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ABSTRACT

ASYMMETRIC EMISSION REGULATIONS AND INTERVENTIONS OF
THE LOCAL GOVERNMENT

Giirlesin, Taha Yasin

M.S., Department of Industrial Engineering
Supervisor: Assoc. Prof. Dr. Ozgen Karaer

Co-Supervisor: Prof. Dr. Z. Pelin Bayindir

April 2024,[79] pages

The intensifying environmental and socio-economic problems accompanying the cli-
mate crisis drive countries to implement more sustainable development goals, en-
acting stringent laws and regulations to control industrial greenhouse gas emissions.
The EU’s carbon border adjustment mechanism (CBAM) potentially affects countries
without ambitious climate policies, especially those trading with Europe. In this the-
sis, we analyze how a manufacturer exporting to two regions—one developed and one
developing—and a local government respond to the CBAM imposed by the developed
region. We study two models: a base model in which the manufacturer sets prices for
both regions, and this model serves as a benchmark for the second model, the CBAM.
In the CBAM model, the manufacturer faces a carbon border tax from developed re-
gion and can reduce its unit emission level by investing in green technology. In the
first stage, the government, which aims to improve economic and environmental per-
formance, decides on a subsidy rate for the government’s technology investment cost.
In the second stage, the manufacturer invest in green technology by incurring lump-

sum cost for reduce emission level, and aims to maximize its profit. After technology



investment, the manufacturer sets prices for both regions. We compare the manu-
facturer’s price decisions under the base and CBAM models. We characterize the

manufacturer’s emission reduction decision under the local government’s subsidy.

Keywords: Carbon border adjustment mechanism, Asymmetric emission regulations,

Government intervention, Green technology investment
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0z

ASIMETRIK EMISYON DUZENLEMELERI VE YEREL YONETIMIN
MUDAHALELERI

Giirlesin, Taha Yasin

Yiiksek Lisans, Endiistri Mithendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Ozgen Karaer

Ortak Tez Yoneticisi: Prof. Dr. Z. Pelin Bayindir

Nisan 2024 ,[79|sayfa

Iklim krizi ile artan cevresel ve sosyoekonomik problemler, iilkeleri siirdiiriilebilir
kalkinma hedeflerini uygulamaya, daha siki yasa ve diizenlemeler ile endiistrinin se-
bep oldugu sera gazi emisyonunu azaltmaya itiyor. Avrupa Birligi’nin uyguladig: si-
nirda karbon uygulamasi, ozellikle Avrupa ile ticareti gelismis ancak yeterli iklim
politikalar1 olmayan iilkeleri potansiyel olarak etkileyebilir. Bu tezde iki ayr1 bol-
geye, gelismis ve gelismekte olan, ihracat yapan bir iireticinin ve yerel bir hiikiime-
tin, gelismis bolgenin uyguladig: sinirda karbon uygulamasina nasil tepki verecegini
inceliyoruz. Bunun icin iki model iizerinde calistyoruz. Ilk model temel model olarak
adlandiriliyor ve ikinci modelimiz olan CBAM modeli i¢in bir test gorevi goriiyor.
Temel modelde iiretici iki bolge icin iirliniin fiyatin1 belirliyor. CBAM modelinde
ise, Uretici gelismis bolge tarafindan ithal edilen iiriinlere uygulanan bir sinirda kar-
bon uygulamasi ile kars1 karsiya kaliyor, iiretici bu modelde yesil teknolojiye yatirim
yaparak birim emisyon seviyesini azaltabiliyor. Bu modelde 6ncelikle amaci ekono-

mik ve cevresel performansi iyilestirmek olan yerel hiikiimet, iireticiyi yesil teknoloji
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yatirimi igin belirli bir oranda siibvanse edebilir. Ikinci asamada, iiretici teknoloji ya-
tirrmina yaparak birim emisyon seviyesini ne kadar diisiirecegine karar veriyor. Son
olarak ise yine iiretici iki bolge i¢in satis fiyatin1 belirliyor. Ureticinin temel ve CBAM
modeldeki fiyat kararlarin1 karsilastirdik. Ayrica iireticinin, hiikiimet siibvansiyonlari

ile emisyon azaltma kararini ortaya koyduk.

Anahtar Kelimeler: Sinirda karbon uygulamasi, Asimetrik emisyon diizenlemeleri,

Hiikiimet miidahalesi, Yesil teknoloji yatirimi
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CHAPTER 1

INTRODUCTION

Escalating greenhouse gas emissions, depleting natural resources, and increasing con-
sumption habits have forced humanity to confront one of the most critical problems
of recent times: the climate crisis. The global surface temperature from 2011 to 2020
was approximately 1.1°C higher than the period of 1850-1900 (Intergovernmental
Panel on Climate Change, 2023)). Increasing temperatures and ecosystem disruptions
cause both severe environmental and socioeconomic problems. Droughts, floods, ex-
treme weather, and ecosystem disruptions endanger basic human needs such as shel-
ter and nutrition. Therefore, people living in the most affected areas must migrate,
which will cause more significant problems. In 2015, 193 United Nations member
countries formally adopted a sustainable development agenda. 17 Sustainable De-
velopment Goals were adopted at the UN Sustainable Development Summit in New
York in September 2015. These goals aim to prevent or mitigate the potential envi-
ronmental dangers and socioeconomic problems posed by the climate crisis (United
Nations, 2023). Countries have been implementing laws and regulations to achieve

sustainable development goals.

Power generation, manufacturing goods, producing foods, and transportation cause
greenhouse gas emissions. Industries burn fossil fuels to maintain their activities,
and greenhouse gas emissions cause the global temperature to rise (Nations, 2023)).
As the global temperature increases, the laws and regulations enacted by some coun-
tries have become more binding. In 2019, the EU introduced “the European Green
Deal,” a road-map towards a climate-neutral continent by 2050. The union has also
presented the “European Climate Law” and has started implementing some laws and

regulations (European Commission, 2019). In 2005, the EU launched the EU Emis-



sion Trading System (ETS), now in the fourth trading phase. The EU ETS works
on a “cap-and-trade” mechanism, where a cap for their emission allowances limits
carbon-intensive sectors, and companies can buy allowances from the EU Carbon
market. The EU aims to reduce emissions and generate revenues to finance the EU’s
green transition with the EU ETS(Commission, 2023). Since the EU’s regulations
have enforcement power over domestic companies in the region, the thread of off-
shore production become a serious concern for the EU. The union wants to prevent
regional companies from moving to other countries with less ambitious carbon poli-
cies, also known as “carbon leakage.” In October 2023, the EU started implementing
the transitional phase for the Carbon Border Adjustment Mechanism (CBAM). The
EU charges carbon tax on imported goods with the CBAM at the border. Therefore,
the union wants to prevent carbon leakage by imposing a carbon border tax on im-
ported goods while continuing to regulate the domestic market. The CBAM aims to
limit carbon emission levels in carbon-intensive sectors for regional companies and

international trade partners. (European Commission, 2023)

Only some countries or regions have adopted and implemented emissions regulations.
Furthermore, differentiation in emission regulations causes an regulation asymmetry
between some countries. With a regulation like the CBAM, it is not possible for coun-
tries trading with the European Union to remain unaffected by the union’s regulations.
For instance, Tiirkiye’s 40.6% share of exports with 103.1 billion dollars in 2022 is
with the EU, and it ranks first in Tiirkiye’s total exports(Republic of Turkey Ministry
of Trade, 2023). Furthermore, for the Turkish economy, the CBAM may cause a loss
of up to 2.6 to 3.6% of GDP by 2030 if necessary actions are not taken(Acar et al.,
2022). Many countries, especially developing economies, are behind the developed

world in adopting climate-related restrictions and regulations.

While countries force companies to reduce their emission levels by law and regu-
lations, companies are adapting new strategies and investing in new technologies to
prevent potential sanctions from governments. Also, increasing customer awareness
forces companies to be more environmentally friendly. For example, Microsoft an-
nounced it would be carbon-negative by 2030. The company plans to remove all the

carbon emitted from the environment, directly or by electrical consumption since it



was founded in 1975, by 2050. The company also plans to create a climate innovation
fund and invest $1 billion in the fund over the next four years to speed up the devel-
opment of carbon removal technology (The Guardian, 2020). Apple has provided
$4.7 billion in three Green Bonds since 2016. The company aims to become carbon
neutral across its supply chain by 2030. Apple has been developing low-carbon man-

ufacturing and recycling projects (Apple Inc., [2022).

This thesis study focuses on a manufacturer producing and exporting its products
in two regions. The first region is the developed region, which is more ambitious
about emission regulations, while the other one, the developing region, is not. The
manufacturer does not sell its product to the local market. We study two models:
the base model and the Carbon Border Adjustment Mechanism (CBAM) model. The
base model is intended to serve as a benchmark for the second model, which is the
focus of our study. In both models, the manufacturer produces and exports its product
under a capacity constraint and decides the prices for regions under different customer
expectations. In both models, we assume that customers in the developed region are
sensitive to the price and emission level of the product. In contrast, customers in the

developing regions are only sensitive to the product’s price.

In the base model, the manufacturer does not face emission regulation from either
region while exporting goods. In the CBAM model, the developed region requires
companies to pay a unit carbon tax at the border for imported goods. The developing
region does not enforce any emission regulation for imported goods. Therefore, in
the CBAM model, two regions are asymmetric in emission regulations. In the CBAM
model, the manufacturer may invest in green technology to reduce its unit emission
level by paying lump-sum costs. We assume that the manufacturer’s unit production
cost increases due to the emission reduction level. We also consider a local govern-
ment that may subsidize the manufacturer to invest in green technology in the CBAM
model. The sequence of events for the CBAM model is as follows: (1) The govern-
ment decides on a subsidy rate for the manufacturer’s technology investment. (2) The
manufacturer invests to reduce unit emission level. (3) The manufacturer sets prices

for both regions.



We consider the following research questions: (1) How may CBAM affect a man-
ufacturer’s economic and operational decisions? (2) How does CBAM affect a man-
ufacturer’s environmental performance? (3) How does a local government support its

economy against potential threats of CBAM?

According to our analysis, CBAM damages the manufacturer’s economic perfor-
mance and causes a price hike in the regulated market without local government
intervention. CBAM fails to effectively incentivize the manufacturer’s green technol-
ogy investment under asymmetric regulations. Moreover, the manufacturer chooses
to increase its market share in the developing market and decrease it in the developed
market. However, when local government intervention occurs, the manufacturer’s en-
vironmental performance significantly improves, and the CBAM exerts its effective-
ness. Furthermore, with local government intervention, the price level is decreased
in the developed market, while the developing market is negatively affected. The lo-
cal government intervention enhances producers’ environmental performance against
CBAM and economically safeguards them—additionally, the local government ben-

efits from its intervention against CBAM.

In the next chapter, we summarize the literature related to this study. In Chapter
3, we define the problem environment. Chapter 4 gives the analytical results of our
model. In Chapter 5, we summarize the numerical analysis of our model and com-
ment on the results. Finally, Chapter 6 summarizes the main findings of this thesis

study. We provide all proofs in the Appendix.



CHAPTER 2

LITERATURE REVIEW

In this chapter, we review the related literature to our study. This thesis is closely
linked with three issues regarding sustainability: carbon border adjustment mech-
anism (CBAM) and its impact on supply chains and economies, consequences of
asymmetric emission regulations, and government intervention for sustainability in-
vestments by companies. CBAM is a mechanism that is expected to be a remedy to
asymmetric regulations, and hence the two issues are closely related. We review the
related literature in this area as a whole in Section 2.1l Section 2.2] summarizes the
literature where government intervention occurs for companies’ sustainability invest-

ments.

2.1 CBAM and its Impact on Supply Chains and Economies

This stream mainly focuses on the potential effects of CBAM on economies and reg-
ulated and unregulated markets. The unilateral policies (i.e., asymmetric emission
regulations), loss of competitive advantages and carbon-leakage problems due to the
CBAM, and whether CBAM is a climate policy or a mechanism targeting the eco-

nomic performance have been studied.

Sunar and Plambeck (2016) study emission allocation between co-products. There
are one or more buyers in a region with a climate policy, and these firms buy a prod-
uct from a supplier that operates in an unregulated region. The supplier sells its
primary product to a buyer where the buyer incurs an emission cost voluntarily or due

to a government-imposed climate policy. The supplier also sells co-products at the
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local market without incurring any emissions costs. The authors study three candi-
date rules for allocating the supplier’s emissions among its products: value-based and
mass-based allocation and system expansion. Their results show that, under value-
based allocation, introducing a carbon border tax on the primary product may cause
increased emissions under certain market conditions because the supplier may lower
the price to avoid the carbon border tax and produce higher sales overall. This paper,
like in thesis, focuses on a supplier’s decision when it faces carbon border tax on its
exported product. The authors here study a setting with co-products and allocation
mechanism whereas in this thesis, we focus on the supplier’s pricing decisions and

green technology investment and the local government’s intervention.

Drake (2018) studies multiple domestic and foreign firms that compete in a mar-
ket with Cournot competition. Domestic firms are mature in their emission regula-
tions. Domestic firms may reallocate their operations (choose off-shore production)
but must pay a fixed reallocation cost. Foreign firms may enter the regulated market,
but they must cover the fixed operating cost whenever they choose to enter the market.
If a foreign firm chooses to import, it faces transportation costs. Whether domestic or
foreign, all firms can invest in greener technology to reduce the cost of carbon in the
regulated region. Domestic firms choose local or off-shore production, and invest in
greener technology to find a profitable way under carbon regulation. In most cases,
carbon border adjustment strictly decreases global emissions, so the author suggests
that the CBAM is a carbon policy rather than a mechanism for trade protection. While
we share a similar approach to the technology investment decision of a manufacturer,

our study does not consider a competitive market consequences like carbon leakage.

