy consumption (TPEC) and energy production by type were
also taken from the IEA database International Energy Agency| (2019)). In the UNCT database,
the volume of trade is measured both in dollars and in kilograms Table [A.2]

TABLE A.2Used Databases and corresponding data units.

Database Units
UN Comtrade kilograms; US dollars
IEA Gas imports by origin Terajoules (TJ);

IEA World Energy Balances and statistics Thousands of British thermal unit (MBtu)

However, since the goal of the presented paper is to investigate the energy flow, kilograms were
converted into terajoules (TJ) to have the ability to compare the amount of energy [Hao et al.
(2016)), [UN2 contained in oil, natural gas and coal. For the conversion, net calorific value, which

shows what amount of heat is realised by burning one kilogram of fuel, was used. In reality,
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depending on fuel’s type and quality net calorific values may vary significantly. Used values of

net calorific values may be found in Table

TABLE A.3Note: In our data source, the unit of commodities is kilogram. Net calorific value was used for every
type of fuel International Energy Agency| (2020b)). Net calorific value shows what amount of energy is contained
in one kilogram of resource.

Fuel Net Calorific Value (MJ/kg) | Relative Error

Coal 25.75 10%

Oil 43.05 3%
Natural Gas 45.86 9%

To compare two databases (Comtrade and IEA) we sum over all imports for every economy and
region that is contained in both databases for each type of fuel. This approach was also used
in the paper by Gephart et. al Gephart and Pace (2015)). It was revealed that UN Comtrade
contains some out layers for natural gas trade which was corrected by IEA database where
possible based on IEA Gas imports by origin. The largest out layers correspond to the flow
between USA and Mexico for the period of 2014 to 2018. Another out layer was import of
natural gas from Myanmar to China in 2016. This out layer was corrected based by BP database
BP|. Due to that correction the portion of the variability in UN Comtrade database that can be
explained by IEA database for natural gas has increased from 0.016 to 0.99 for export and from
0.007 to 0.96 for import. For coal and oil, the portion of variability in UN Comtrade database
that can be explained by IEA database is greater than 0.97 for both: import and export. After

the correction of UN Comtrade database all slope coefficients are close to 1.



@ Appendiz 98

A.4 Evolution of global fossil fuels network in 2000-2018
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FI1GURE A.1: The evolution of networks characteristics (number of nodes and number of links) for coal (C'), oil
(O), natural gas (G) and fossil fuels (F'F).

TABLE A.4The evolution of small-worldness of the INEF.

G (@] C G ] c G o
Cactual Cactual Lactual Lactual Lactual g g g

Year | C¢

actual

2000 0.09 0.06 0.09 0.08 0.13 0.08 4.54 | 0.69 | 6.03
2010 0.11 0.07 0.08 0.10 0.21 0.07 4.96 | 0.93 | 6.98
2015 0.12 0.07 0.10 0.10 0.09 0.07 4.61 | 2.09 | 7.71
2018 0.11 0.06 0.09 0.10 0.10 0.08 3.90 | 1.79 | 6.88




Bibliography

United Nations Energy Statistics Yearbook 2017. https://unstats.un.org/unsd/
energystats/pubs/yearbook/2017/07umc . pdf. Accessed: 2021-07-05.

BP Statistical Review of World Energy 2019. https://www.bp.com/en/global/corporate/

energy-economics/statistical-review-of-world-energy, 2020. Accessed: 2021-07-05.

D. Acemoglu, P. Aghion, L. Bursztyn, and D. Hemous. The environment and directed technical
change. American Economic Review, 102(1):131-166, Feb. 2012a. doi: 10.1257 /aer.102.1.131.
URL https://doi.org/10.1257/aer.102.1.131.

D. Acemoglu, V. M. Carvalho, and A. T.-S. Asuman Ozdaglar. The network origins of aggregate
fluctuations. Econometrica, 80(5):1977-2016, 2012b. doi: 10.3982/ecta9623. URL https:
//doi.org/10.3982/ecta9623.

D. Acemoglu, U. Akcigit, D. Hanley, and W. Kerr. Transition to clean technology. Journal of
Political Economy, 124(1):52-104, Feb. 2016. doi: 10.1086/684511. URL https://doi.org/
10.1086/684511.

P. Aghion, A. Dechezleprétre, D. Hémous, R. Martin, and J. V. Reenen. Carbon taxes, path
dependency, and directed technical change: Evidence from the auto industry. Journal of
Political Economy, 124(1):1-51, Feb. 2016. doi: 10.1086/684581. URL https://doi.org/10.
1086/684581.

R. Aichele and G. Felbermayr. Kyoto and carbon leakage: An empirical analysis of the carbon
content of bilateral trade. Review of Economics and Statistics, 97(1):104-115, 3 2015. doi:
10.1162/rest _a_00438. URL https://doi.org/10.1162/rest_a_00438.

99


https://unstats.un.org/unsd/energystats/pubs/yearbook/2017/07umc.pdf
https://unstats.un.org/unsd/energystats/pubs/yearbook/2017/07umc.pdf
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy
https://doi.org/10.1257/aer.102.1.131
https://doi.org/10.3982/ecta9623
https://doi.org/10.3982/ecta9623
https://doi.org/10.1086/684511
https://doi.org/10.1086/684511
https://doi.org/10.1086/684581
https://doi.org/10.1086/684581
https://doi.org/10.1162/rest_a_00438

Bibliography 100

G. Alova. A global analysis of the progress and failure of electric utilities to adapt their portfolios
of power-generation assets to the energy transition. Nature Energy, 5(11):920-927, Aug. 2020.
doi: 10.1038/s41560-020-00686-5. URL https://doi.org/10.1038/s41560-020-00686-5.

H. An, W. Zhong, Y. Chen, H. Li, and X. Gao. Features and evolution of international crude oil
trade relationships: A trading-based network analysis. Energy, 74:254 — 259, 2014. ISSN 0360-
5442. doi: https://doi.org/10.1016/j.energy.2014.06.095. URL http://www.sciencedirect.
com/science/article/pii/S0360544214007944.

Asia Pacific Energy Research Centre (APERC). A Quest for Energy Security in the 21st century;

Institute of energy economics, Japan. 2007. URL www.ieej.or.jp/aperc.

A. Azzuni and C. Breyer. Global energy security index and its application on national level.
Energies, 13(10):2502, 5 2020. doi: 10.3390/en13102502. URL https://doi.org/10.3390/
enl13102502.

O. M. Babatunde, J. L. Munda, and Y. Hamam. A comprehensive state-of-the-art survey on
power generation expansion planning with intermittent renewable energy source and energy
storage. International Journal of Energy Research, 43(12):6078-6107, Mar. 2019. doi: 10.
1002/er.4388. URL https://doi.org/10.1002/er.4388.

S. Berdysheva and S. Tkonnikova. The energy transition and shifts in fossil fuel use: The study
of international energy trade and energy security dynamics. Energies, 14(17):5396, Aug. 2021.
doi: 10.3390/en14175396. URL https://doi.org/10.3390/en14175396.

P. Berg and A. Boland. Analysis of ultimate fossil fuel reserves and associated co2 emissions in

ipcc scenarios. Natural Resources Research, 23, 03 2014. doi: 10.1007/s11053-013-9207-7.

A. Bernard and M. Vielle. Assessment of european union transition scenarios with a special
focus on the issue of carbon leakage. Energy Economics, 31:5274-5284, 12 2009. doi: 10.1016/
j.eneco.2009.08.013. URL https://doi.org/10.1016/j.eneco.2009.08.013.