X. Huang et al. (2021) also study emission regulations. Their primary purpose is
to show how asymmetric emission regulations may cause a potential carbon-leakage
problem. They define two policies: border tax and output-based allocation. In their
problem setting, the firm produces a single product, and it can invest in technology
to reduce the emission level or choose off-shore production. They study a two-stage
model where, in the first stage, the firm decides how much to invest in technology
or build a capacity portfolio for off-shore production. After the emission price is

realized between the two stages, the firm decides on local and off-shore production



volumes in the second stage. They find that if the main objective of the regulatory
body is reducing off-shore production, then the border tax is a better policy option.
However, if the primary objective is to invest in clean technology and decrease over-
all polluting activity, the output-based allocation policy works better when emission
price uncertainty is high. In most cases, the border tax works better than the output-
based allocation. We also study emission regulation asymmetry in this thesis and
consider a firm’s technology investment decision to reduce unit emission. However,
we consider a firm exports two region and the overall consequences of CBAMn terms

of emissions.

Eyland and Zaccour (2012) study the optimal strategies for both governments and
firms under the border tax policy. They define two different regulatory bodies and
their respective local firms. In their model, one of the regulators can react to the border
tax by implementing carbon policies. Eyland and Zaccour (2014) study the strategic
effects and impacts of carbon tariffs on cooperative outcomes among nations. They
model a non-coalition cooperation environment, where regions have different respon-
sibilities or goals for reducing carbon emissions. They characterize and compare the
equilibrium results in three scenarios. In the first scenario, which is a benchmark, two
regulators decide the carbon taxes non-cooperatively, and firms compete in a Cournot
duopoly. In the second scenario, while firms compete, the regulators cooperate in de-
termining the carbon taxes. In the third scenario, they introduce another player, such
as the World Trade Organization. The third player announces a border tax at a prior
stage after the players make decisions, as in the first scenario. They find carbon tar-
iffs may result in better cooperation among nations, benefiting those in the coalition

while affecting non-coalition nations differently.

Sanctuary (2018) studies the trade dynamics between two countries, called home and
foreign. The two countries trade homogeneous goods, and producing them causes
carbon emissions. Firms in the home country sell their goods only in the domestic
market, while foreign firms can sell to their domestic market and export to the home
country. They assume that two countries produce the same goods with different tech-
nologies, whereas one has a technological advantage. The foreign country enforces

the carbon tax on its domestic firms, while the home country charges a carbon tax on



imported products. They assume that carbon tax of the home country is higher than
that of the foreign country, and the home country rebates the portion of taxes from
foreign firms faced in their country. This paper examines the trade between two coun-
tries and the potential effect of border tax imposed by one of the countries. Similar
to this study, the manufacturer faces a carbon border tax when trading with a region
in our model. However, we do not consider a competitive setting or a local govern-
ment regulation in terms of carbon policies. We focus the consequences of regulation
asymmetry on the manufacturer’s price and green technology investment decisions

under a local government intervention.

Zhong and Pei (2023) review literature related to CBAM. They find that from an
economic perspective, the biggest concerns about CBAM are its effectiveness in pro-
moting fair competition, potential carbon leakage problems, and improving global
welfare. They classify the results into two groups: direct and indirect effects of
CBAM. The direct effects are price changes due to variations in market outcomes
because of CBAM, loss of competitiveness, and carbon leakage problems caused by
unilateral climate policies. The indirect effects are supply chain disruptions due to
failing to meet the CBAM requirements, which may cause delays and make it hard to
maintain smooth operations for businesses reliant on international trade. Moreover,
the CBAM may cover the scope two emissions in the future, which leads to more

complexity in implementing the CBAM and international trade.



2.2 Government Intervention for Sustainability Investment by Companies

This section summarizes the literature on government interventions for companies
to invest in sustainability. Different government interventions, such as carbon tax,
cap-and-trade schemes, legislation, and subsidies, have been studied in the literature.
The common objective is to understand how the government’s intervention possibly

affects the companies’ sustainability investments and societies’ welfare.

Krass et al. (2013) study a Stackelberg game between a profit-seeker firm and a regu-
lator who wants to improve social welfare. The firm can choose different technologies
to reduce emissions; each technology brings different emission reduction levels and
comes with fixed and variable costs. The firm faces price-sensitive consumers. In this
paper, the firm does not change its existing product or service but produces it with a
different, possibly greener, technology. The government has alternative tools: setting
carbon tax and subsidizing the firm’s fixed or variable cost of technology when the
firm adapts green technology. Also, the government may offer rebates to consumers
if they purchase products manufactured with green technologies. The government
aims to maximize “economic surplus,” which consists of consumer and producer sur-
plus, and minimize total emission levels. The authors find that the firm’s response
to taxation may be “non-monotone,” meaning it may adopt dirtier technology under
a high-emission tax. Rebates are efficient for increasing social welfare under given
technology. However, it does not guarantee that the firm adapts the technology. With
mixed policies that use taxes, subsidies, and rebates, the regulator can optimize so-
cial welfare with green technology. This paper’s primary focus is to see how emission
regulations and government intervention leverage a firm’s choice of green technology.
Even though our approach to technology investment is similar, both the manufacturer
and the government react to the carbon regulation of a foreign trade partner. How-
ever, in this paper, the emission regulations as well as subsidies are offered by the

local government.



Drake et al. (2016) study technology choice under emission regulations. In this paper,
they work with uncertain demand, and there are two regulation models: carbon tax
and cap-and-trade. While there is uncertainty about a carbon price in the cap-and-
trade model, the carbon price is predetermined in the carbon tax model. They study
a two-stage problem; in the first stage, the firm chooses a technology for better en-
vironmental performance, and in the second stage, it makes the production decision.
Between the two stages, uncertain demand is realized. This study shows the effects of
emission regulations on the firms’ technology investment decisions. They find that the
firm’s expected profit is higher under the cap-and-trade scheme. When the production
cost 1s high, an increase in carbon tax can decrease the clean technology investment.
The primary goal of this study is to analyze how different emission regulations would
affect the firm’s technology portfolio decision. Our model only considers the CBAM
as a regulation scheme and focuses on cross-border trade between a manufacturer and
two different markets. We also consider a local government that subsidizes the man-

ufacturer to invest as a reaction to CBAM from the regulated region.

Chen et al. (2019) study the effect of the government’s subsidy on supply chains’
sustainability innovation. They model a manufacturer and a retailer cooperating to
develop a product with higher sustainability. The retailer sells the product to cus-
tomers, and demand increases with the sustainability effort that the manufacturer can
exert. The government may subsidize the retailer and the manufacturer with a tax
credit for each unit produced or offer a fraction of the cost of innovation to increase
sustainability efforts. The authors find that when the government only uses per-unit
production subsidy, the manufacturer may only collaborate if innovation or produc-
tion is costly. The government is indifferent to collaboration dynamics when it offers
innovation subsidies. The primary focus of this paper is to analyze how different
government subsidy schemes support the supply chain’s sustainability effort. In our
model, the government also subsidizes the manufacturer with a rate of the investment
cost. However, we only consider a single manufacturer and study two markets with

asymmertic regulations.
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Fu et al. (2023) study two competing firms with different product emission levels.
They model a Cournot duopoly and an imperfect competition setting. Firms have
different emission levels; Firm 1 is carbon-efficient, and Firm 2 is carbon-inefficient.
A government enforces carbon taxes per unit emission. Firms can invest in greener
technology to reduce emission levels. First, they introduce a baseline model in which
firms react to the carbon tax by only adjusting production volumes. Afterward, they
analyze the green technology model to see how firms react to the emission regulations
by investing in greener technology. The authors find that, under the green technology
model, firms’ green technology investment decisions are highly related to the emis-
sion efficiency of firms, carbon price, and the cost of green technology investment.
A high carbon tax may lead to both firms investing in green technology. When the
carbon tax is low, both firms choose not to invest in green technology. With an in-
termediate tax rate, only the carbon-inefficient firm invests in green technology. This
paper also studies the investment in green technology under a carbon tax. However,
we consider a single manufacturer that faces emission regulations from a foreign mar-

ket and subsidies from a local government.

Jung and Feng (2020) study how government subsidies can affect the evolving in-
dustry and social welfare. They study a two-stage game where two firms enter the
market sequentially. The leading firm enters the market in the first period and makes
an R&D investment. Tthe success of the investment is uncertain. If R&D invest-
ment succeeds, the firm obtains high technology, which offers high environmental
standards. Otherwise, the leading firm obtains a lower technology with lower envi-
ronmental standards. In the second period, the leading firm can make an additional
investment to increase its technology. The follower firm enters the market and invests
in technology improvement in the second period. The products offered by the two
firms are partially substituted and sold in the same market. Customers are high tech-
nology seekers, and the environmental performance of firms affects the customers’
demand. The authors first analyze the model without government intervention and
then introduce a government subsidizing a portion of the firms’ R&D investments.
The government aims to maximize social welfare by setting the subsidy level. The
authors find that social welfare may increase when the government sets a proper level

of subsidies. The firm’s investment decision is highly related to R&D costs, but the
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government’s subsidy level does not depend on it. In our study, the government also
subsidizes the manufacturers’ green technology investment. However, in our problem

setting, we have only one manufacturer and do not portray an evolving industry.

Anand and Giraud-Carrier (2020) study a problem with two or more rival firms, and
each firm tries to maximize profit under a pollution regulator. The pollution regulator
aims to encourage the firms to reduce pollution while discouraging a decrease in out-
put. Firms compete in a Cournot game where products are partially substitutable. The
authors analyze and compare two types of regulation: cap-and-trade mechanism and
carbon tax. Companies can respond to regulations by employing various strategies,
such as reducing pollution or cutting output. This paper mainly focuses on how pol-
lution regulation affects a competitive market in which product substitution occurs at
some levels. We share a similar approach in modeling technology investment; how-
ever, we consdier a single manufacturer that sells to two markets with asymmetric

regulations.

Bian et al. (2020) investigate how environmental subsidies incentivize a manufac-
turer to invest in emission-reducing technologies under the growing environmental
concerns among consumers. This paper analyzes the effects of different government
subsidies on the manufacturer’s emission reduction strategies. Consumer and manu-
facturer subsidies are studied and compared in this study. The primary focus of this
paper is to show how government intervention affects the environmental performance
of a manufacturer. Hua et al. (2023) study how government interventions in new
technology adoption improve product greenness. They model a two-stage Stackel-
berg game between a manufacturer and a government. They compare the effective-
ness of government interventions (subsidizing, regulating, and hybrid interventions)
in consumer surplus, manufacturer profit, and social welfare. McDonald and Poyago-
Theotoky (2017) study a Cournot duopoly producing a homogeneous good. They
define a government that sets an emission tax to maximize social welfare. First, the
government decides on the emission tax; after, firms invest in technology, and firms
choose to cooperate and share costs of R&D or not. Lastly, firms decide on produc-
tion volumes. We also study the technology investment decision of a manufacturer

under a local government intervention. However we focus on two foreign markets
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with asymmetric regulations.

Huang et al. (2019) study a duopoly competition under two government subsidy
schemes. They define two firms that differ in production cost. The firms compete
on their unit price and energy efficiency of products. The government specifies the
amount of subsidies and a certain threshold for the energy consumption level of the
product. Firms are qualified for the subsidy if the product is certificated for specific
energy efficiency/saving. The authors identify necessary conditions for low-cost firms
to produce a high or low-energy-efficiency product. We also study a local government

intervention, however we do not consider a competitive market setting.

Sinayi and Rasti-Barzoki (2018)) study a two-tier supply chain with a government.
They study the three dimensions of sustainability (economic, social, and environ-
mental). First, the government offers a subsidy or charges tax on the end product’s
price. The manufacturer supplies the green product to the retailer at wholesale price,
and the customers buy the product from the retailer at a retail price. They assume the
manufacturer has social and environmental concerns that align with corporate social
responsibility. In our study, we consider a manufacturer exports two regions with

asymmetric regulations under a local government.

Shao et al. (2017) study the electric-and-gasoline vehicle market under two different
market structures (monopoly and duopoly). The government may offer two subsidy
schemes: a subsidy incentive scheme or a price discount incentive scheme to buyers of
electric vehicles to promote the adoption of electric vehicles. While the government
aims to improve welfare, the manufacturers try to maximize profit, and customers
want to increase their utility from consumption. They find that a monopolistic mar-
ket subsidy scheme leads to higher welfare. Under price discounts, the government
should pay more to achieve better environmental performance. We also study a local
government intervention, however we focus on a two foreign markets with asymmet-

ric regulations and a manufacturer’s price and green technology investment decisions.