A. Bessi, M. Guidolin, and P. Manfredi. The role of gas on future perspectives of renewable
energy diffusion: Bridging technology or lock-in? Renewable and Sustainable Energy Reviews,
152:111673, Dec. 2021. doi: 10.1016/j.rser.2021.111673. URL https://doi.org/10.1016/j.
rser.2021.111673.

T. Blasing. Recent greenhouse gas concentrations, 2016. URL https://www.osti.gov/
servlets/purl/1394398/.


https://doi.org/10.1038/s41560-020-00686-5
http://www.sciencedirect.com/science/article/pii/S0360544214007944
http://www.sciencedirect.com/science/article/pii/S0360544214007944
www.ieej.or.jp/aperc
https://doi.org/10.3390/en13102502
https://doi.org/10.3390/en13102502
https://doi.org/10.1002/er.4388
https://doi.org/10.3390/en14175396
https://doi.org/10.1016/j.eneco.2009.08.013
https://doi.org/10.1016/j.rser.2021.111673
https://doi.org/10.1016/j.rser.2021.111673
https://www.osti.gov/servlets/purl/1394398/
https://www.osti.gov/servlets/purl/1394398/

Bibliography 101

BP. BP sets ambition for net zero by 2050, fundamentally changing organisa-
tion to deliver. URL https://www.bp.com/en/global/corporate/news-and-insights/

press-releases/bernard-looney-announces-new-ambition-for-bp.html.

G. Bridge, S. Bouzarovski, M. Bradshaw, and N. Eyre. Geographies of energy transition: space,
place and the low-carbon economy. Energy Policy, 53:331-340, 2 2013. doi: 10.1016/j.enpol.
2012.10.066. URL https://doi.org/10.1016/j.enpol.2012.10.066.

J. R. Brown, S. M. Fazzari, and B. C. Petersen. Financing innovation and growth: Cash
flow, external equity, and the 1990s r&d boom. The Journal of Finance, 64(1):151-185,
Jan. 2009. doi: 10.1111/j.1540-6261.2008.01431.x. URL https://doi.org/10.1111/j.
1540-6261.2008.01431.x.

F. Cerina, Z. Zhu, A. Chessa, and M. Riccaboni. World input-output network. PLOS ONE,
10(7):e0134025, July 2015. doi: 10.1371/journal.pone.0134025. URL https://doi.org/10.
1371/ journal .pone.0134025.

K. Chadwick, R. Russell-Bennett, and N. Biddle. The role of human influences on adoption and
rejection of energy technology: A systematised critical review of the literature on household
energy transitions. Energy Research € Social Science, 89:102528, July 2022. doi: 10.1016/j.
erss.2022.102528. URL https://doi.org/10.1016/j.erss.2022.102528.

B. Chen, J. Li, X. F. Wu, M. Han, L. Zeng, Z. Li, and G. Chen. Global energy flows embodied
in international trade: A combination of environmentally extended input—output analysis and
complex network analysis. Applied Energy, 210:98-107, 1 2018. doi: 10.1016/j.apenergy.2017.
10.113. URL https://doi.org/10.1016/j.apenergy.2017.10.113.

Z. Chen, H. An, X. Gao, H. Li, and X. Hao. Competition pattern of the global liquefied natural
gas (LNG) trade by network analysis. Journal of Natural Gas Science and Engineering,
33:769-776, 6 2016. doi: 10.1016/j.jngse.2016.06.022. URL https://doi.org/10.1016/j.
jngse.2016.06.022.

A. Cherp, V. Vinichenko, J. Jewell, E. Brutschin, and B. Sovacool. Integrating techno-economic,
socio-technical and political perspectives on national energy transitions: A meta-theoretical
framework. FEnergy Research € Social Science, 37:175-190, Mar. 2018. doi: 10.1016/j.erss.
2017.09.015. URL https://doi.org/10.1016/j.erss.2017.09.015/


https://www.bp.com/en/global/corporate/news-and-insights/press-releases/bernard-looney-announces-new-ambition-for-bp.html
https://www.bp.com/en/global/corporate/news-and-insights/press-releases/bernard-looney-announces-new-ambition-for-bp.html
https://doi.org/10.1016/j.enpol.2012.10.066
https://doi.org/10.1111/j.1540-6261.2008.01431.x
https://doi.org/10.1111/j.1540-6261.2008.01431.x
https://doi.org/10.1371/journal.pone.0134025
https://doi.org/10.1371/journal.pone.0134025
https://doi.org/10.1016/j.erss.2022.102528
https://doi.org/10.1016/j.apenergy.2017.10.113
https://doi.org/10.1016/j.jngse.2016.06.022
https://doi.org/10.1016/j.jngse.2016.06.022
https://doi.org/10.1016/j.erss.2017.09.015

Bibliography 102

M. Child, C. Kemfert, D. Bogdanov, and C. Breyer. Flexible electricity generation, grid exchange
and storage for the transition to a 100% renewable energy system in europe. Renewable Energy,
139:80-101, Aug. 2019. doi: 10.1016/j.renene.2019.02.077. URL https://doi.org/10.1016/
j.renene.2019.02.077.

China. Decision of the standing committee of the national people’s congress on revising the law
of the People’s Republic of China on the prevention and control of atmospheric pollution.,
september 2000. URL https://leap.unep.org/countries/cn/national-legislation/

law-prevention-and-control-air-pollutionl

J.-B. Chung and E.-S. Kim. Public perception of energy transition in korea: Nuclear power,
climate change, and party preference. Energy Policy, 116:137-144, May 2018. doi: 10.1016/].
enpol.2018.02.007. URL https://doi.org/10.1016/j.enpol.2018.02.007.

M. G. A. Contreras and G. Fagiolo. Propagation of economic shocks in input-output networks: A
cross-country analysis. Physical Review E, 90(6), Dec. 2014. doi: 10.1103/physreve.90.062812.
URL https://doi.org/10.1103/physreve.90.062812.

A. Costinot and A. Rodriguez-Clare. Chapter 4 - trade theory with numbers: Quantifying the
consequences of globalization. In G. Gopinath, E. Helpman, and K. Rogoff, editors, Handbook
of International Economics, volume 4 of Handbook of International Economics, pages 197—
261. Elsevier, 2014. doi: https://doi.org/10.1016/B978-0-444-54314-1.00004-5. URL https:
//www.sciencedirect.com/science/article/pii/B9780444543141000045.

T. J. Crowley. Causes of climate change over the past 1000 years. Science, 289(5477):270-277,
July 2000. doi: 10.1126/science.289.5477.270. URL https://doi.org/10.1126/science.

289.5477.270.

P. Dasgupta and J. Stiglitz. Resource depletion under technological uncertainty. Econometrica,

49(1):85, Jan. 1981. doi: 10.2307/1911128. URL https://doi.org/10.2307/1911128.