Other than regulators, non-governmental organizations (NGOs) can affect firms to

invest in green technology. Kraft et al. (2013) study an NGO’s strategies to pres-
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sure two firms to remove potentially hazardous substances from products under two
competing firms in the market. In their setting, two firms compete and sell a product
containing a potentially hazardous substance. The hazardous substance is not regu-
lated. However, NGOs may influence firms to replace the substance by influencing
the regulator or by increasing the customer awareness in the market. The authors also
consider alternative objective functions of an NGO where its pragmatism level affects
how much it values the firms’ profit. Finally, the regulation occurs with a probability,
and a firm has to replace the hazardous substance if it has not already been replaced.
This paper primarily focuses on an NGOs’ strategies and the influential power of firms
or regulatory bodies to remove potentially hazardous substances. Although the prob-
lem setting is substantially different from that in this thesis, both works investigate

how firms’ environmental investments can be incentivized by different mechanisms.

The literature analyzes government interventions in various environments with differ-
ent policies or subsidy schemes. The primary purpose of these studies is to analyze
how governments may affect the sustainability performance of companies or supply
chains while improving social welfare. Carbon taxes, emission trading schemes, sub-
sidies for manufacturers to invest in sustainability, or consumer subsidies to incen-
tivize the consumption of green goods are potential government interventions from
the sustainability perspective. Some studies show that carbon taxes might be more
effective than emission trading schemes or government subsidies under specific mar-
ket structures. Some studies analyze the subsidies for firms and consumers and offer

insights about which conditions these subsidies are preferable.

We diverge from existing CBAM literature by examining its impact on an a man-
ufacturer that exports its products and the strategies of the local government to sup-
port the manufacturer’s technology investment. While most CBAM literature focuses
on potential off-shore production and carbon leakage problems, we focus on green
technology investment and a local government intervention amidst asymmetric emis-
sion regulations between foreign markets due to CBAM. The manufacturer can adjust
prices to maximize profit and as well as invest in green technology as a response to
CBAM. We define a regulated and unregulated market to see the effect of different

dynamics between regions on the manufacturer’s economic and environmental perfor-
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mances. Essentially, we study how CBAM affects foreign firms, markets, countries

and the overall environmental impact rather than focusing only the regulated market.

We contribute to the literature by investing in the effects of CBAM on not only the
regulated region itself but also foreign regions that follow less ambitious climate poli-
cies. We study a manufacturer’s price and green technology investment decisions and
show how CBAM affects market prices and environmental performance. We study a
local government intervention to investigate how a local government would affect the
manufacturer’s economic and environmental performance. We also show a perspec-

tive on the effectiveness of CBAM with a local government intervention.
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CHAPTER 3

PROBLEM ENVIRONMENT

In this chapter, we introduce our problem environment, state our assumptions, and
formulate our problems. We study two models: the base model and the Carbon Bor-
der Adjustment Mechanism (CBAM) model. The base model is intended to serve as

a benchmark for the second model, which is the focus of our study.

We study a manufacturer that produces and exports its product to two different re-
gions; one is a developed region, and the other one is a developing region. In both
models, the manufacturer produces a single product with a unit cost of ¢ and an ex-
ogenously given unit emission level e. The manufacturer has a production capacity
of €2 units. We assume that the manufacturer exports all the products produced, and
there is no local market. The manufacturer can differentiate the export prices of two

regions.

Consumers have different expectations in different regions. In the developed region,
we assume consumers are both price and emission-sensitive. The developing region

has low environmental awareness, and consumers are only sensitive to the price.

In the base model, the manufacturer faces no emission regulation from either region.
This model differentiates regions by only the customer’s environmental awareness
and price sensitivities. In addition to this differentiation, the developed region intro-
duces an emission regulation in the CBAM model as a unit carbon border tax from
imported products. The developing region does not require a carbon border tax, i.e.,
nothing changes for the developing region between the base and the CBAM models.

Therefore, an emission regulation asymmetry occurs between developed and devel-
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oping markets under the CBAM model.

In the CBAM model, the manufacturer can invest in greener technology to reduce
unit emission levels by incurring a lump-sum investment cost. We assume that the
unit production cost increases with the rate of reduction in unit emission. Also, the
manufacturer sets prices for both regions. In the CBAM model, the manufacturer can
pay a lower carbon border tax to the developed region and reach more customers in
this region by reducing the unit emission level through technology investment. We
also consider a local government that can subsidize a portion or all of the manufac-
turer’s technology investment cost. In Section we explain the base model in detail

and continue with the details on the CBAM model in Section

3.1 The Base Model

This section explains the base model, where the manufacturer determines the selling
prices in two markets. Neither the developed, or the developing region apply a carbon

border tax in this model.

First, we define the demand functions for both regions. Similar to the previous studies
by Chen et al. (2019) and Bian et al. (2020), we assume linear demand functions. The
developed and the developing regions are referred to as regions 1 and 2, respectively.
We introduce p; for prices, ~; to show price sensitivities and ¢ for emission sensitivity,
where v; > 0 for i = 1,2 and, # > 0. We also define the quantities as ¢;(p;) and
¢2(p1) for developed and developing regions, respectively. In the following Equation

[3.1] we define the demand functions for regions.

91(101) = K —fe —np, QQ(pQ) = Ky — 72p2 (3.1

Where K; > 0 is the base market potential of the region 7 = 1, 2. In this thesis study,
we assume that K; = K, = K and avoid the difference arising from market potential

to affect our analysis.
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In the base model, the manufacturer decides on p; and p, to maximize its profit. The
profit function is straightforward: revenue from sales minus total production cost.
The manufacturer has a capacity constraint for its total production quantity, repre-
sented as ). The manufacturer has an exogenously given unit emission level e and
unit production cost c¢. Thus, the manufacturer solves the problem below:

maximize Iyoee(p1,p2) = P1q1(P1) + P2g2(P2) — c(q1(p1) + q2(p2))

p1,p2

subject to  q1(p1) + g2(p2) < Q (3.2)

¢1(p1), g2(p2) >0

We visualize the base model below in Figure

THE BASE MODEL

——————————————————————————————————

THE MANUFACTURER

Set prices for both regions.

—<
| P P2 |
_ EXPORT
T ST T T T
: ,_,-/ |
! :
| DEVELOPED REGION DEVELOPING REGION |
i Customers are sensitive to emission Customers are only sensitive the i
! level and price of the product. price of product. i
|
|
i q1=K—8e—vyip 42 = K —v2p2 :
|

Figure 3.1: The Base Model
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In the following section, we explain the Carbon Border Adjustment Mechanism (CBAM)

model. We summarize the notation used throughout the thesis study below in Table

B.1

Table 3.1: Notation

Variables
Di Unit product price set by the manufacturer at region ¢, 1 = 1, 2;
« Emission abatement level of the manufacturer; 0 < a < e;
A Government’s subsidy fraction for
the manufacturer’s emission reduction effort; 0< A <1;
Parameters
K Base market potential; K > 0;
Vi Price sensitivity of customers in regions; v; > 0, and ¢ = 1, 2;
0 Emission sensitivity of customers in the developed region; 6 > 0;
6] Manufacturer’s unit production cost increase
with emission reduction; 5 >0;
Y Manufacturer’s cost factor to invest in technology; y > 0;
t Tax per unit emission in the developed region ; ¢t > 0;
c Manufacturer’s unit production cost; ¢ > 0;
e Manufacturer’s initial unit emission level; e > 0;
D, Marginal benefit of the government over the total production;
®; > 05
®, Marginal cost of the government over the total carbon emission;
Oy > 0;
Dy Weight for the manufacturer’s profit on
the government’s objective function; 0 < &3 < 1;

3.2 The Carbon Border Adjustment Mechanism (CBAM) Model

In this section, we first introduce the settings of the CBAM model and then explain

the manufacturer’s and the government’s problems.

In the CBAM model, the developed region requires companies to pay an emission

tax per emission unit for all products imported to the region. The initial emission
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level of the manufacturer is exogenous and represented by e. The manufacturer has
to pay a carbon tax ¢ based on the unit emission level. The developing region does

not have a carbon regulation on traded goods.

The manufacturer can invest in greener technology to reduce unit emission level e
by a. To do this, the manufacturer must pay a lump-sum investment cost. We use a
quadratic cost function ya?, which demonstrates diminishing returns. Similar struc-
tures are used to represent the cost of technology for emission reduction. For instance,
Chen et al. (2019) and X. Huang et al. (2021) also use a quadratic cost function to
represent investment where reducing emission becomes more difficult and expensive
as investment increases. In both studies, a parameter for the cost factor of technology
investment is defined, and they use a quadratic form of emission reduction or effort

to represent the overall cost of technology investment.

We assume that the unit production cost increases with the emission reduction level.
When the manufacturer reduces the emission level more, it faces a higher unit pro-
duction cost. Investing in technology will affect the manufacturer’s operations, and
once the manufacturer reduces its unit emission level, unit production costs increase
for both regions. Drake et al. (2016) and Chen et al. (2019) model similar dynamics
in their papers. Drake et al. (2016) refer to this increase in the unit cost as the variable
cost of investing in technology. To show an increase in unit production cost related to

a, we define a parameter 3 > 0.

In this model, the local government may subsidize the manufacturer to support its
green technology adoption effort. The government subsidizes the manufacturer by
bearing A rate of the technology investment cost, where A € [0, 1], hence, the man-
ufacturer incurs only the 1 — A rate of the investment cost. We assume that the local

government does not impose any additional regulations on carbon emissions.

We define the sequence of events in the CBAM model as follows:

1. The government decides the subsidy rate of A for the manufacturer’s invest-

ment on emission reduction effort.
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2. The manufacturer decides the unit emission reduction level «.

3. The manufacturer sets the prices for both regions simultaneously.

Since the manufacturer can reduce its unit emission level e by investing in technology,
and customers in the developed region are sensitive to unit emission levels, there is an
opportunity to attract more customers who will respond to the final unit emission level
(e — «). However, customers in the developing region are not sensitive to emission
level, therefore the demand function for this region remains the same as in the base

model. We define demand functions for the CBAM model as follows:

¢(p1) =K —0(e —a) —mp1,  q(p2) = K — 12p2

where (e — «) represents the final unit emission level of the product. Figure
visualizes the CBAM model.

THE BASE MODEL

——————————————————————————————————

THE MANUFACTURER

Set prices for both regions.

—
| P P2 |
_ EXPORT

A T T T T T T T

| e ~N |

| " - |

| DEVELOPED REGION DEVELOPING REGION i

| Customers are sensitive to emission Customers are only sensitive to :

| -

! level and price of the product. price of the product. !

| |

|

| |
|

Figure 3.2: The CBAM Model
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3.2.1 The Manufacturer’s Problem in the CBAM Model

In the CBAM model, the manufacturer makes decisions in two stages. Since investing
in technology is a long-term decision for a company, the manufacturer sets « first.
After investing in technology, the manufacturer sets prices for both regions. The
manufacturer faces the same capacity constraint in this model as in the base model.
We define the manufacturer’s problem as follows:

maximize Ilopam(p1, P2, @) = p1gi(p1) + P2g2(p2) — (¢ + Ba)(q1(p1) + ¢2(p2))

pP1,p2,x
—tle—a)q(p) — (1 — A)ye?
subject to ¢ (p1) + q2(p2) < Q

q1(p1), ¢2(p2) >0

The first two terms of the objective function represent the total revenue, and the third
shows the total production cost. The fourth term refers to the total tax cost that the
regulated region requires. The final term explains the total cost of investment in tech-
nology in proportion to the emission reduction level. The manufacturer’s production

capacity unit is represented by a constraint.

3.2.2 The Government’s Problem

In the CBAM model, the government’s primary objective is to maximize the man-
ufacturer’s total production while reducing the environmental damage arising from
production. Different approaches have been used to model governments’ objective
functions in the literature. For instance, Atasu et al. (2009) model a social plan-
ner that aims to maximize social welfare. They incorporate the manufacturer’s profit,
consumer surplus, total environmental hazard, and subsidy cost in the social planner’s
function. Chen et al. (2019) define a similar function for the government’s objective.
Similar to these studies, we define a government objective function that involves total
production, the manufacturer’s profit, total environmental hazard, and subsidy cost.
We assume that the increase in the total quantity produced is related to growth in eco-
nomic indicators, such as employment rate and export figures. We do not include a

consumer surplus since, in our model, consumers are not from the domestic market.
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Chen et al. (2019) define a parameter to show constant marginal benefit related to
emission effort, and they assume that an increase in the manufacturer’s emission ef-
fort turns into a positive environmental benefit. On the other hand, Atasu et al. (2009)
define a parameter to represent the cost of each non-recycled product to the environ-
ment, and they measure the total environmental hazard. Raz and Ovchinnikov (2015))
and Kraft et al. (2013) use a similar approach; they define constant marginal benefit
or cost to measure total external or environmental benefit or cost. Similar to these
studies, we define the parameter @, to express the constant marginal benefit of total
production, hence ®(q; + ¢2) the local economic performance. The parameter ®,
represents the constant marginal cost of total carbon emissions. Thus, we measure
the environmental hazard as ®5(e — «)(q; + ¢2). Finally, the parameter 3 represents
the weight of the manufacturer’s profit function on the government’s objective. We
assume that &, 5 > 0, and 0 < ®3 < 1. We define the government’s problem as
follows:
maximize Tyou(A) = @1(a1(p1) + a2(p2)) — Pale — ) (@ (p1) + a2(p2))

+ (I)3cham i yAOé2

The first term in the objective function is for the total economic performance, and
it represents the total benefits arising from production, such as export tax revenue,
impact on employment rate, and GDP. The second term shows the potential environ-
mental hazards of total carbon emissions due to production. The third term represents
the government’s weighted benefit from the manufacturer’s profit. The final term is

the government’s subsidy cost.
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CHAPTER 4

ANALYSIS

This chapter discusses the analytic results of the two models introduced in the previ-
ous chapter. First, we analyze the base model and continue our discussion with the

results of the CBAM model.

4.1 Analysis of the Base Model

This section provides analytical results for the base model where the manufacturer

simultaneously decides prices for the developed and developing markets.

We first solve the base model and find the optimal price decisions without capacity

restriction (2 in the proposition below.
Proposition 4.1.1. The optimal price decisions for the manufacturer without a ca-
pacity restriction are given by:

Ph=—"=%5 p§:g+§

K—#6e ¢ K ¢

2
Proposition [4.1.T] indicates that, without any capacity limit, the manufacturer’s price
decisions are affected by customers’ price and emission sensitivities. Increasing unit
production cost ¢ leads to the manufacturer setting higher prices. As expected, the
price set for the developed market can be lower to compensate for the customer’s

emission sensitivity.
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Next, we analyze the price decisions of the manufacturer under a capacity constraint,
and to do that, we formulate it as a Lagrange function. The following equation
demonstrates the Lagrangian function for the manufacturer’s problem in the base

model.

Lyase(p1:p2, A) = praa(p1) + p2a2(p2) — (a1 (p1) + q2(p2))
+ A2 = qi(p1) — ¢2(p2))
= p1(K —0e — yip1) + p2(K — 1op1) — ¢(2K — e — vip1 — y2p2)
+ A2 — 2K + e + yip1 + v2p2)

Where A > 0 is the Lagrange multiplier. Utilizing the Lagrangian function, we find

the optimal price decisions as stated in the following proposition.

Proposition 4.1.2. The price decisions of the manufacturer under a capacity con-

straint € is:

(K—@e+g £+§> if 2K—€e—20(’)/1+’}’2) <Q

K—fe | 2K-)-fe K , 2K-Q)-be) .o 2K-fe—c(nityn)
(271 T 2(m1+7y2) 7 272 2(m+72) > if 2 >

From Proposition the capacity becomes non-binding when ) > w,
and the manufacturer can set the prices as given in However, when the capacity
is tight, both market prices are adjusted up, and the quantities are down to stay within

the capacity limit. Interestingly, prices are adjusted by the same amount, i.e., by

2K —Q)—0e
2(v1+72)

or base market potentials (i.e., K vs. K — fe).

— 5 > 0 for both markets, independently of their individual price sensitivity
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4.2 Analysis of the Carbon Border Adjustment Mechanism (CBAM) Model

This section explains the analytical result of the CBAM model, where the manufac-
turer and the local government make decisions sequentially. Sequence of events for

the CBAM model is as follows:

1. The government decides the subsidy rate A, 0 < A < 1, for the manufacturer’s

emission reduction effort.

2. The manufacturer decides the unit emission reduction level « by investing in a

greener technology.

3. The manufacturer sets the prices for both regions simultaneously.

The manufacturer makes decisions in two stages; therefore, we call the manufac-
turer’s problem a two-stage manufacturer problem. We first analyze the manufac-
turer’s price decision for a given o and A under a capacity constraint by backward
induction. The manufacturer sets prices in the second stage, and consequently rela-
tive production volumes for both regions are determined in this stage. To analyze the

second stage problem of the manufacturer, we define a Lagrangian function as below.

Layam(p1(a), p2(@), A) = pr(@) a1 (p1(a)) + p2(@)gz(p2(a))
— (c+ Ba)(qi(p1(a)) + g2(p2()))
—tle — a)a(pi(@) —y(1 - A)a?
+ M2 = qi(pi(@)) = g2(p2()))
= p1(K —0(e — ) —11p1) + pa(K — 72p2)
— (c+ Ba)(2K — (e — a) — 11p1 — V2p2)
—t(e —a)(K —0(e —a) —mp1) —y(1 — A)a?

-+ )\(Q — 2K — 9(6 — Oé) — 71pP1 — "}/2]?2)

4.1)

Where A > 0 is the Lagrange multiplier. After defining the Lagrangian function in
equation we derive the manufacturer’s optimal price decisions, in the proposition

below.
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Proposition 4.2.1. For a given government subsidy rate 0 < A < 1, and emission

reduction 0 < o < e, price decisions of the manufacturer are:

.
K—(e—a)(0—ty1)+(ct+Ba)y1 K+(ct+Ba)ye
2m ’ 272

* * if 2K—(e—01)(9+t'y12)—(0+6a)(71+’72) <0
(pi(a), p3(a)) =

(KfG(efa) 12K (e—a)(0—tn) K 2(K79)7(efa)(0+t71))
27 2(71+72) " 292 2(n+2)

if 2K—(e—a)(6+t712)—(6+,36¥)(’71+’)’2) >0

(e=a)(O+ty1) —(c+Ba) (v 72

5 ) < Q, according

The capacity becomes non-binding if 2K

to Proposition 4.2.1] When the additional cost pressure due to production and tax is
higher than the increased demand from emission reduction level the manufacturer’s

production volume decreases and capacity may become non-binding. When the ca-

2(K—Q)—(e—a)(0+ty1)
2(714+72)

pacity is binding, prices are adjusted by the same amount, i.e., by

# > ( for both markets.

When the capacity is non-binding, the carbon border tax, ¢, and the emission sen-

sitivity of customers in the developed region, 8, do not affect the manufacturer’s price

K+(c+Ba)ys

decision for the developing market, (p3(a) = s

). However, when the ca-
pacity is binding, customers in the developing market are also affected by the carbon

border tax and emission sensitivity of customers in the developed region.

If we compare the prices between the base and CBAM models under the non-binding

capacity, the price for the developed market increases by (6_0‘)?% This is due to

the resulting tax cost and increased production cost with the emission reduction. For

the developing market, on the other hand, price increases only due to unit emission

Ba
5 -

reduction cost, i.e.,
When the capacity is binding in the base model, it can be non-binding under CBAM.
The carbon border tax may force the manufacturer to retrain from overproduction.
Consequently, prices would decrease in both regions. However, the price change

would be greater in the developing region than in the developed one. This difference

fa+t(e—a)

oy > 0.

in price changes can be expressed as
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We derive the manufacturer’s optimal price decision for a given «, and A in the man-
ufacturer’s second stage problem. We continue our analysis with finding the optimal
unit emission reduction level,«, of the manufacturer for a given government’s subsidy

rate A, 0 < A < 1.

Lemma 4.2.1. The manufacturer’s first stage profit function becomes a two piece

function subject to following conditions.

* * : 2(Q—K)+e(0 ¢
Htlzbam(a’pl (a)7p2(a)> lfO./ < : (91:’)’5)4—_?&)11’53)1+WQ)
cham(a,pi(a),pz(ﬁ)> =

1%, (o, pi(a),pi(a))  otherwise.

Where;

maximize I}, (a,pi(a), ps(@)) = pi(a)q(pi(a)) + p3(a)g(pi(a))

0<a<a

—(c+ Ba) (@ (pi(@)) + a:(p3(e)) — tle — a)ar(pi(a)) — y(1 — A)a

maximize 117, (v, pi(a), p3(e)) = pi(e)ai (pi(a)) + p3(a)ga(pi ()

—(c+ Ba)(q1(pi(a)) + g2(p5(@)) — tle — @) qu(pi (@) — y(1 — A)e?

2(Q—K)4e(0+ty1)+c(v1+72)
(0+tv1)—B(v1+72)

This is the threshold on « beyond which the capacity constraint becomes binding

We define an emission reduction threshold for capacity as & =

under the optimal solution of the second stage manufacturer’s problem. The ca-
pacity is binding when o > & for the manufacturer’s second stage problem. Con-
sequently, the manufacturer’s first-stage profit function, I1.pa,, (o, pi(a), p3(a)) be-
comes a two-piece function. IT,  (a, pi(a), p5(a)) and TI%,, (o, pi(), p3(c)) rep-
resent the manufacturer’s first stage profit function for o < &, o > &, where capacity

is non-binding and binding, respectively.

In the following lemma, we explain the behavior of the manufacturer’s first-stage

profit function.
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Lemma 4.2.2. For a given government subsidy rate A,0 < A < 1;

1 IfA<1-— (O (t=P)m)*+5 712 dyyy, T (o, pi (@), pi(@)) is concave in o and,

o By (2K —c(yi42))— (0+9) (K~ (c—Be)—(e(0+tm)) DT, (0w (e) wi(e) _
forof = = G A e e =0,

2. IfA>1— (9”*’8237)?%2’7”2, ., (o, pi(a), p3(a)) is convex in c.

2 . .
3. IFA<1-— %, 1%, . (a, pi(a), pi(a)) is concave in a and,

262 (y1+72)71 +(O+t71) (K (11 —72) =200 +e(0+tm)v2) Gy (0PI (@)p5(2)) _

o __
fora; = )2 —dy(1—2) (1 +92) : 9o

0+tvy1)? * % . .
4. IfA>1-— %, 1%, (o, pi(a), pi()) is convex in c.

According to Lemma [{.2.2] each piece of the manufacturer’s profit function be-

comes concave or convex in « depending on the given A value. We define short-

1 — (6+(t=B)71)2+B%1172
dym

The government’s subsidy rate, A, strongly influences the

cut expressions for the concavity thresholds as A; = , and

0+t71)% 2
Ay =14 :
2 4y(y1+72)n

manufacturer’s profit function; therefore, it’s unit emission reduction decision, c.

Lemma 4.2.3. Ay — A, = W > 0.

Lemma[4.2.3]indicates that while the manufacturer’s first piece of the profit function,

Hl

cbam

H2

cbam

(av, pi(c), p3(c)), can not be concave, when the second piece of the function,

(cv, pi (), pi(r)), is convex in «, because Ay > A > A, is an empty set.

Next, we derive the optimal unit emission reduction decision of the manufacturer

in the following proposition.
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Proposition 4.2.2. For a given government subsidy rate of technology investment
0 < A < 1, we characterize the manufacturer’s optimal unit emission reduction

level. We define o/ = min(max(0,a3),e), and &' = maz(0, min(as, e)).

Case 1. If A < Ay, then

L Ifas, a5 < @, then o (A) = min(maz(0, o), )
Il If of, a3 > &, then o*(A) = (0, min(ag, e))
I If o > & > a3, then o*(A) = @
IV. If a5 > & > af, then
(a.) If My, (e, pi(e’), ps(a’)) — 1T, (@, pi(a”), p5(a”)) = O, then

a*(A) = o = min(max(0, ), e), otherwise a*(A) = o = (0, min(a3, e)).

Case 2. If A > Ay, then

1 * *
I lf cbam apoll(oz) p2 Oc) |a_a > 0’ ancbam(a§;(0)7p2(a)) |a:O > O’ then Oé*<A) =€

II lf (‘bam aap;{(a) pz |O( & S 0 cbam(agni(a)m;(a)) |a:e S 0’ l.hen a*(A) — 0

1Il. Otherwise, lchbam(pl (0) p;(0)7 0) Ny szam(pi(e)ap;(e)v 6) <0, then
a*(A) = e, otherwise a*(A) = 0.

Case 3. If Ay > A > Ay, then

L Ifas < @, then o*(A) =0
II. If a5 > &, then

(a.) If 10 (", pi("), p3(@")) = T3y, (P1(0), p3(0),0) 2 0,

then a*(A) = " = max(0, min(as, e)), otherwise a*(A) = 0.
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According to Proposition 4.2.2] when the government’s subsidy rate is high enough,
depending on the market conditions, the manufacturer either fully reduces emission
or does not invest at all (Case 2). Even when the government covers investment costs
completely, i.e., A = 1, the manufacturer may choose not to reduce emissions when
the unit production cost increases too much with the technology investment, and car-
bon border tax and emission sensitivity of customers are relatively low. Instead of
reducing emissions, the manufacturer pays all carbon taxes and loses potential cus-
tomers in the developed market. In this case, market conditions push the manufacturer
to do nothing or complete emission reduction. Thus the government’s intervene may

be weak even when it offers a subsidy for the whole investment cost.

The manufacturer may be willing to reduce emissions despite the government’s low
subsidy under convenient market conditions (Case 1). The manufacturer reach some
level of emission reduction, and the this level increases with A (af, and o increase
with government’s subsidy rate, 0 < A < A;). In this case, the government can in-

centivize the manufacturer to invest in higher reduction level by offering a higher sub-

(0+(t=B)71)*+B%v172
dym

the government can offer subsidy in a range for the manufacturer’s emission reduc-

sidy rate. This result indicates that when case 1 holds, i.e., A < 1—

b

tion decision. In contrast, when Case 2 holds, the government is left to offer a specific

rate of subsidy or do nothing.

The manufacturer does nothing when a5 < & under Case 3. Therefore, the gov-
ernment subsidy is ineffective. However, when a5 > & holds, the manufacturer may

reduce emission under the given government subsidy.
The following Table contains a summary of results stated in Proposition §.2.2]

In Figures 4.1} 4.2] and .3] we represent the manufacturer’s first-stage profit func-
tion under different A cases referring to Proposition
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Table 4.1: Unit emission reduction decision of the manufacturer for a given A

Conditions

Result (a*)

Case 1: A < min(Aq, Ay)

L. aj, a8 < a min(maz(0, ay), e)
II. as, a5 > o max (0, min(as3, e))
III. o] > a > ag Q

IV. as > a > af

@) | Wy, 91(0), P5()) — om0, (@), p3(e)) > O | min(maz(0,a3), e)
(a.) Otherwise max (0, min(as, e))

Case 2: A > max(Ay, Ag)

L] Panli@r@a) ~ " o O, @@~ .