S. J. Davis, N. S. Lewis, M. Shaner, S. Aggarwal, D. Arent, I. L. Azevedo, S. M. Ben-
son, T. Bradley, J. Brouwer, Y.-M. Chiang, C. T. M. Clack, A. Cohen, S. Doig, J. Ed-
monds, P. Fennell, C. B. Field, B. Hannegan, B.-M. Hodge, M. I. Hoffert, E. Ingersoll,
P. Jaramillo, K. S. Lackner, K. J. Mach, M. Mastrandrea, J. Ogden, P. F. Peterson, D. L.
Sanchez, D. Sperling, J. Stagner, J. E. Trancik, C.-J. Yang, and K. Caldeira. Net-zero emis-
sions energy systems. Science, 360(6396), June 2018. doi: 10.1126/science.aas9793. URL

https://doi.org/10.1126/science.aas9793.


https://doi.org/10.1016/j.renene.2019.02.077
https://doi.org/10.1016/j.renene.2019.02.077
https://leap.unep.org/countries/cn/national-legislation/law-prevention-and-control-air-pollution
https://leap.unep.org/countries/cn/national-legislation/law-prevention-and-control-air-pollution
https://doi.org/10.1016/j.enpol.2018.02.007
https://doi.org/10.1103/physreve.90.062812
https://www.sciencedirect.com/science/article/pii/B9780444543141000045
https://www.sciencedirect.com/science/article/pii/B9780444543141000045
https://doi.org/10.1126/science.289.5477.270
https://doi.org/10.1126/science.289.5477.270
https://doi.org/10.2307/1911128
https://doi.org/10.1126/science.aas9793

Bibliography 103

S. Dhingra, H. Huang, G. Ottaviano, J. P. Pessoa, T. Sampson, and J. V. Reenen. The costs
and benefits of leaving the EU: trade effects. Economic Policy, 32(92):651-705, Oct. 2017.
doi: 10.1093/epolic/eix015. URL https://doi.org/10.1093/epolic/eix015.

N. S. Diffenbaugh, D. Singh, J. S. Mankin, D. E. Horton, D. L. Swain, D. Touma, A. Charland,
Y. Liu, M. Haugen, M. Tsiang, and B. Rajaratnam. Quantifying the influence of global
warming on unprecedented extreme climate events. Proceedings of the National Academy
of Sciences, 114(19):4881-4886, Apr. 2017. doi: 10.1073/pnas.1618082114. URL https:
//doi.org/10.1073/pnas.1618082114.

A. K. Dixit and R. S. Pindyck. Expandability, reversibility, and optimal capacity choice. Working
Paper 6373, National Bureau of Economic Research, jan 1998. URL http://www.nber.org/
papers/w6373.

S. N. Dorogovtsev, J. F. F. Mendes, and A. N. Samukhin. Giant strongly connected component
of directed networks. Physical Review E, 64(2), July 2001. doi: 10.1103/physreve.64.025101.
URL https://doi.org/10.1103/physreve.64.025101.

V. FEckert and C. Steitz. Explainer: Where does germany stand on gas

supply?, "jan"  2023. URL  https://www.reuters.com/business/energy/

where-does-germany-stand-gas-supply-2023-01-20/.

EDGAR/JRC. Distribution of global carbon dioxide (co2) emissions in 2020, by sector [graph],
december 2021. URL https://www-statista-com.eaccess.ub.tum.de/statistics/

1129656/global-share-of-co2-emissions-from-fossil-fuel-and-cement/.

P. Enevoldsen. A socio-technical framework for examining the consequences of deforestation: A
case study of wind project development in northern europe. Energy Policy, 115:138-147, Apr.
2018. doi: 10.1016/j.enpol.2018.01.007. URL https://doi.org/10.1016/j.enpol.2018.01.
007.

EPA.  Criteria air pollutants | US EPA, April 2014. URL https://www.epa.gov/

criteria-air-pollutants,

EPA. Clean air act text, March 2021. URL https://www.epa.gov/clean-air-act-overview/

clean-air-act-textl

European Commission , United States of America. Global methane pledge, 2021. URL https:

//www.ccacoalition.org/en/resources/global-methane-pledge.


https://doi.org/10.1093/epolic/eix015
https://doi.org/10.1073/pnas.1618082114
https://doi.org/10.1073/pnas.1618082114
http://www.nber.org/papers/w6373
http://www.nber.org/papers/w6373
https://doi.org/10.1103/physreve.64.025101
https://www.reuters.com/business/energy/where-does-germany-stand-gas-supply-2023-01-20/
https://www.reuters.com/business/energy/where-does-germany-stand-gas-supply-2023-01-20/
https://www-statista-com.eaccess.ub.tum.de/statistics/1129656/global-share-of-co2-emissions-from-fossil-fuel-and-cement/
https://www-statista-com.eaccess.ub.tum.de/statistics/1129656/global-share-of-co2-emissions-from-fossil-fuel-and-cement/
https://doi.org/10.1016/j.enpol.2018.01.007
https://doi.org/10.1016/j.enpol.2018.01.007
https://www.epa.gov/criteria-air-pollutants
https://www.epa.gov/criteria-air-pollutants
https://www.epa.gov/clean-air-act-overview/clean-air-act-text
https://www.epa.gov/clean-air-act-overview/clean-air-act-text
https://www.ccacoalition.org/en/resources/global-methane-pledge
https://www.ccacoalition.org/en/resources/global-methane-pledge

Bibliography 104

European Commission, Directorate-General for Climate Action. A clean planet for all a euro-
pean strategic long-term vision for a prosperous, modern, competitive and climate neutral
economy, 2018. URL https://eur-lex.europa.eu/legal-content/EN/ALL/7uri=CELEX:

52018DCO773.

European Parliament, Council of the European Union. Directive 2003/87/ec of the european
parliament and of the council of 13 october 2003 establishing a scheme for greenhouse gas
emission allowance trading within the community and amending council directive 96/61/ec
(text with eea relevance), 2003. URL https://eur-1lex.europa.eu/legal-content/EN/ALL/
?uri=celex:32003L0087.

European Parliament, Council of the European Union. Directive (EU) 2015/2193 of the Eu-
ropean Parliament and of the Council of 25 November 2015 on the limitation of emissions
of certain pollutants into the air from medium combustion plants, 2015. URL https:

//eur-lex.europa.eu/legal-content/en/ALL/7uri=CELEX%3A32015L2193.

European Parliament, Council of the European Union. Regulation (EU) 2019/631 of the
European Parliament and of the Council of 17 April 2019 setting CO2 emission perfor-
mance standards for new passenger cars and for new light commercial vehicles, and re-
pealing Regulations (EC) No 443/2009 and (EU) No 510/2011, april 2019. URL https:

//eur-lex.europa.eu/legal-content/EN/TXT/7uri=CELEX’%3A02019R0631-20211202.

ExxonMobil. ExxonMobil announces ambition for net zero greenhouse gas emissions by 2050.
URL  https://corporate.exxonmobil.com/news/newsroom/news-releases/2022/0118_

exxonmobil-announces-ambition-for-net-zero-greenhouse-gas-emissions-by-2050.

R. Fachrizal, M. Shepero, D. van der Meer, J. Munkhammar, and J. Widén. Smart charging
of electric vehicles considering photovoltaic power production and electricity consumption:
A review. eTransportation, 4:100056, May 2020. doi: 10.1016/j.etran.2020.100056. URL
https://doi.org/10.1016/j.etran.2020.100056.

K. R. Fair, C. T. Bauch, and M. Anand. Dynamics of the global wheat trade network and
resilience to shocks. Scientific Reports, 7(1), Aug. 2017. doi: 10.1038/s41598-017-07202-y.
URL https://doi.org/10.1038/s41598-017-07202-y.