L | Pnli@a@) ) M, bies@e) 0

II1. Otherwise

(@) (95(0), 25(0), 0) — I3, (3 (e), pi(e), €) = 0 0

(a.) Otherwise e

Case3: Ay > A > A

L as < a 0

II. as > a,
(a) (o, pi ("), pi(a”)) — Ty (0) > 0 maa(0, min(as, c))
(a.) Otherwise 0

33




Following Figure [.1] represents the manufacturer’s first stage profit function where
both pieces are concave in o (Case 1). For instance, the light blue curve represents a
potential function for the manufacturer’s first stage problem where a7, o5 < & holds

under the Case 1.

Case 1. WhenA < A,
Mepam (00, p1 (), 3 ()

Hclb:cm (G' Pf(ﬂ). P;((X))

n?bam (G’ pi (@), P;((X))

Y v A0

Figure 4.1: Case 1 from Propositionm

Figure {.2] represents the Case 2 where both pieces of the manufacturer’s first stage
profit function are convex in . The orange curve represents the condition where

aHib“m(p%(z)’pz(a)’a) la=a <0, 8H§”“m(p%z)’p§(a)’a) la=e < 0 holds under Case 2. Thus

the optimal solution under this circumstances is equal to a* = 0.

Figure [{.3] represents the Case 3 where first piece of the manufacturer’s first stage
profit function is convex in «, while the second piece of the function is concave in a.
The dark blue line is for the condition where o5 < & holds under Case 3, thus the

optimal solution is equal to o™ = 0.
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Case 2.When A > A,
Mepam (00, P (@), 3 ()

Hclimm (lX, p; (), P;(C{))

chbam (C{, pi (@), p;((}))

N
Y . S

Figure 4.2: Case 2 from Propositionm

Case 3.WhenlA; = A > Ay
cham (EX, pf(a), .UQM ((X))

(@, P1 (@), 23 (@) Zyam (@, 01 (), 23 ()

1

Figure 4.3: Case 3 from Proposition m
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4.2.1 Uncapacitated Problem for The CBAM Model

This part analyzes the manufacturer’s unit emission reduction decision without a ca-
pacity restriction. In the following Proposition 4.2.3] we analyze the manufacturer’s

unit emission reduction decision « for the uncapacitated problem.

Proposition 4.2.3. For a given government subsidy rate of technology investment A,
the manufacturer’s unit emission reduction decision, o, is as follows.

(i) IFA<1— (9+(t—ﬁ)£33+527172, then

(@) If b (2K —c(n +72)) = (0 +tm) (K = (e — fe) —e(0 +1m)) <0,

Byi K —c(y1+72)) = (0+ty1) (K =71 (c—Be) —e(0+t71)) e)
(0+(E=B)11)2—dy(1-A)yv1+58%y172 )

then o = min(

(b) Otherwise o* =0

7 _ (0+(E=B)11)* 4827172
(ii.) If A > 1 dy , then

(a) If By 2K — c(n +72)) — (0 + 1) (K = y1(c — Be) —e(0 + tn)) < 0,
then o = e.

(b) If B (2K — c(n +72)) — (0 + t71) (K = 71 (c — Be) —e(f +171)) —e((6 +
(t = B)m)? — 4y(1 — A)y + B*y172) > 0, then o = 0.

(c) Otherwise, if 2(Sy1 (2K — c(y1+72)) — (0 +t71) (K — 7i(c — Pe) —e(6 +
tn))) — e((0 + (¢t — B)n)* — 4y(1 — M)y + *y192) > 0, then o = 0,

otherwise o* = e.

According to Proposition4.2.3] if 871 (2K — c(y1+72)) — (0 +t71) (K — 1 (c— Be) —
e(f + ty1)) < 0, the manufacturer always reduces its emission level, and increasing
subsidy rate, A, motivates the manufacturer to engage in more significant reductions.

_ 2, 52
Under this conditions, if A > 1 — @*(=5 )47;31 571 then the manufacturer reduces

emission fully (o* = e).

If Byi(2K — c(n +72)) — (0 + i) (K — 7(c — Be) — e(f + ty1)) > 0, then

(0+(t—=B)71)* 4821172
dym

potential attraction of customers from the developed market and tax benefits de-

the manufacturer does no investment, if A < 1 — . Because the

rived from emission reduction fail to offset the increased unit costs incurred by tech-

nology investments. The government may need to offer a higher subsidy rate, i.e.
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A>1— (0+(t—B)71)%+B%v172
dym

, to encourage the manufacturer for emission reduction.

While all other parameters are the same, the fact that the technology becomes more
expensive (higher y values) makes the manufacturer more dependent on government
subsidy. In this case, the manufacturer does no investment for a broader range of
parameters or reduces emissions completely. Interestingly, even if the government
provides a high subsidy when the technology is costly, the manufacturer may still
do no investment. Here, (3, the unit cost increase rate due to emission reduction,
affects both markets, unlike other parameters, becomes a critical factor for the manu-

facturer’s decision.

We analyzed and derived the analytical results for the base case and the manufac-
turer’s problem in the CBAM model. Since it is not possible to define the govern-
ment’s problem in closed form, we analyze it by numerical experiments in Chapter
5] The following subsection introduces the short-run CBAM model, which helps

analyze the transition between the base and CBAM models.

4.2.2 The Short Run CBAM Model

This section summarizes the results of the CBAM model in the short run. In our
CBAM model, the manufacturer decides on unit emission reduction and sets prices
for both regions afterward. We assume that the technology investment is a long-term
decision for a company, while the price decision is a short-term decision. Therefore,
we analyze the manufacturer’s short-run decision. In this model, the manufacturer
does not have a chance to consider technology investment. Moreover, there has yet
to be any intervention from the local government. By analyzing this case, we look
at how carbon border tax from the developed region could affect the manufacturer’s
prices and, consequently, its production volumes for both regions. This model also
lays the groundwork for understanding the transition between the base and the CBAM

cases.
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For this model, the manufacturer’s problem is as follows:

maximize Ilpamsr(P1,02) = P1¢1(P1) + P2ga(p2) — c(q1(p1) + g2(p2))

P1,P2
—teqi(p1)
subjectto  q1(p1) + q2(p2) < Q2

q1(p1); g2(p2) > 0

While first two terms represent the total revenue, the third term is the total production

cost and the final term is for the total tax cost.

Following Tables [4.2] and {4.3] indicates the price decisions of the manufacturer, for

the base and short run CBAM models.

Table 4.2: Price decisions of the Manufacturer for the Base Model

pi D5
2K —0e—c(y1+72) K—0fe c K c
If ===+ <Q o T2 2 T2

If 2K —0e—c(v1+72) ¢) K—0e 2(K—Q)—0e K 2(K—Q)—0e

2 271 2(y1+72) 272 2(y1+2)

Table 4.3: Price decisions of the Manufacturer for the Short Run CBAM Model

*

P1 Y2

2K —e(0+ty1)—c(y1+72) K—e(0—tn1) | ¢ K c
If 1 <Q — T3 25 T2

2K —e(0+ty1)—c(y1+72) K—fe | 2(K—M—e(0—ty2) | K | 2(K-Q)—e(0+t11)
If 2 > 271 + 2(y1+72) 272 + 2(y14+72)

We compare the results above; when the capacity is non-binding for both cases, the

manufacturer’s price decision for the developing region, p3, does not change. The

manufacturer increases the price for the developed region by %t However, when the

capacity is binding in both models, the manufacturer lowers the price by 5 (jffw) for

the developing region and increases the price for the developed region by 2(;f1272)'

When the tax pressure from the developed region gets higher, and the initial emission
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level of the manufacturer is relatively high, the manufacturer lowers the price for the
developing region. This means the manufacturer increases the sales for the develop-

ing region while it decreases for the developed region.

The difference in capacity utilization threshold between the two models is e% When
the manufacturer fully utilizes its capacity under the base case, with carbon border
tax, it may have a slack capacity in the short run. The carbon border tax may push
the manufacturer to retrain from fully utilizing the capacity. Because the tax causes
additional cost pressure, the manufacturer may choose to produce less than the ca-

pacity after the carbon border tax while using the capacity entirely in the base model.

(K—Q)—ef—(ctet)(y1+72)
2(71+72) ’

. Difference between

In this case, the price for the developed market is adjusted by 2

(K—=Q)—ef—c(y1+72)
2(v1+72)

and for the developing market is adjusted by 2

change in prices (developed - developing) is %t

In any case, the manufacturer’s profitability is higher under the base model because

the tax imposed from the developed region causes additional costs.

If scarce capacity status is sustained under the carbon tax, then the total carbon emis-
sion does not change in the short run. Therefore, the carbon border tax only hurts

the customers due to increased prices in the developed region. If the capacity is

non-binding for both cases, the base model leads 62% more total emission than the
short-run CBAM model. When the capacity is fully utilized in the base model, in the
other model, it may not; in this case, the total emission will decrease with the carbon

border tax.
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CHAPTER 5

NUMERICAL STUDY

In this chapter, we conduct a numerical study to analyze the complete equilibrium
including the government’s decision for the subsidy rate. We compare the base and
CBAM models for their environmental and economic performance. We evaluate the
manufacturer’s profit, total quantity, and total emission level, and the government’s
objective function value as performance measures. We answer our research questions
where we state in Chapter [T as follows: (1) How may CBAM affect a manufacturer’s
economic and operational decisions? (2) How does CBAM affect a manufacturer’s
environmental performance? (3) How does a local government support its economy

against potential threats of CBAM?

This chapter organized as follows: we compare the manufacturer’s profit, total quan-
tity, and total emissions between the base and CBAM models in[5.2] To analyze the
effect of CBAM on the manufacturer’s economic and operational decisions, we com-
pare the price levels and the manufacturer’s profit in Sections[5.2]and[5.3] To examine
how CBAM affects a manufacturer’s environmental performance, we compare total
emission levels in Sections [5.2] and [5.4] To understand the government’s effect, we

compare the results between CBAM and CBAM under A = 0 cases.

5.1 Parameter Calibration

In this section, we explain how we determine the parameter values. We select base
parameters by choosing specific values for each parameter in their ranges and show

them in the following Table We derive equilibrium results and comment on our
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observations in [5.2]by utilizing the base parameter values.

Table 5.1: Base Parameter Values for Numerical Study

K Q Vi 0 c t
1.2x 105 1x10° 4 =55x10%9 =6x10> 5x10% 55 65
0.9 15 72 x 108 82.5 65 0.2

We create the base parameter values by choosing specific values for each parameter in
their intervals. Table[5.2]presents our parameter values with their intervals. We utilize
the data provided in the HeidelbergCement Case (Drake et al., 2014), and X. Huang

et al. (2021) from the cement industry to conduct our numerical experiments.

Table 5.2: Parameter Values for Numerical Study

K Q Vi 0 c t
1.2x10° 1x10% [3x10%7x10% [3x 1037 x 103 [46,58] [0,120]

€ 5 Yy ®1 @2 @3

0.9 [0,20]  [60 x 10°,75 x 109] 0, 120] [0,120]  [0,1]

For our numerical experiments, we use data from the cement industry, which is one
of the carbon-intensive industries the EU regulates with CBAM. In October 2023,
CBAM entered into the application in its transitional phase. Therefore, the cement
industry has been regulated regarding emission levels with CBAM (European Com-

mission, [2023)).

We use the data from CEMBUREAU (2022) for the base market potential. According
to the data, the EU imported approximately 10 x 10° tonnes of cement and clinker in
2022. Tiirkiye’s world cement and clinker share in exports was 8.02% in 2019 (T.C.
Sanayi ve Teknoloji Bakanligi, 2020), and 15% in 2022 (PwC Turkey, 2024). Based
on these data, we concentrate on a case where around 12% of the total import of a
region is the base market potential, so set the base market potential for a region as

K = 1.2 x 10% tonnes. We set the total production capacity of the manufacturer as
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Q=1 x 10° tonnes.

For the price sensitivity, we benefit from X. Huang et al. (2021), which they esti-
mated; for the emission sensitivity, we use the same range as 6 € [3,7 x 103] by
using price sensitivity. We set the unit production cost of cement as ¢ € [46, 58]

€/(ton cement) by using the data from CEMBUREAU (2021).

The carbon tax price changes over time, and according to Trading Economics (2021),
the highest value of carbon price in EU ETS was 105.73 /(ton C'O,) at the time that

report was published, therefore we define the range of carbon tax price as t € [0, 120].

For the initial emission level and the green technology costs, we use the data from
X. Huang et al.(2021), and adjust as e = 0.9 (ton CO,)/(ton cement). The unit cost
of technology improvement and the lump-sum cost of investment are represented as
18.24 €/ (ton CO,) and y = 73.22 x 10% € (ton cement)?/(ton CO,)? respec-
tively. We consider the technology investment costs would decrease over time with
new technologies. Therefore, we aim to minimize deviation from the base data while

establishing the upper limit. We consider the 3 € [0, 20], and y € [60 x 10°, 75 x 106].