B. Fattouh. The drivers of oil prices: The usefulness and limitations of non-structural models,
supply-demand frameworks, and informal approaches. EIB Papers, 12(1):128-156, 2007. ISSN
0257-7755. URL http://hdl.handle.net/10419/44880.


https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52018DC0773
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52018DC0773
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex:32003L0087
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex:32003L0087
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32015L2193
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32015L2193
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02019R0631-20211202
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02019R0631-20211202
https://corporate.exxonmobil.com/news/newsroom/news-releases/2022/0118_exxonmobil-announces-ambition-for-net-zero-greenhouse-gas-emissions-by-2050
https://corporate.exxonmobil.com/news/newsroom/news-releases/2022/0118_exxonmobil-announces-ambition-for-net-zero-greenhouse-gas-emissions-by-2050
https://doi.org/10.1016/j.etran.2020.100056
https://doi.org/10.1038/s41598-017-07202-y
http://hdl.handle.net/10419/44880

Bibliography 105

Federal =~ Ministry  for ~ Economic  Affairs and  Energy  (BMWi). Ab-
schlussbericht kommission “wachstum, strukturwandel und beschéfti-
gung, 2019. URL https://wuw.bmwk.de/Redaktion/DE/Downloads/A/

abschlussbericht-kommission-wachstum-strukturwandel-und-beschaeftigung.pdf?__

blob=publicationFile.

H. Fekete, T. Kuramochi, M. Roelfsema, M. den Elzen, N. Forsell, N. Hohne, L. Luna, F. Hans,
S. Sterl, J. Olivier, H. van Soest, S. Frank, and M. Gusti. A review of successful climate
change mitigation policies in major emitting economies and the potential of global replication.
Renewable and Sustainable Energy Reviews, 137:110602, Mar. 2021. doi: 10.1016/j.rser.2020.
110602. URL https://doi.org/10.1016/j.rser.2020.110602.

M. Finley. Energy security and the energy transition: A classic framework
for a mnew challenge, 2019. URL https://www.bakerinstitute.org/research/

energy-security-and-energy-transition-classic-framework-new-challenge/.

N. Firdaus and A. Mori. Stranded assets and sustainable energy transition: A systematic and
critical review of incumbents' response. Energy for Sustainable Development, 73:76-86, Apr.

2023. doi: 10.1016/j.esd.2023.01.014. URL https://doi.org/10.1016/j.esd.2023.01.014.

L. Galbusera and G. Giannopoulos. On input-output economic models in disaster impact as-
sessment. International Journal of Disaster Risk Reduction, 30:186-198, Sept. 2018. doi:
10.1016/j.ijdrr.2018.04.030. URL https://doi.org/10.1016/j.ijdrr.2018.04.030.

Y. Gan, H. M. El-Houjeiri, A. Badahdah, Z. Lu, H. Cai, S. Przesmitzki, and M. Wang. Carbon
footprint of global natural gas supplies to china. Nature Communications, 11(1), 2 2020. doi:
10.1038/s41467-020-14606-4. URL https://doi.org/10.1038/s41467-020-14606-4.

C. Gao, M. Sun, and B. Shen. Features and evolution of international fossil energy trade rela-
tionships: A weighted multilayer network analysis. Applied Energy, 156:542-554, 10 2015. doi:
10.1016/j.apenergy.2015.07.054. URL https://doi.org/10.1016/j.apenergy.2015.07.054.

J. A. Garcia-Hernandez and R. Brouwer. A multiregional input—output optimization model to
assess impacts of water supply disruptions under climate change on the great lakes economy.
Economic Systems Research, 33(4):509-535, Aug. 2020. doi: 10.1080/09535314.2020.1805414.
URL https://doi.org/10.1080/09535314.2020.1805414.


https://www.bmwk.de/Redaktion/DE/Downloads/A/abschlussbericht-kommission-wachstum-strukturwandel-und-beschaeftigung.pdf?__blob=publicationFile
https://www.bmwk.de/Redaktion/DE/Downloads/A/abschlussbericht-kommission-wachstum-strukturwandel-und-beschaeftigung.pdf?__blob=publicationFile
https://www.bmwk.de/Redaktion/DE/Downloads/A/abschlussbericht-kommission-wachstum-strukturwandel-und-beschaeftigung.pdf?__blob=publicationFile
https://doi.org/10.1016/j.rser.2020.110602
https://www.bakerinstitute.org/research/energy-security-and-energy-transition-classic-framework-new-challenge/
https://www.bakerinstitute.org/research/energy-security-and-energy-transition-classic-framework-new-challenge/
https://doi.org/10.1016/j.esd.2023.01.014
https://doi.org/10.1016/j.ijdrr.2018.04.030
https://doi.org/10.1038/s41467-020-14606-4
https://doi.org/10.1016/j.apenergy.2015.07.054
https://doi.org/10.1080/09535314.2020.1805414

Bibliography 106

J. Gaspari, E. Antonini, L. Marchi, and V. Vodola. Energy transition at home: A survey on the
data and practices that lead to a change in household energy behavior. Sustainability, 13(9):
5268, May 2021. doi: 10.3390/su13095268. URL https://doi.org/10.3390/su13095268.

P. Gasser. A review on energy security indices to compare country performances. Energy Policy,
139:111339, 4 2020. doi: 10.1016/j.enpol.2020.111339. URL https://doi.org/10.1016/j.

enpol.2020.111339.

J. A. Gephart and M. L. Pace. Structure and evolution of the global seafood trade network. En-
vironmental Research Letters, 10(12):125014, 12 2015. doi: 10.1088/1748-9326,/10/12/125014.
URL https://doi.org/10.1088/1748-9326/10/12/125014!

S. L. Gillan, A. Koch, and L. T. Starks. Firms and social responsibility: A review of ESG and
CSR research in corporate finance. Journal of Corporate Finance, 66:101889, Feb. 2021. doi:
10.1016/j.jcorpfin.2021.101889. URL https://doi.org/10.1016/j.jcorpfin.2021.101889.

M. A. Gonzalez-Salazar, T. Kirsten, and L. Prchlik. Review of the operational flexibility and
emissions of gas- and coal-fired power plants in a future with growing renewables. Renewable
and Sustainable Energy Reviews, 82:1497-1513, 2 2018. doi: 10.1016/j.rser.2017.05.278. URL
https://doi.org/10.1016/j.rser.2017.05.278.

X. Hao, H. An, H. Qi, and X. Gao. Evolution of the exergy flow network embodied in the global
fossil energy trade: Based on complex network. Applied Energy, 162:1515-1522, 1 2016. doi:
10.1016/j.apenergy.2015.04.032. URL https://doi.org/10.1016/j.apenergy.2015.04.032.

S. Hardman, A. Chandan, G. Tal, and T. Turrentine. The effectiveness of financial purchase
incentives for battery electric vehicles — a review of the evidence. Renewable and Sustainable
Energy Reviews, 80:1100-1111, Dec. 2017. doi: 10.1016/j.rser.2017.05.255. URL https:
//doi.org/10.1016/j .rser.2017.05.255!

L. Hughes. The four ‘R's of energy security. Energy Policy, 37(6):2459-2461, 6 2009. doi:
10.1016/j.enpol.2009.02.038. URL https://doi.org/10.1016/j.enpol.2009.02.038.

M. D. Humphries and K. Gurney. Network ‘small-world-ness’: A quantitative method for
determining canonical network equivalence. PLoS ONE, 3(4):¢0002051, 4 2008. doi:
10.1371/journal.pone.0002051. URL https://doi.org/10.1371/journal.pone.0002051.


https://doi.org/10.3390/su13095268
https://doi.org/10.1016/j.enpol.2020.111339
https://doi.org/10.1016/j.enpol.2020.111339
https://doi.org/10.1088/1748-9326/10/12/125014
https://doi.org/10.1016/j.jcorpfin.2021.101889
https://doi.org/10.1016/j.rser.2017.05.278
https://doi.org/10.1016/j.apenergy.2015.04.032
https://doi.org/10.1016/j.rser.2017.05.255
https://doi.org/10.1016/j.rser.2017.05.255
https://doi.org/10.1016/j.enpol.2009.02.038
https://doi.org/10.1371/journal.pone.0002051

Bibliography 107

S. Ikonnikova and G. T. Zwart. Trade quotas and buyer power, with an application to the E.U.
natural gas market. Journal of the European Economic Association, 12(1):177-199, 1 2014.
doi: 10.1111/jeea.12064. URL https://doi.org/10.1111/jeea.12064.