We assume that the carbon tax paid by the manufacturer to a foreign country is a
potential loss for the local government and may represent the cost of environmen-
tal hazard, so we use the range of parameter t to define the range for ®,. For ¢4,
we use the same range as ®,. Since @3 represents a weight, it is already defined as

®3 € [0,1].
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5.2 Numerical Results

We examine the equilibrium results and performances of the models by using the base
parameter values. We summarized our equilibrium results in Table [5.3] In addition
to the base and CBAM models, we examine the Short-Run CBAM model and the

CBAM model without the local government intervention, i.e., A = 0.

Table 5.3: Equilibrium Results with Base Parameter Values (2 = 1, 000, 000)

Results Base Short Run CBAM | CBAM A =0 CBAM
i (8) 136.14 165.43 163.99 154.76
5 ($) 127.5 127.5 127.94 130.76
a* (ton CO,)/(ton cement) - - 0.06 0.43
A* - - - 0.810
Manufacturer’s Profit ($) 67.78 x 10° 46.37 x 10° 46.61 x 105 | 48.11 x 10°
Government’s Obj. Func. Value ($) - - 29.52 x 10° | 38.31 x 106
Total Production (ton cement) 883,990 720,625 726,217 761,940
Total Emission (ton COs) 795,510 648,563 610,022 358,112

According to the equilibrium results with the base parameter values, we can make
some observations. When the capacity is ample, and there is no intervention from
the local government, the carbon border tax especially hurts the developed region
because the manufacturer prefers to manipulate the price levels and production vol-
umes for its profitability rather than reducing the emission level. However, in terms
of prices, while the local government intervention in the CBAM model benefits the
consumer in the developed market, the developing market faces the highest price in
the four models. The manufacturer’s emission reduction level is significant only with
the government’s subsidy. Without local government intervention, teh manufacturer
refrains from a significant investment and the developed market faces very high price
levels with the CBAM. The local government subsidy helps to reduce the total emis-
sions and the price level for the developed market. On the other hand, the government
intervention hurts the developing market with respect to price level due to increased
costs. Consequently, the developed region benefits from the local government inter-
vention. Even though the region enforces the carbon border tax, the region does not

face a significant price hike. Although the developing region has no environmental
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regulation, it suffers from CBAM when the government subsidizes the manufacturer

for the technology investment.

While CBAM damages the manufacturer’s profit significantly, it is not always effec-
tive in reducing the total emission level. If the local government does not subsidize
the manufacturers, the total emission level decreases due to reduced production. In
essence, the developed region’s imposed carbon tax on imports results in price hikes
within the region rather than effectively curbing emission levels. However, a signif-
icant decrease in total emissions is observed with the government intervention. At
the same time, total production is also increasing. Here, the government prefers to
subsidize the manufacturer. As a result, CBAM is more effective only with local gov-

ernment intervention.

We study the same setting under the total production capacity of {2 = 700, 000 and
summarize the results in Table [5.4] The tight capacity causes an increase in prices
in each model compared to the excess capacity case. Allocating production volume
becomes more challenging for the manufacturer, leading to higher prices. However,
when the capacity is binding, CBAM benefits the developing market in the short run
with respect to price level. With the local government’s intervention under CBAM,
the price level for the developed market decreases and, the developing market price

increases.

Table 5.4: Equilibrium Results with Base Parameter Values (2 = 700, 000)

Results Base Short Run CBAM | CBAM A =0 CBAM
i (8) 155.15 167.23 166.31 161.32
s (3) 143.14 129.29 130.17 135.01
a* (ton C'Oy)/(ton cement) - - 0.06 0.36
A* - - - 0.815
Manufacturer’s Profit ($) 64.91 x 10° 46.33 x 10° 46.55 x 10° | 47.73 x 10°
Government’s Obj. Value ($) - - 28.64 x 105 | 35.19 x 108
Total Production (ton cement) 700, 000 700, 000 700, 000 700, 000
Total Emission (ton COy) 630, 000 630, 000 588,000 378,000
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Compared to the uncapacitated case, the manufacturer’s unit emission reduction level
is less when the capacity is binding in the CBAM model. This result indicates that the
manufacturer becomes less inclined to reduce emissions when the production volume
tightens. In fact, every model under tightened capacity causes lower total emissions
since the production volume is lower than the uncapacitated case. When comparing
the outcomes of CBAM models, we observe that despite lower total production due
to capacity restriction, the total emission is higher. This result underscores that the
manufacturer is more inclined to must and reduce emission levels he has a larger val-
ues and sales at stake. Parallel to the manufacturer, the government’s subsidy rate is
also lover in the capacitated case, mainly because the manufacturer is not motivated

to invest easily.

Our results show that the manufacturer’s emission reduction level is very low under
base parameter values without local government intervention. Even though the to-
tal emission level decreases without subsidy, this happens mainly due to the reduced
total production, not the reduced unit emission level. Therefore, local government in-
tervention is crucial for significantly reducing emission levels. We ask the following
question: Would government intervention still be crucial for a significant emission
reduction level if we adjust to another setting with a higher carbon border tax and
lower technology costs? To answer that, we adjust the carbon border tax level to
the highest value, ¢ = 120%$ and update the technology investment cost factor to the
lowest value, y = 60 x 10° € (ton cement)?/(ton CO3)?. We also update the unit
emission reduction cost to be lower than the base case, = 5 €/ (ton CO3). The

other parameter values remain the same as in the base parameter values.

According to equilibrium results (5.5), the emission reduction level without a gov-
ernment subsidy is still significantly lower compared to reduction level under the
government intervention, even with the lower technology costs and the highest tax
level. If we compare the equilibrium results of CBAM under A = (0 model with the
same model in [5.3] the total emission level significantly reduces, and the total pro-
duction also decreases substantially, but the emission reduction level is not (0.06 vs
0.18). Once the government offers a subsidy, the manufacturer reduces the emission

level fully, and the subsidy rate is not even aggressive, i.e., A* = 0.55 in the equilib-

46



rium. However, with the base parameter values, even though the government offers
a higher subsidy ( A* = 0.81), the emission reduction level only equals o* = 0.43
in the equilibrium. This outcome indicates that when the carbon border tax is very
high, and the technology costs are low, the government’s intervention leads to the best
environmental performance with a lower subsidy rate. In addition, the government’s
objective function value is at the highest level. Also, the price levels for both regions

are at their lowest value in all equilibrium results for the CBAM model.

Table 5.5: Equilibrium Results with Base Parameter Values Version 2

Results Base Short Run CBAM | CBAM A =0 CBAM
P} ($) 136.14 190.19 176.76 138.84
s ($) 127.5 127.5 127.96 129.75
a* (ton C'O,)/(ton cement) - - 0.18 0.9
A* - - - 0.552
Manufacturer’s Profit ($) 67.78 x 10° 35.60 x 10° 36.98 x 10° | 42.44 x 10°
Government’s Obj. Value ($) - - 30.35 x 10° | 52.44 x 10°
Total Production (ton cement) 883,990 584, 500 639,970 857,875
Total Emission (ton COs) 795,510 526, 050 468,778 0

where t = 120, y = 60 x 10° and 3 = 5.

Consequently, CBAM introduced by the developed region is insufficient to encourage
the manufacturer to must and reduce unit emissions, and damages the customers in the
region because of higher prices. However, with the local government subsidy, CBAM
becomes an effective tool for reducing unit emission level and total emissions. More-
over, the local government subsidy also benefits the developed region regarding price
level. The developing region, however, suffers due to incrased price for a greener but

costly product.

We further investigate our results in the following sections by utilizing parameter
ranges we summarized in Table [5.2] First, we analyze the effect of different pa-
rameters on the manufacturer’s profitability. Next, we focus on the environmental

performance.
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5.3 The Manufacturer’s Profitability

We examine the effect of each parameter on the manufacturer’s profit by changing
their range while the rest of the parameter values remain the same as in their base

values.

We first analyze the effect of capacity limit 2 on the manufacturer’s profitability.
We analyze the percentage change of the manufacturer’s profit in the equilibrium be-
tween the base model and the other three models (Short Run CBAM, CBAM) A = 0,
CBAM with respect to capacity constraint, (). To show the percentage change be-
tween each model with the base model, we use %]I; for instance, %' (Ilcpanr) rep-
resents the percentage change between the CBAM and base model in terms of the
manufacturer’s profit level in the equilibrium, and the formulation of it is as fol-
lows: %I (Iepan) = ((Hepanr — Upase) /(L pase)) 100. We use A = 0 to show the
CBAM A = 0 case as a shortcut in the figures.
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Figure 5.1: The Manufacturer’s Profit Deviation via Capacity Constraint
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As seen in Figure [5.1} compared to the base model, the manufacturer’s profit level is
lower in the other three cases. The deviation between the base and short-run CBAM
regarding the manufacturer’s profit is the highest in any capacity limit. The devi-
ation between base and CBAM A = 0 is close to the base and short-run CBAM.
Even though the lowest deviation in the equilibrium is between the base and CBAM
models, percentage change in the manufacturer’s profit is notable compared to the
base model. The deviation increases as capacity increases and stable when capacity
is sufficient enough to be non-binding. Therefore, we see that the carbon border tax
causes a significant decrease in the manufacturer’s profitability, but local government

intervention will reduce this deviation.

We continue our analysis by examining the effect of carbon border tax ¢ on the man-
ufacturer’s profitability since it is the main argument of the CBAM model. We first
analyze the manufacturer’s unit emission reduction level and the government’s sub-

sidy rate with respect to carbon border tax under the CBAM model which can be seen

in Figure
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Figure 5.2: A* and o* via Carbon Border Tax in the CBAM Model
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The carbon border tax is ineffective until a certain threshold, and the manufacturer
chooses to do no investment. Therefore, the government does not offer any subsidy.
However, after a certain level of carbon border tax, the manufacturer starts reducing
emissions, and the government offers subsidy at the highest rate. As the manufac-
turer’s incentive to invest increases with increased tax level, the government’s subsidy
rate decreases. Here, a carbon border tax below a certain level has no effect other than
worsening market conditions. Therefore, a certain threshold must be crossed for the

tax to be effective.

We continue to analyze the effect of carbon border tax on the performance metrics.
We compare the percentage change in the equilibrium results of three models (Short
Run CBAM, CBAM A = 0, CBAM) with the base model with respect to carbon
border tax, t, in Figure
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Figure 5.3: The Manufacturer’s Profit Deviation via Carbon Border Tax
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Carbon border tax hurts the manufacturer’s profitability significantly compared to
the base model. The manufacturer’s profit loss in the short run CBAM and CBAM
A = 0 models are close to each other since the manufacturer’s emission reduction
level is significantly low without the local government subsidy. The local government
subsidy helps to reduce the manufacturer’s profit loss. However, the local government
can only partially compensate the manufacturer’s loss in profit. In essence, the carbon
border tax is dysfunctional below a certain level. The local government subsidy helps
the manufacturer to recover its loss in profit; however, in any case, CBAM dramati-

cally hurts the manufacturer in terms of its profitability.

We continue our analysis with the effects of technology investment-related costs.
First, we examine the effect of the unit emission reduction cost 4 on the manufac-
turer’s emission reduction level and the government’s subsidy rate. The manufac-
turer’s unit emission reduction level decreases as [ increases due to increased pro-
duction cost. The government offers higher subsidy rates as /3 increases because the

manufacturer leans toward reducing the emission level less as /3 increases.
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Figure 5.4: A* and o* via Unit Emission Reduction Cost in the CBAM Model
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We also analyze the effect of the unit emission reduction cost, 3, on the manufac-
turer’s profitability between CBAM and CBAM A = 0. As seen in Figure [5.5] the
manufacturer’s profitability between the two cases is at the highest level when [ is
small. However, the deviation between profits decreases as [ increases due to in-

creased production cost depending on unit emission reduction level.
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Figure 5.5: The Manufacturer’s Profit Deviation via Unit Emission Reduction Cost

When we make the same analysis for the technology investment cost factor y, we
observe that the government’s subsidy rate is almost unaffected. However, the manu-
facturer’s emission reduction level decreases as y increases (5.6). As y increases, the
manufacturer faces a higher technology investment cost factor since the government’s

subsidy rate does not significantly change.

We also analyze at the price levels for both regions in Figure The price for the
developed market increases as y increases while the price in the developing market
decreases. The manufacturer decreases its investment in the technology and increases

the price for the developed market to bear the additional cost of carbon border tax.
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Figure 5.6: A* and o* via Technology Cost Factor in the CBAM Model
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Figure 5.7: Price Levels via Technology Cost Factor in the CBAM Model
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We investigate the effect of the technology cost factor, y, between CBAM and CBAM
A = 0 on the manufacturer’s profitability in Figure [5.8] Regarding the technology
cost factor, the manufacturer’s profit deviation between the two models decreases
slightly as y increases because the local government bears a high portion of the tech-
nology cost of investment. Therefore, the effect of the technology cost factor on the

manufacturer’s profit between the two models is low.
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Figure 5.8: The Manufacturer’s Profit Deviation via Technology Cost Factor

We further compare the manufacturer’s profit concerning price sensitivities ; and 7,
in Figure [5.9] When the manufacturer faces lower price sensitivities in both regions,
the profitability level is at its highest. If the customers have high price sensitivities in
both regions, it adversely affects the manufacturer’s profitability. If customers in one
region are highly sensitive to price, then the manufacturer’s profit increases when the

other region’s customers are less sensitive to price.
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Figure 5.9: The Manufacturer’s Profit Level via Price Sensitivities

5.4 Environmental Performance

This section investigates the potential factors that can affect environmental perfor-
mance. To measure the environmental performance, we evaluate the total emission
level. We also look at how total production is affected to analyze and understand the

primary influence on the total environmental emission level for some parameters.

One main motivator for implementing a carbon border tax is to improve environ-
mental performance. Therefore, we first analyze the relationship between the carbon
border tax and environmental performance. As seen in Figure [5.10] after a certain
level of tax, there is a significant decrease in total emissions. As we observe in Fig-
ure [5.2] the carbon border tax becomes effective after a certain threshold; before that
threshold, the decrease in total emissions is due to a reduction in the total production.
However, once the tax becomes effective, we observe a significant decrease in the

total emission level, and it continues to decrease as the tax level increases. Also, we

55



find that the ratio of reduction in the total emission level with respect to tax is more
than the ratio of reduction for total production. Therefore, the carbon border tax ef-

fectively helps reduce the manufacturer’s total emission level after a certain tax level.
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Figure 5.10: Total Emission and Production Levels via Carbon Border Tax in the
CBAM Model

We continue to investigate the impact of carbon border tax on different cases. We
analyze the percentage change in total production and emission level compared to
the base model concerning carbon border tax in Figure [5.11] In any case, the total
quantity is lower than the base model. However, the most minor deviation is from the
CBAM model, which means the government subsidy leads to a higher total quantity
level under CBAM. Regarding emission levels, the CBAM model with the govern-
ment subsidy results in the lowest total emission level. The short-run CBAM and
A = 0 cases also have lower total emissions compared to the base model—however,
the decrease in the emission levels is mainly due to decreased production instead of
green technology investment. As a result, the local government’s subsidy significantly

improve total production and environmental performance against CBAM.
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Figure 5.11: Total Emission and Production Levels Deviations via Carbon Border
Tax

We examine the relation between total emission and the technology investment cost
factor, y, and unit emission reduction cost [ in Figure @ If y increases, i.e., the
lump-sum investment cost increases, the total emission level increases; on the other

hand, the total production is almost unaffected (5.13b).

While total emission increases, total production decreases as (3 increases (5.13al). This
result indicates that higher § values cause lower production and still worse environ-
mental performance. Therefore, the nature of the technology investment becomes a

significant factor in reducing environmental burden while sustaining production lev-
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Figure 5.12: Total Emission and Production Levels via Technology Costs
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We also compare the total production and emission levels deviation between CBAM
and CBAM A = 0 in Figure Total emission level deviation, %(F), is affected
by both technological costs significantly. The deviation of the total production, %(Q),
is significant for the unit emission reduction cost, on the other hand, investment cost
factor is less effective on the total production. Since the local government bears the
high portion of the investment cost, the effect on the manufacturer’s production level
is minor. However, the manufacturer pays the unit emission reduction cost, therefore

higher [ leads to lower total production level.

-40

0
[— %(Ecamia-Er 0

—— %(EcgamEa-/Ea-o

' %.(E) '

-56 -56

-58 -58

-60 L L L L L 60 L L .
0 2 4 6 8 10 12 14 16 18 20 6 6.2 6.4 6.6 6.8 7 7.2

B y «107

(a) Unit Emission Reduction Cost (b) Investment Cost Factor
15 15 -
—— %(Qeaan @ =0/ - o) —— %(Qegan @ -0/ - o)
10+ 10
g g
X X
5 5 \(
0 - . - . - - 0 - . . -
0 2 4 6 8 10 12 14 16 18 20 6 6.2 6.4 6.6 6.8 7 7.2
s y %107
(¢) Unit Emission Reduction Cost (d) Investment Cost Factor

Figure 5.13: Total Emission and Production Levels Deviation via Technology Costs

Finally, we examine the effect of ®; and ®, on the environmental performance in Fig-
ure [5.14, When ®; and ®, values increase, the total emission level decreases. When
the marginal benefit for the government over the total production, ¢, is high, and
the marginal cost for the government over the total emission level @, the total emis-

sion level is at the lowest value. Interestingly, higher ®; does not necessarily cause
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a worse environmental performance in all cases. However, when the ratio of ¢, over
®, increases, the total emission level worsens. When @, is constant, the higher ¢,
leads to better environmental performance. This result indicates that while the local

government aims to increase overall production, the environmental performance does

not worsen.
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Figure 5.14: Total Emission Level with Respect to ¢, and ®,

In summary, CBAM is significantly effective with the local government intervention,
and the local government subsidy, CBAM becomes an effective tool to regulate the
manufacturer’s overall emission level. Also, the local government subsidy benefits the
developed market; conversely, CBAM with the local government subsidy negatively
affects the developing market in terms 1f price. The manufacturer leans to adjust
prices and production levels instead of reducing its emission level significantly when
no subsidy is offered under CBAM. The local government subsidy not only helps
to improve the manufacturer’s environmental performance but also helps to increase
production. The local government’s subsidy is crucial for improving economic and

environmental performance after the introduction of CBAM.
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CHAPTER 6

CONCLUSION

In this thesis, we study a local government intervention under asymmetric emission
regulations. We focus on a single manufacturer that exports its product to two regions
(developed and developing) and faces a carbon border tax from the developed region.
While we consider the customers in both regions sensitive to price, we assume that
customers in the developed region are also sensitive to the emission level. We study
two different models. The first is a base model, which serves as a benchmark for
the CBAM model, our primary focus in this thesis study. We use a game theoretical
setting, where the manufacturer adjusts prices and may invest in greener technology
after the introduction of CBAM. The local government may subsidize the manufac-
turer for green technology investment. We also introduce a short run CBAM model
where the manufacturer can only adjust price levels to react to the carbon border tax.
This model helps us to understand the transition between the base and the CBAM

models.

First, we analyze the base model and find that the prices increase by the same amount
for both regions when the capacity is tightened. In the short run CBAM model, price
levels always increase for the developed market. On the other hand, when the capac-
ity is ample, the developing market is not affected by CBAM in the short run. If the
capacity is limited, the developing region faces a higher price level due to CBAM.
After the carbon border tax, the manufacturer may stop utilizing its capacity in full,

in this case the price levels for both regions are adjusted.

In the CBAM model, prices increase by the same amount for both regions once the

capacity is tightened, as in the base model. The high subsidy rate from the local gov-
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ernment may not be effective under certain market conditions where the unit emission
reduction cost is costly when tax rate is low. If the unit production cost increases and
dominates the potential customer attraction due to emission reduction with a low car-

bon tax, the manufacturer may not be willing to invest in greener technology.

We conduct a numerical study and examine the equilibrium results of different cases,
such as the base case, short-run CBAM, and the CBAM. We also investigate the
CBAM model without local government intervention to understand its impact. First,
we compare the equilibrium prices for different models and find that CBAM always
causes price hikes for the developed region. However, the developing market is unaf-
fected if capacity is ample in the short run scenario. Moreover, the limited capacity
of CBAM benefits the developing market in the short run or without the local govern-
ment intervention regarding the price level. Interestingly, with the local government
intervention, the developed market reaps the benefits while the developing market
suffers in pricing. In essence, CBAM hurts the developed market without the inter-
vention of the local government. However, the developing market suffers from high

prices if the local government intervenes for technology investment.

Our numerical study offers valuable insights into understanding the decisions and
impacts of local governments. Without local government intervention to incentivize
manufacturers to reduce emission levels, the effectiveness of CBAM is significantly
diminished. Even if the carbon border tax is sufficiently high, and the technology is
not expensive, the manufacturer’s investment level remains very low without a local
government subsidy. Nevertheless, the local government’s subsidy is very effective
under this scenario. CBAM helps to reduce total carbon emission levels even without
a local government. However, the main reason for the reduced emission level is the
reduced total production, not the lower unit emission level. This result implies that,
in the absence of local government intervention, CBAM enhances environmental per-
formance but adversely affects economic performance. On the other hand, the local
government’s subsidy helps to improve both the environmental and economic perfor-

mance.

This study can be extended to include competition among manufacturers. The play-

62



ers’ motivation for emission reduction might change in the competitive environment.
The competitive setting can be adjusted between manufacturers in the same or differ-
ent regions. Also, including a government budget for subsidization might be another
extension with or without a competitive setting. Except for those, the local gov-
ernment might be studied regarding trade and carbon regulations to investigate the

potential government actions against the CBAM in international trade.
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APPENDIX A

APPENDICES

A.1 Proof of Proposition4.1.1

The manufacturer maximizes its profit function based on decision variables p;, and
p2. To prove the joint concavity of the manufacturer’s profit function, we take the

second-order partial derivatives of the profit function with respect to p; and p,.

82Hba§6 (pl y P2 )
ops

82rlbase (pl y P2 )
opt

=27, <0 (A.1)

— _271 = 07

Since 71,2 > 0, second-order partial derivatives of the profit function by p; and p,

are negative. We analyze the determinant of the Hessian matrix as below:

[0 Mpase (p1,p2) O pase(p1, p2) |
op? Op1 Ope —2n 0
Hiu,,..(01,00) = =
OMpase(p1,p2) O pase(p1, p2) 0 2%
dp1 Ops 8p§

The determinant of the Hessian matrix is 4y, > 0, and the second-order derivatives
from equation [A.T] are already negative. The manufacturer’s profit function is jointly

concave in p; and p,. We derive optimal prices from first-order conditions:

aH ase ) K -0
WZK%HC%_Q@% p;:%
1 1
aH ase Y K
Miore D1, 2) = K + ¢y, — 2paa, Py = SRR
Op2 27,
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A.2  Proof of Proposition 4.1.2]

From the previous Proof we already show that the 1T, (p1, p2) is jointly concave
in p1, p2. To utilize the Lagrangian function, we take first order partial derivatives with
p1,p2 and A.

8»C ase ) ’/\
base (P1, P2, A) =K —fe+cy1 —2pim + A

Ip1
a£ ase ) 7>\
base (D1, P2, A) = K + ¢ — 2pava + A2 (A.2)
Op2
A
aﬁb““(ap)l\’p% ) = QO —2K + e + v1p1 + Yapo

We equate each partial derivative to 0 from equation [A.2] and derive p} and p5. We

2(K —Q)—be—c(y1+72)
Y1+72

the capacity constraint is non-binding, we set the Lagrange multiplier A = 0, keeping

find the Lagrange multiplier, A, as . To define a condition where

the {2 value unchanged on the right side of the constraint. If

2K —fe—c(y1+72)
- =0

the capacity constraint is non-binding, thus pt = £=0¢tn and pi = 592 When,

2m > 272
w > (), capacity constraint is binding, thus we find that, p; =

2K —20—0e K | 2K-20-0e
2(y1+72) 272 2(y1+v2)

K—0e
27 +

and p5 =
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A.3 Proof of Proposition 4.2.1]

The manufacturer’s second stage problem is jointly concave in p; and p,. To prove
jointly concavity, we took the second order partial derivative of Il pum (p1 (), p2(@), (@)
with respect to p; and po. Analytic results are same as the proof of Proposition 4.1.1.
After proving the jointly concavity, to find the optimal p; and p, we take the first

order partial derivatives of the Lagrangian function as follows:

OLebam (P1(a), p2(@), A) K —(e—a)(@ —ty)+ (c+ Ba)y — 2pmim + I

Op1 ()

a‘ccbam(pl(a)ap2(a)a )‘) — K + (C + BOZ)’VQ _ 2p272 _|_ /\,}/2
Ip2 ()

3£cbam(p1590;\),p2(04)7 a) =Q-2K+ (e—a)f+pim +p2ye

(A.3)
To find the optimal price decisions, we equate each equation in to 0. By doing

that, we find the \ = Q(Kfﬂ)f(efo‘)(ﬁf;zf(cw @)+92) Ty find the threshold where

the capacity constraint is non-binding, we equate the A = 0, and keeping the € value

unchanged on the right side of the constraint.

We find that, when 2K7(e*a)(9+t712) —(etfo)n+12) < () the capacity constraint is non-
K—(e—a)(0—ty1)+(ct+Ba)y K+(c+Ba)ys

2’)/1 272 '
We find that, when 2£=(e=)(@tin)—(ctBa)tnt12) () the capacity constraint is bind-

2
. * K—0(e—«a 2(K—Q)—(e—a)(0— % 2(K—Q)—(e—a)(0
ing and; p(a) = =g 2ESRE R0 and p (o) = g+ 2

binding; and p}(«a) = L and pi(a) =
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A.4 Proof of Lemma 4.2.1 and Lemma 4.2.2]

Conditions stated in Proposition 4.2.1 can be represented in terms of . The expres-

2K —(e—a)(0+t71)—(c+Ba) (v1472) 2(Q—K)+e(9+t71)+6(71+72)_ And

) < ), becomes, o < O+t7)—B(v1+72)

2(Q—K)+e(0+ty1)+c(v1+72)
(O+t71)—B(y1+72)

Using the respective prices, we can formulate I .m (o, pi(a), p5(a)) when a <

2(Q—K)+e(0+tvy1)+c(y1472)
(O+ty1)—=B(v1+72)

function behaviour we take the second order partial derivative,

sion

the latter condition becomes, o >

1
cbam

, and refer to it as I}, (o, pi(«), p5(«)). To understand the

O My (@, P1(@),p5(0)) _ (04 (= B)n)* —dy(L = D)+ B
Oa 2m '

From equation [A.4]we derive a threshold for A where I1%,, (c, pi(a), p5(c)) is con-
cave in «, i.e., where the equation is non-positive.
Since y; > 0, when (6 + (t — 8)71)? — 4y(1 — A)y1 + B9y < 0, , or equiv-

alently A < 1 — CHEIWEEIMY 1L, (0, pi(a), ph(a)) is concave in o Af-

ter finding a threshold for concavity, we take the first order partial derivative of
1%, (c, pi (@), p3(a)) and equate to zero to find the corresponding a value which

maximizes the function.