International Energy Agency. World Energy Outlook 2018. International Energy Agency, Paris,
2018.

International Energy Agency. International Energy Agency, World Energy Balances, 2019. URL

https://www.iea.org/data-and-statistics/data-product/world-energy-balances!

International Energy Agency. The oil and gas industry in energy transitions. 2020a. URL

https://www.iea.org/reports/the-oil-and-gas-industry-in-energy-transitions.

International Energy Agency. Key world energy statistics. https://www.iea.org/reports/

key-world-energy-statistics-2020, 2020b. Accessed: 2021-07-05.

International Energy Agency. It’s critical to tackle coal emissions. 2021a. URL https://wuw.

iea.org/commentaries/it-s-critical-to-tackle-coal-emissions.

International Energy Agency. Net zero by 2050. Paris, 2021b. URL https://www.iea.org/

reports/net-zero-by-2050.

International Energy Agency. World energy outlook. Paris; 2022a. URL https://wuw.iea.

org/reports/world-energy-outlook-2022.

International Energy Agency. Global ev outlook 2022. securing supplies for an elec-
tric future, 2022b. URL https://www.iea.org/reports/global-ev-outlook-2022/

trends-in-electric-light-duty-vehicles.

International ~ Energy  Agency. World  electricity ~ generation by  fuel,
1971-2019. https://www.iea.org/data-and-statistics/charts/

world-electricity-generation-by-fuel-1971-2019 2022c. Accessed: 2023-03-03.

IRENA (International Renewable Energy Agency). Renewable power remains cost-competitive
amid fossil fuel crisis, 2022. URL https://www.irena.org/news/pressreleases/2022/Jul/

Renewable-Power-Remains-Cost-Competitive-amid-Fossil-Fuel-Crisis.

M. Jakob, C. Flachsland, J. C. Steckel, and J. Urpelainen. Actors, objectives, context: A

framework of the political economy of energy and climate policy applied to india, indonesia,


https://doi.org/10.1111/jeea.12064
https://www.iea.org/data-and-statistics/data-product/world-energy-balances
https://www.iea.org/reports/the-oil-and-gas-industry-in-energy-transitions
https://www.iea.org/reports/key-world-energy-statistics-2020
https://www.iea.org/reports/key-world-energy-statistics-2020
https://www.iea.org/commentaries/it-s-critical-to-tackle-coal-emissions
https://www.iea.org/commentaries/it-s-critical-to-tackle-coal-emissions
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/global-ev-outlook-2022/trends-in-electric-light-duty-vehicles
https://www.iea.org/reports/global-ev-outlook-2022/trends-in-electric-light-duty-vehicles
https://www.iea.org/data-and-statistics/charts/world-electricity-generation-by-fuel-1971-2019
https://www.iea.org/data-and-statistics/charts/world-electricity-generation-by-fuel-1971-2019
https://www.irena.org/news/pressreleases/2022/Jul/Renewable-Power-Remains-Cost-Competitive-amid-Fossil-Fuel-Crisis
https://www.irena.org/news/pressreleases/2022/Jul/Renewable-Power-Remains-Cost-Competitive-amid-Fossil-Fuel-Crisis

Bibliography 108

and vietnam. FEnergy Research € Social Science, 70:101775, Dec. 2020. doi: 10.1016/j.erss.
2020.101775. URL https://doi.org/10.1016/j.erss.2020.101775.

T. Jamasb and M. Pollitt. Security of supply and regulation of energy networks. Energy Policy,
36(12):4584-4589, 12 2008. doi: 10.1016/j.enpol.2008.09.007. URL https://doi.org/10.
1016/j.enpol.2008.09.007.

B. Johansson. Will restrictions on CO2 emissions require reductions in transport demand?
Energy Policy, 37(8):3212-3220, Aug. 2009. doi: 10.1016/j.enpol.2009.04.013. URL https:
//doi.org/10.1016/j.enpol.2009.04.013.

R. Kali and J. Reyes. The architecture of globalization: a network approach to international
economic integration. Journal of International Business Studies, 38(4):595-620, 5 2007. doi:
10.1057 /palgrave.jibs.8400286. URL https://doi.org/10.1057/palgrave. jibs.8400286.

K. Katzman. Report RS20871: Iran sanctions. https://fas.org/sgp/crs/mideast/RS20871.
pdf, 2021. Accessed: 2021-07-05.

B. J. Kinne. Multilateral trade and militarized conflict: Centrality, openness, and asymmetry
in the global trade network. The Journal of Politics, 74(1):308-322, Jan. 2012. doi: 10.1017/
s002238161100137x. URL https://doi.org/10.1017/s002238161100137x.

N. Kittner, F. Lill, and D. M. Kammen. Energy storage deployment and innovation for the
clean energy transition. Nature Energy, 2(9), July 2017. doi: 10.1038/nenergy.2017.125. URL
https://doi.org/10.1038/nenergy.2017.125.

J. Kitzes. An introduction to environmentally-extended input-output analysis. Resources, 2
(4):489-503, Sept. 2013. doi: 10.3390/resources2040489. URL https://doi.org/10.3390/

resources2040489.

B. Kruyt, D. van Vuuren, H. de Vries, and H. Groenenberg. Indicators for energy security.
Energy Policy, 37(6):2166-2181, 6 2009. doi: 10.1016/j.enpol.2009.02.006. URL https://
doi.org/10.1016/j.enpol.2009.02.006.

K.-M. Lee, J.-S. Yang, G. Kim, J. Lee, K.-I. Goh, and I. mook Kim. Impact of the topology of
global macroeconomic network on the spreading of economic crises. PLoS ONE, 6(3):e18443,
Mar. 2011. doi: 10.1371/journal.pone.0018443. URL https://doi.org/10.1371/journal.
pone.0018443.


https://doi.org/10.1016/j.erss.2020.101775
https://doi.org/10.1016/j.enpol.2008.09.007
https://doi.org/10.1016/j.enpol.2008.09.007
https://doi.org/10.1016/j.enpol.2009.04.013
https://doi.org/10.1016/j.enpol.2009.04.013
https://doi.org/10.1057/palgrave.jibs.8400286
https://fas.org/sgp/crs/mideast/RS20871.pdf
https://fas.org/sgp/crs/mideast/RS20871.pdf
https://doi.org/10.1017/s002238161100137x
https://doi.org/10.1038/nenergy.2017.125
https://doi.org/10.3390/resources2040489
https://doi.org/10.3390/resources2040489
https://doi.org/10.1016/j.enpol.2009.02.006
https://doi.org/10.1016/j.enpol.2009.02.006
https://doi.org/10.1371/journal.pone.0018443
https://doi.org/10.1371/journal.pone.0018443

Bibliography 109

W. W. Leontief. Quantitative input and output relations in the economic systems of the united
states. The Review of Economics and Statistics, 18(3):105, Aug. 1936. doi: 10.2307,/1927837.
URL https://doi.org/10.2307/1927837.

V. L. Lewis and N. C. Churchill. The five stages of small business growth. University of Illinois at
Urbana-Champaign’s Academy for Entrepreneurial Leadership Historical Research Reference

in Entrepreneurship, 1983. URL https://ssrn.com/abstract=1504517.