M gy (@, i (), P3(0)) _ a((0+ (= B)n)* +4y(=1 + A)yi + B2nis)
Oa 2v1
~ Bn2K —c(n +12) — (0 + 1) (K — mi(e — Be) — (e(0 + in))
2n
equating the first order partial derivative to zero and find;
of = Bn(2K — c(n +12)) — (04 t71) (K — y1(c — Be) — (e(0 + tm))
0+ (= B)m)* +4y(=1+ A)m + B

2(Q—K)+e(0+ty1)+e(v1+72)
(0+ty1)—B(v1+72)

(o, pi (), p(c)). To analyze the function’s behaviour, we follow the same

When a >
it as I12

cbam

, we can similarly formulate the profit and refer to

steps above.

O Mpom(,p1(0) P3(@) _ O+ i) =4yl =Dt 5

da? 271 (1 + 72)

We derive the threshold for the concavity from equation as (0 +1tvy1)*ye — 4y(1—

A)(v1 4+ 72)1 <0, or equivalently, A < 1 — %.
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After finding a threshold for concavity, we take the first order partial derivative of the

112, (o, pi(a), ps()) and equate to zero.

Oy (0, pi (), P3(0)) _ a0+ t71)*ye — 4y (1 — A))
da 271 (71 +72)
(0 + 7)) (K (71— v2) — 2971 + e(0 4 ty1)72) +28Q(71 + v2)n

271 (71 + 72)

and find;

o = O+ t7)(K(n —72) — 20 +e(0 + t11)72) + 2600 +72)n
’ Ay(=1+ A)(m +y2)m + (0 + 1)
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A.5 Proof of Lemma

_ (0+(=B8)11)2+8*717e 1 (0+t71)ye
Al - 4y »and A2 =1 dy(yi+vy2)7°

Ay — A = ((0+Efy_(f1)11’7_2,)872)2 > 0. Since y > 0, and 71,72 > 0, 4y(y1 + 72) > 0

always holds. (6 + (t — 8)y1 — Bv2)* > 0 always holds, since it is a quadratic

expression. Therefore, If A < 1 — (=5 )471)2’% N polds, A > 1 — 4(9’%7—1)272 does
YY1 y(v1+72)71

not hold, and A; > A > A, is an empty set. Consequently, if we recall the conditions

1

cbam(av pi (Oé) ) p; (Oé)) concave

from Proof of Lemma 4.2.1 and Lemma 4.2.2, when 11

ina, 1%, (o, pi(a), p3(a)) can not be convex in a.
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A.6 Proof of Proposition 4.2.2]

Since the manufacturer’s profit function is a two piece-function, we prove that the
profit function is continuous in «.. To do that we compare the profits at &, and from

that:
H}:bam(aupi(d%p;(d)) - Hgbam(dapH{(&)ap;(d)) =0

Since profits are equal to each other at &, and each piece is already continuous in «,

we say [ pam (@, pi(a), p5(«)) is continuous in c.

To understand how the manufacturer’s profit function behave, we look at the first

order partial derivatives of IT}, (a, pi(a), p3()), and 113, (c, pi(a), p3(c)) at the

cbam cbam

— _ 2(Q=K)+e(0+ty1)+e(nit2) .
threshold & = G —BCi) . We find that:

Oy, (v, pi (@), p5 ()
Oa

O (@ pi(@), p5(@))
O

=0

a=a

a=u

With these findings, for a given A, we derive the manufacturer’s decision for a* €

[0, €].

Case 1. When A < min (1 S A G} 0 e i T M) then
) - dym ’ dy(mtrz)mn )’

.. (v, pi(a), p3(a)), and T1%, (o, pi (), p3(a)) are concave in .

L If a9, a5 < &, then we get o = min(max(0,a3),e). This translates into the

following form:

If By (2K —c(v1+72)) = (0+ty1) (K =71 (c—Pe)—(e(0+tv1)) < 2(Q-K)+te(0+ty1)te(yi+r2
(04+(t—B)71)?+4y(A=1)v1+8%7172 —= (O+ty1)—B(v1+72)

28Uv1492) 71+ (0+t71) (K (1 =72) =2Qy1 +e(0+t71)72)  2(Q=K)+e(0+ivi)+c(vi+92)
(0+tv1)2y2—4y(1-A) (v1+72)m — (0+tv1)—B(m+7y2)

/371(QK—C(71+72))—(9+tv1)((K—71(C—Be)—(€(9+t~ﬂ))) e)
(04(t—=B)71)2+4y(A—1)714+B82%7172 =)

), and

, then

a* = min(max(0,

II. If o, a5 > @, then we get a* = max(0, min(a3, e)). This translates into the

following form:

If B (2K —c(y1+72)) = (0+ty1) (K =71 (c—Be) —(e(0+t71))
(0+(t=B)71)? +dy(—=14+A) 71 +6%7172

2(Q—K)+e(0+tv1)+c(v1+7y2)
(0+ty1)—B(y1+72)

> , and
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I1I.

IV.

289Q(v1+y2)v1+(0+ty1) (K (v1—v2) — 2271 +e(0+ty1)v2) > 2(Q—K)+e(0+ty1)+e(v1+v2) then
(O+t71)2y2—4y(1-A) (r1+y2)n (0+tv1)—B(v1+72)

28Q(v1+y2) 71 +(0+tv1) (K (y1—72) =271 +e(0+t71)72) e))
(0+t71)%72—4y(1-A) (v1+y2)n Ve

a* = maz(0, min(

If o] > a > a5, then o = «. This translates into the following form:
If K —c(nity2) = (0+ty) (K —vi(c=Be)—(e(0+in)) - 2AQ=K)+e(@+tyi)te(yi+72)
(O+(t=B)m)*+4y(=1+A)n+B%y172 (O+ty1)—B(n+12)

28Uy +y2) 1+ (O+ty1) (K (1 =72) =20y He(0+ty1)y2)  2(2=K)te(0+ty1)+e(vity2) . then
(0+171)272—4y(1-A) (11 +72)7 = (0+ty1)—B(v1+72)

* _ 2(Q-K)te(0+tyi)te(vit2)
o (O+ty1)—B(v1+72) )

, and

If o > & > af, then we compare the profits at min(max(0, af), e) and
max (0, min(as3, e)), and choose the one that gives the maximum profit in the

feasible range of e. The following form explains these conditions:
If B @K —clni92)) = (O+t) (K- (c—fe)—(e(0+tm)) o 2Q=K)+e(0+tm)te(n+y)
(0+(t—B)711)?+4y(—1+A)11+B8%1172 (0+t71)—B(71+72)

28Q(m1+y2)v1+(0+ty1) (K (v1=v2) =221 +e(0+ty1)v2) > 2(Q—K)te(0+ty1)te(vi+2) then
(0+t71)272—4y(1-A) (v +y2)m (0+ty1)—B(m+72)

, and

(a) IF LY., (min(maz(0, o), e), pi (min(maz(0, o), e)), ps(min(maz(0, o)), ¢))

—TI1?

cvam (Maz (0, min(as, €))), pi (max(0, min(as, €))), ps(max (0, min(as, €))) >

0, then
o = min(maz(0,a3),e)

(b) If [Ty, (min(0, maz (0, 7)), pi (min(maz (0, a7)), ), p3(min(maz(0, a7)), e)

H2

cbam

(min(a3, €), pi(min(ag, €)), ps(min(ag, e))) < 0, then

a* = maz(0,min(ag, e))

Case 2. When A > max (1 - (G’L(t_ﬁ)“yw%w, ] — (Ottn)*e ), then

4y dy(m+y2)m

0, (c, pi (@), p3(@)) is convex, and T2, (v, pi(c), p5(cv)) is convex in a.

L.

|a a >0, C”“m(a’;’é(a)’pQ la=o > 0, then we get a* = e.

oTI} b (a»pl (a)7p2
If cbam o

This translates into the following form:

Q—K)+e(6 c
If 20 LGt (g4 (1 — B)y,)? — dy(1— A)ys +B1792) — B (2K —

c(m +72)) + (0 + i) (K = m(c = fe) = (e(f + tm)) > 0, and
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=B (2K — (v +72)) + (0 +t71) (K — mi(c — Be) — (e(6 +t1)) > 0, then

a =e.

11 If Mevan(0Pi(@)23()) =g My lorilelrs@)) - < then a* = 0. This

da a — da

translates into the following form:

If Q(Q_giﬁ?tt;(glfv(z)lﬂﬂ ((9+ (t - 5)71)2 - 43/(1 - A)”Yl +52’7172) — B (2K—
(1 +72)) + (0 +t9) (K — (e — Be) — (e(0 +t71)) < 0, and
e((0 4 t71)*y2 — 4y(1 = A) (3 +72)71) — 26971 +72)m — (0 +t7) (K (7 —
Y2) — 207 + e(0 + t71)72) < 0, then
a* = 0.

III. Since derivatives at & are equal, for the remaining cases we compare the profits

at {0} and {e}. And we get:

MO _ 0eBR09) 4 ge(Q— K) +4(1 = A)e? + 2 + 72) +2(208 — Kt)e

+2¢(0 + ty1)e + t(20 + ty1)e? > 0, then a* = 0, otherwise a* = e.

Case 3. When (1 — @+l 5 A < 1 _ 0408’48 172 ) (hap
: dy(vity2)m — 4y ’

2
cbam

Hl

ovam (04 DT (@), p3(ar)) is convex, and I1

(o, pi(a)ph(«)) is concave in .

I. If a5 < @, then we get a* = 0. This translates into the following form:

If 2821 +72) 1 +(0+t71) (K (1 =72) =20 +e(0+im)y2)  2Q=K)+e(@+iv1)+e(yi+72) then
(O+i71)%72—4y(1-A) (71 +72)n - (O+ty1)—B(r1+72) ’

o = 0.
II. If o > @, then we compare the profits at {0} and maz(0, min(asg,e)) and
choose the one that gives the maximum profit in the feasible range of e. The

following form explains these conditions:

If 28Q(v1+y2)v1+(0+ty1) (K (y1—72) =221 +e(0+ty1)7v2)
(O0+ty1)2v2—4y(1-A)(v1+v2)m1

Q—K)+e(0+ty1)+c(y1+2)

o
> TGt Bt n)

, then

(a) If 112, max(0, (min(as, e)), p; (maz(0, min(a3, €))), p5(maz(0, min(as, €))))
-2 (@ + 5—22 — 2K (2c+ et) + (c+ et)*y1 + *ya + 20(c + et)e) >0,
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then o = max (0, min(as, e)), otherwise a* = 0.
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A.7 Proof of Proposition 4.2.3|

When the problem is uncapacitated, 2K (e=a)(OFty)—(cAfa)n+y) < () always holds,

2
2(Q—K)+e(0+ty1)+c(y1+72)
(O+ty1)—B(v1+72)

of Lemma 4.2.1 and Lemma 4.2.2, when A < 1 — (0+(t—ﬁ)£3f+62w172 holds the

and accordingly o < always holds. If we recall the Proof

manufacturer’s first-stage problem is concave in «. Otherwise it is convex in a.

When A < 1 — U£(=5 )Z;y)jw 12 polds, we already derive the optimal solution

by equating the FOC to zero at Proof of Lemma 4.2.1 and Lemma 4.2.2, and find

a° — By (2K —c(y1+72)) = (0+ty1) (K =71 (c—Be) —(e(0+t71))
1 (0+(t—B)v1)2+4y(—1+A)y1+8%7172

negative, therefore if the numerator of «f is negative the optimal solution will be

. The denominator of af is always

(0+(t=B)711)*+8%*1172 holds
dym ’

negative, the optimal solution will be equal to zero, i.e., a* = 0.

When A < 1 — (=5 )Z;W)fw “192 holds, the manufacturer first-stage problem will be

If the numerator is non-

equal to min(aj,e) when A < 1—

convex in «. In that case, we compare the FOC at lower and upper bounds of « to

find optimal solution.

If Hebem Pl QBN | — By (2K — e(y1+72)) — (0 + 1) (K —y1(c— Be) —e(0 +

0
tv1)) < 0 then the the function is increasing, and o* = e.

If 8H°bam(a§2(a)’p§(a)) ef11 (2K —c(y +72)) — (0 4+ t7) (K — y1(c — Be) —e(0 +

ty1)) —e((0+(t— B)fyl)z —4y(1— A)y1 + $%y172) > 0 then the function is decreas-
ing, and o = 0.

When neither of the conditions above holds, we compare the manufacturer’s first stage
profit function at {0} and {e}. If I 40 (0, pi(0), p5(0)) — Hepam (€, pi(e), pi(e)) > 0,
or equivalently, 2(571 (2K — c¢(y1+72)) — (0 +tm) (K —n(c— Be) —e(0+im1))) —
e((0+ (t—B)n)?* — 4y(1 — A)y1 + f2y172) > 0, then the optimal solution is equal

to o* = 0, otherwise o* = e.
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