H. Lund and B. Mathiesen. Energy system analysis of 100% renewable energy systems—the case
of denmark in years 2030 and 2050. Energy, 34(5):524-531, May 2009. doi: 10.1016/j.energy.
2008.04.003. URL https://doi.org/10.1016/j.energy.2008.04.003.

J. Markard. The next phase of the energy transition and its implications for research and
policy. Nature Energy, 3(8):628-633, May 2018. doi: 10.1038/s41560-018-0171-7. URL https:
//doi.org/10.1038/s41560-018-0171-7.

P. Matos. ESG and responsible institutional investing around the world: A critical review. 2020.

M. J. Melitz and G. I. P. Ottaviano. Market size, trade, and productivity. Review of Economic
Studies, 75(1):295-316, Jan. 2008. doi: 10.1111/j.1467-937x.2007.00463.x. URL https://
doi.org/10.1111/5.1467-937x.2007.00463.x.

J. Miao. Optimal capital structure and industry dynamics. The Journal of Finance, 60(6):
2621-2659, Nov. 2005. doi: 10.1111/j.1540-6261.2005.00812.x. URL https://doi.org/10.
1111/35.1540-6261.2005.00812.x.

E. Michel-Kerjan and F. Morlaye. Extreme events, global warming, and insurance-linked se-
curities: How to trigger the “tipping point”. The Geneva Papers on Risk and Insurance
- Issues and Practice, 33(1):153-176, Dec. 2007. doi: 10.1057/palgrave.gpp.2510159. URL
https://doi.org/10.1057/palgrave.gpp.2510159.

S.-K. Min, X. Zhang, F. W. Zwiers, and G. C. Hegerl. Human contribution to more-intense
precipitation extremes. Nature, 470(7334):378-381, Feb. 2011. doi: 10.1038/nature09763.
URL https://doi.org/10.1038/nature09763.

H. L. Minami Funakoshi and K. Deka. Tracking sanctions against russia. the
latest sanctions and actions taken against russia by countries; major companies
and organisations, "march" 2022. URL https://www.reuters.com/business/energy/

where-does-germany-stand-gas-supply-2023-01-20/.


https://doi.org/10.2307/1927837
https://ssrn.com/abstract=1504517
https://doi.org/10.1016/j.energy.2008.04.003
https://doi.org/10.1038/s41560-018-0171-7
https://doi.org/10.1038/s41560-018-0171-7
https://doi.org/10.1111/j.1467-937x.2007.00463.x
https://doi.org/10.1111/j.1467-937x.2007.00463.x
https://doi.org/10.1111/j.1540-6261.2005.00812.x
https://doi.org/10.1111/j.1540-6261.2005.00812.x
https://doi.org/10.1057/palgrave.gpp.2510159
https://doi.org/10.1038/nature09763
https://www.reuters.com/business/energy/where-does-germany-stand-gas-supply-2023-01-20/
https://www.reuters.com/business/energy/where-does-germany-stand-gas-supply-2023-01-20/

Bibliography 110

F. Modigliani and M. H. Miller. The cost of capital, corporation finance and the theory of
investment. The American Economic Review, 48(3):261-297, 1958. ISSN 00028282. URL
http://www. jstor.org/stable/1809766.

I. Mongelli, G. Tassielli, and B. Notarnicola. Global warming agreements, international trade and
energy/carbon embodiments: an input—output approach to the italian case. Energy Policy,
34(1):88-100, Jan. 2006. doi: 10.1016/j.enpol.2004.06.004. URL https://doi.org/10.1016/
j-enpol.2004.06.004.

M. E. Mousavi, J. L. Irish, A. E. Frey, F. Olivera, and B. L. Edge. Global warming and
hurricanes: the potential impact of hurricane intensification and sea level rise on coastal
flooding. Climatic Change, 104(3-4):575-597, Jan. 2010. doi: 10.1007/s10584-009-9790-0.
URL https://doi.org/10.1007/s10584-009-9790-0.

H. E. Murdock, D. Gibb, T. Andre, J. L. Sawin, A. Brown, L. Ranalder, U. Collier, C. Dent,
B. Epp, C. Hareesh Kumar, F. Joubert, R. Kamara, N. Ledanois, R. Levin, J. Skeen, F. Sver-
risson, G. Wright, F. Passaro, F. Guerra, N. M. Dwi Sastriani, H. Yaqoob, S. Gicquel,
V. Hamirwasia, G. Kifukwe, Y. Yuan-Perrin, T. Mayer, L. E. Williamson, A. Budiman,
O. Chen, K. Findlay, A. Harris, J. Jones-Langley, F. Urbani, L. Mastny, and L. Brumer.
Renewables 2021 - global status report. Technical report, France, 2021. URL http:
//inis.iaea.org/search/search.aspx?orig_q=RN:52059346. INIS-FR-21-0788.

T. Naegler, C. Sutardhio, A. Weidlich, and T. Pregger. Exploring long-term strategies for
the german energy transition - a review of multi-sector energy scenarios. Renewable and
Sustainable Energy Transition, 1:100010, Aug. 2021. doi: 10.1016/j.rset.2021.100010. URL
https://doi.org/10.1016/j.rset.2021.100010.

K. Narula and B. S. Reddy. Three blind men and an elephant: the case of energy indices to
measure energy security and energy sustainability. Energy, 80:148-158, 2 2015. doi: 10.1016/
j.energy.2014.11.055. URL https://doi.org/10.1016/j.energy.2014.11.055.

M. S. Nazir, N. Ali, M. Bilal, and H. M. Igbal. Potential environmental impacts of wind energy
development: A global perspective. Current Opinion in Environmental Science & Health,
13:85-90, Feb. 2020. doi: 10.1016/j.coesh.2020.01.002. URL https://doi.org/10.1016/j.
coesh.2020.01.002.


http://www.jstor.org/stable/1809766
https://doi.org/10.1016/j.enpol.2004.06.004
https://doi.org/10.1016/j.enpol.2004.06.004
https://doi.org/10.1007/s10584-009-9790-0
http://inis.iaea.org/search/search.aspx?orig_q=RN:52059346
http://inis.iaea.org/search/search.aspx?orig_q=RN:52059346
https://doi.org/10.1016/j.rset.2021.100010
https://doi.org/10.1016/j.energy.2014.11.055
https://doi.org/10.1016/j.coesh.2020.01.002
https://doi.org/10.1016/j.coesh.2020.01.002

Bibliography 111

G. Newsom. California enacts world-leading plan to achieve 100 percent zero-emission
vehicles by 2035, cut pollution, 2022. URL https://www.gov.ca.gov/2022/08/25/

california-enacts-world-leading-plan-to-achieve-100-percent-zero-emission-vehicles-by-2035

T. N. R. E. L. (NREL). Net zero labs. URL https://www.nrel.gov/about/net-zero-1labs.

htmll
OECD. Oecd inter-country input-output database, 2021. http://oe.cd/icio.

I. Overland, J. Juraev, and R. Vakulchuk. Are renewable energy sources more evenly distributed
than fossil fuels? Renewable Energy, 200:379-386, Nov. 2022. doi: 10.1016/j.renene.2022.09.
046. URL https://doi.org/10.1016/j.renene.2022.09.046.

L. Page, S. Brin, R. Motwani, and T. Winograd. The pagerank citation ranking: Bringing
order to the web. Technical Report 1999-66, Stanford InfoL.ab, November 1999. URL http:
//ilpubs.stanford.edu:8090/422/. Previous number = SIDL-WP-1999-0120.

P. Pall, T. Aina, D. A. Stone, P. A. Stott, T. Nozawa, A. G. J. Hilberts, D. Lohmann, and
M. R. Allen. Anthropogenic greenhouse gas contribution to flood risk in england and wales
in autumn 2000. Nature, 470(7334):382-385, Feb. 2011. doi: 10.1038/nature09762. URL

https://doi.org/10.1038/nature09762.

G.-S. Peng, S.-Y. Tan, J. Wu, and P. Holme. Trade-offs between robustness and small-world
effect in complex networks. Scientific Reports, 6(1), 11 2016. doi: 10.1038/srep37317. URL
https://doi.org/10.1038/srep37317.

R. S. Pindyck. Irreversible investment, capacity choice, and the value of the firm. Working
Paper 1980, National Bureau of Economic Research, July 1986. URL http://www.nber.org/

papers/w1980.

I. Podbregar, G. Simi¢, M. Radovanovi¢, S. Filipovi¢, and P. gprajc. International energy
security risk index—analysis of the methodological settings. Energies, 13(12):3234, 6 2020.
doi: 10.3390/en13123234. URL https://doi.org/10.3390/en13123234.

M. L. Ross. What do we know about export diversification in oil-producing countries? The
Eztractive Industries and Society, 6(3):792-806, 6 2019. doi: 10.1016/j.exis.2019.06.004. URL
https://doi.org/10.1016/j.exis.2019.06.004.


https://www.gov.ca.gov/2022/08/25/california-enacts-world-leading-plan-to-achieve-100-percent-zero-emission-vehicles-by-2035-cut-pollution
https://www.gov.ca.gov/2022/08/25/california-enacts-world-leading-plan-to-achieve-100-percent-zero-emission-vehicles-by-2035-cut-pollution
https://www.nrel.gov/about/net-zero-labs.html
https://www.nrel.gov/about/net-zero-labs.html
http://oe.cd/icio
https://doi.org/10.1016/j.renene.2022.09.046
http://ilpubs.stanford.edu:8090/422/
http://ilpubs.stanford.edu:8090/422/
https://doi.org/10.1038/nature09762
https://doi.org/10.1038/srep37317
http://www.nber.org/papers/w1980
http://www.nber.org/papers/w1980
https://doi.org/10.3390/en13123234
https://doi.org/10.1016/j.exis.2019.06.004

Bibliography 112

J. Rozenberg, A. Vogt-Schilb, and S. Hallegatte. Instrument choice and stranded assets in
the transition to clean capital. Journal of Environmental Economics and Management, 100:
102183, Mar. 2020. doi: 10.1016/j.jeem.2018.10.005. URL https://doi.org/10.1016/j.
jeem.2018.10.005.

A. M. Rugman and A. Verbeke. Corporate strategies and environmental regulations: an
organizing framework. Strategic Management Journal, 19(4):363-375, Apr. 1998. doi:
10.1002/(sici)1097-0266(199804)19:4< 363::aid-smj974>3.0.co;2-h. URL https://doi.org/
10.1002/(s1ci)1097-0266(199804)19:4<363: :aid-smj974>3.0.co;2-hl

A. Safari, N. Das, O. Langhelle, J. Roy, and M. Assadi. Natural gas: A transition fuel for
sustainable energy system transformation? FEnergy Science € Engineering, 7(4):1075-1094,
June 2019. doi: 10.1002/ese3.380. URL https://doi.org/10.1002/ese3.380.

S. B. Sel¢uklu, D. Coit, and F. Felder. Electricity generation portfolio planning and policy
implications of turkish power system considering cost, emission, and uncertainty. FEnergy
Policy, 173:113393, Feb. 2023. doi: 10.1016/j.enpol.2022.113393. URL https://doi.org/10.
1016/j.enpol.2022.113393.

Shell. Our climate target. URL https://www.shell.com/
energy-and-innovation/the-energy-future/our-climate-target.html#iframe=

L3d1YmFwcHMvY2xpbWFOZVOhbWJpdGlvbi8|

A. Shevchenko, M. Lévesque, and M. Pagell. Why firms delay reaching true sustainability.
Journal of Management Studies, 53(5):911-935, Mar. 2016. doi: 10.1111/joms.12199. URL
https://doi.org/10.1111/joms.12199.

T. Skoczkowski, E. Verdolini, S. Bielecki, M. Kochanski, K. Korczak, and A. Weglarz. Technology
innovation system analysis of decarbonisation options in the EU steel industry. Energy, 212:
118688, Dec. 2020. doi: 10.1016/j.energy.2020.118688. URL https://doi.org/10.1016/j.
energy.2020. 118688,

B. D. Solomon and K. Krishna. The coming sustainable energy transition: History, strategies,
and outlook. Energy Policy, 39(11):7422-7431, Nov. 2011. doi: 10.1016/j.enpol.2011.09.009.
URL https://doi.org/10.1016/j.enpol.2011.09.009.

B. K. Sovacool. Evaluating energy security in the Asia pacific: Towards a more comprehensive

approach. Energy policy, 39(11):7472-7479, 2011.


https://doi.org/10.1016/j.jeem.2018.10.005
https://doi.org/10.1016/j.jeem.2018.10.005
https://doi.org/10.1002/(sici)1097-0266(199804)19:4<363::aid-smj974>3.0.co;2-h
https://doi.org/10.1002/(sici)1097-0266(199804)19:4<363::aid-smj974>3.0.co;2-h
https://doi.org/10.1002/ese3.380
https://doi.org/10.1016/j.enpol.2022.113393
https://doi.org/10.1016/j.enpol.2022.113393
https://www.shell.com/energy-and-innovation/the-energy-future/our-climate-target.html#iframe=L3dlYmFwcHMvY2xpbWF0ZV9hbWJpdGlvbi8
https://www.shell.com/energy-and-innovation/the-energy-future/our-climate-target.html#iframe=L3dlYmFwcHMvY2xpbWF0ZV9hbWJpdGlvbi8
https://www.shell.com/energy-and-innovation/the-energy-future/our-climate-target.html#iframe=L3dlYmFwcHMvY2xpbWF0ZV9hbWJpdGlvbi8
https://doi.org/10.1111/joms.12199
https://doi.org/10.1016/j.energy.2020.118688
https://doi.org/10.1016/j.energy.2020.118688
https://doi.org/10.1016/j.enpol.2011.09.009

Bibliography 113

B. K. Sovacool. An international assessment of energy security performance. Fcological Fco-
nomics, 88:148-158, 4 2013. doi: 10.1016/j.ecolecon.2013.01.019. URL https://doi.org/10.
1016/j.ecolecon.2013.01.019.

B. K. Sovacool. What are we doing here? analyzing fifteen years of energy scholarship and
proposing a social science research agenda. FEnergy Research € Social Science, 1:1-29, Mar.
2014. doi: 10.1016/j.erss.2014.02.003. URL https://doi.org/10.1016/j.erss.2014.02.
003.

R. K. Sundaram. A First Course in Optimization Theory. Cambridge University Press, 1996.
doi: 10.1017/CB09780511804526.

C. Tryggestad. Orsted’s renewable-energy transformation, "feb" 2020. URL
https://www.mckinsey.com/capabilities/sustainability/our-insights/

orsteds-renewable-energy-transformation.
UN. Overview. In Statistical Papers (Ser. M), pages 3-6. United Nations, Aug. 2008.

United Nations Climate Change. Paris agreement, Dec. 2015. URL https://treaties.un.org/
doc/Publication/UNTS/No%20Volume/54113/Part/I-54113-0800000280458f37 . pdf.

United Nations Commodity Trade. United Nations Comtrade Database. https://comtrade.
un.org/data. Accessed: 2020-05-01.

U.S. Energy Information Administration. Monthly energy review, 2020. URL https://wuw.
eia.gov/energyexplained/us-energy-facts/imports-and-exports.php. Accessed: 2021-

05-12.

B. van Zuijlen, W. Zappa, W. Turkenburg, G. van der Schrier, and M. van den Broek. Cost-
optimal reliable power generation in a deep decarbonisation future. Applied Energy, 253:
113587, Nov. 2019. doi: 10.1016/j.apenergy.2019.113587. URL https://doi.org/10.1016/
j.apenergy.2019.113587.

A. Vaninsky. Multiobjective restructuring aimed at green economic growth. FEnvironment

Systems and Decisions, 41(1):110-130, Feb. 2021. doi: 10.1007/s10669-021-09798-z. URL
https://doi.org/10.1007/s10669-021-09798-z.

V. Vivoda. Diversification of oil import sources and energy security: A key strategy or an elusive
objective? Energy Policy, 37(11):4615-4623, 11 2009. doi: 10.1016/j.enpol.2009.06.007. URL
https://doi.org/10.1016/j.enpol.2009.06.007.


https://doi.org/10.1016/j.ecolecon.2013.01.019
https://doi.org/10.1016/j.ecolecon.2013.01.019
https://doi.org/10.1016/j.erss.2014.02.003
https://doi.org/10.1016/j.erss.2014.02.003
https://www.mckinsey.com/capabilities/sustainability/our-insights/orsteds-renewable-energy-transformation
https://www.mckinsey.com/capabilities/sustainability/our-insights/orsteds-renewable-energy-transformation
https://treaties.un.org/doc/Publication/UNTS/No%20Volume/54113/Part/I-54113-0800000280458f37.pdf
https://treaties.un.org/doc/Publication/UNTS/No%20Volume/54113/Part/I-54113-0800000280458f37.pdf
https://comtrade.un.org/data
https://comtrade.un.org/data
https://www.eia.gov/energyexplained/us-energy-facts/imports-and-exports.php
https://www.eia.gov/energyexplained/us-energy-facts/imports-and-exports.php
https://doi.org/10.1016/j.apenergy.2019.113587
https://doi.org/10.1016/j.apenergy.2019.113587
https://doi.org/10.1007/s10669-021-09798-z
https://doi.org/10.1016/j.enpol.2009.06.007

Bibliography 114

K.-O. Vogstad. Input-output analysis and linear programming. In Handbook of Input-Output
Economics in Industrial Ecology, pages 801-818. Springer Netherlands, 2009. doi: 10.1007/
978-1-4020-5737-3 _36. URL https://doi.org/10.1007/978-1-4020-5737-3_36.

D. J. Watts and S. H. Strogatz. Collective dynamics of ‘small-world” networks. Nature, 393
(6684):440-442, 6 1998. doi: 10.1038/30918. URL https://doi.org/10.1038/30918.

L. Widyawati. A systematic literature review of socially responsible investment and environ-
mental social governance metrics. Business Strategy and the Environment, 29(2):619-637, Oct.

2019. doi: 10.1002/bse.2393. URL https://doi.org/10.1002/bse.2393.

WITS. World integrated trade solution (wits). https://wits.worldbank.org/default.aspx.
Accessed: 2023-03-17.

J. Yang, C. Azar, and K. Lindgren. Modelling the transition towards a carbon-neutral electricity
system—investment decisions and heterogeneity. FEnergies, 15(1):84, Dec 2021. ISSN 1996-
1073. doi: 10.3390/en15010084. URL http://dx.doi.org/10.3390/en15010084.

M. Yuan, H. Zhang, B. Wang, L. Huang, K. Fang, and Y. Liang. Downstream oil supply security
in china: Policy implications from quantifying the impact of oil import disruption. FEnergy
Policy, 136:111077, Jan. 2020. doi: 10.1016/j.enpol.2019.111077. URL https://doi.org/10.
1016/j.enpol.2019.111077.

W. Zhong, H. An, X. Gao, and X. Sun. The evolution of communities in the international oil
trade network. Physica A: Statistical Mechanics and its Applications, 413:42-52, 11 2014. doi:
10.1016/j.physa.2014.06.055. URL https://doi.org/10.1016/j.physa.2014.06.055.

W. Zhong, H. An, L. Shen, T. Dai, W. Fang, X. Gao, and D. Dong. Global pattern of the
international fossil fuel trade: The evolution of communities. FEnergy, 123:260-270, 3 2017.
doi: 10.1016/j.energy.2017.02.033. URL https://doi.org/10.1016/j.energy.2017.02.033.


https://doi.org/10.1007/978-1-4020-5737-3_36
https://doi.org/10.1038/30918
https://doi.org/10.1002/bse.2393
https://wits.worldbank.org/default.aspx
http://dx.doi.org/10.3390/en15010084
https://doi.org/10.1016/j.enpol.2019.111077
https://doi.org/10.1016/j.enpol.2019.111077
https://doi.org/10.1016/j.physa.2014.06.055
https://doi.org/10.1016/j.energy.2017.02.033

	List of Figures
	List of Tables
	1 Introduction
	1.1 Motivation and Background
	1.2 Contribution and methodology
	1.2.1 Firm's perspective
	1.2.2 Industry perspective
	1.2.3 Global perspective

	1.3 Structure of the dissertation

	2 Firm's Portfolio Transition to Carbon Neutrality: Financial and Environmental Trade-offs
	2.1 Introduction
	2.2 Analytical framework
	2.2.1 Firm’model
	Profit-oriented firm
	Value-oriented firm


	2.2.2 Firm's production as a function of emissions
	2.2.3 Constraints
	Total emissions constraint
	Individual emissions constraints


	2.2.4 Optimization problems

	2.3 Numerical simulations
	2.3.1 Profit-maximizing firm
	2.3.2 Value-maximizing firm
	2.3.3 Comparison of profit- and value-maximizing firms behaviours

	2.4 Conclusions

	3 Resiliency and shock propagation in interindustry trade networks: a global perspective
	3.1 Introduction
	3.2 Data and Framework
	3.2.1 Data
	3.2.2 Network analysis
	3.2.3 Network resilience to shocks
	3.2.4 Shock Propagation Model

	3.3 Results
	3.3.1 Interindustry trade network evolution
	3.3.2 Shock propagation modelling
	3.3.2.1 Excluding Russia from interindustry trade
	Excluding Russian fossil-related industries from interindustry trade
	Evolution of reliance on fossil-related industries



	3.4 Conclusions

	4 The Energy Transition and Shifts in Fossil Fuel Use: The Study of International Energy Trade and Energy Security Dynamics
	4.1 Introduction
	4.2 Data
	4.2.1 Dataset description
	4.2.2 Data processing and verification

	4.3 Network analysis
	4.3.1 Testing the small world hypothesis

	4.4 Energy Security Analysis
	4.4.1 Traditional HHI-based indexes
	4.4.2 Importer and exporter perspective on energy security
	4.4.3 Illustrative example

	4.5 Results
	4.5.1 Energy transition and trade network evolution
	4.5.1.1 Flow analysis
	4.5.1.2 Small-worldness
	4.5.1.3 Energy security overview
	4.5.1.4 Energy security: Individual country analysis


	4.6 Conclusions

	5 Conclusion
	Appendix
	A.1 Firm's Portfolio Transition to Carbon Neutrality: Financial and Environmental Trade-offs
	A.2 Resiliency and shock propagation in interindustry trade networks: a global perspective
	A.3 The Energy Transition and Shifts in Fossil Fuel Use: The Study of International Energy Trade and Energy Security Dynamics
	A.4 Evolution of global fossil fuels network in 2000–2018

	Bibliography

