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Abstract. This research investigates the impact of both horizontal and vertical competition, on the one hand,
and strategy types (commitment-based versus contingent-based equilibrium strategies), on the other hand, on the
pollution accumulated by two supply chains over time. We consider a two-stage game model where two
manufacturers and two retailers are involved in a wholesale price contract, in order to supply the demand over a
finite time horizon. In the first stage of the game, the manufacturers set their respective optimal transfer prices.
During the second stage, polluting emissions are created over time in proportion with demand, which is
controlled by the retailers’ respective consumer prices. In this stage, the manufacturers are involved in emissions
abatement. In this setup, we seek to identify the combination of market structure and strategy type that leads the
two supply chains to generate the lowest pollution intensity and the highest level of abatement intensity.

Keywords. Pollution accumulation, Price competition, Double marginalization, Supply chains.

1. Introduction

Although much has been written about the importance of environmental performance (e.g., Chava,
2014; Flammer, 2015) and the impact of environmental regulation on firms’ competitiveness (Porter,
1991; Porter and van der Linde, 1995; Xepapadeas and de Zeeuw, 1999), the influence of competition
on pollution accumulation has been neglected. Competition has two dimensions: horizontal and
vertical. Horizontal competition is usually based on product substitutability that leads producers to
compete either on price or on quantity (e.g., Singh and Vives, 1984). In contrast, a usual feature of
vertical competition between manufacturers and retailers is the well-known double marginalization
(Spengler, 1950), which results in higher consumer prices, lower demand, and smaller profits than if
decisions were centralized.

The environmental economics literature has dealt with the consequences of a lack of horizontal
internalization of pollution externalities in a decentralized setting where non-competing producers
draw utility from polluting emissions as a by-product of production and incur a cost related to the
pollution stock (for a survey, see, e.g., Jorgensen et al., 2010; Benchekroun and Long, 2011). One
serious outcome of this setting is that strategy types, i.e., whether producers’ strategy is precommitted
to emissions reduction or contingent upon the pollution stock do matter. Along with strategy types,
both horizontal and vertical competition can affect pollution accumulation.

Consider the apparel industry where the polluting emissions have been serious concerns. While many
fast fashion companies such as H&M and Gap use outsourcing extensively without keeping in-house
capacity, some retailers such as Zara and Uniqlo maintain a vertically integrated chain where the
design and the production also take place in-house. In the oil industry, major companies such as Shell,
Chevron and BP manage from upstream exploration to marketing and sales of refined products,
whereas non-integrated super-independents as Anadarko, Apache or Talisman Energy consists in

more disintegrated, i.e., competing, supply chains (Boscheck, 2006). Mergers and acquisitions also
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take place actively in this industry, e.g., Chevron’s recent acquisition of Anadarko in a $33 billion
deal (Casey et al., 2019), implying the tendency toward horizontal integration.

Distinct patterns of competition between firms, vertically and horizontally, influence abatement and
pricing decisions and the pollution of firms in industries, and several studies have explored this aspect
based on the static approach as a first step. However, an important element that has been largely
ignored is the intertemporal dimension of the pollution externalities. For instance, pollutants are
generally long-lasting and cumulative in nature (Arrow et al., 1995) and firms typically pay attention
to the pollution from the long-term perspective e.g., BP planning to keep its emissions around 50
million tonnes of CO2 by 2025 and Shell setting emission targets for 2030. This study directly
incorporates the intertemporal feature of the pollution externalities based on dynamic games in
investigating competition and pollution accumulation, thus filling the important missing element in
the literature and also responding to the call for studies on dynamic settings with regard to
environmental problems (e.g., Xu et al., 2017; Galbreth and Ghosh, 2013).

Another important observation that motivates our research relates to strategy types. While contingent
strategies are common in practice, a growing number of global producers (e.g., Ikea, Coca-Cola, Dell,
General Mills, Sony,...) recently decided to opt for commitment strategies
(https://sciencebasedtargets.org/companies-taking-action). Whether to adopt commitment or
contingent strategy is of particular concern for many firms these days along with a global movement
to tackle climate change. For instance, Shell, which previously hesitated to employ any pre-
committed strategies, recently made an important decision to precommit to their strategies for three to
five years to reduce emissions, by 20 percent by 2035 (Raval et al., 2018; van Beurden, 2018). BP
also pledged to invest $100 million over the next three years for emission reduction in exploration and
production (Herron, 2019). Top apparel companies also recently adopted commitment strategies to
emission reductions, including major brands such as Gap, Nike, Levi’s, Guess, H&M, Zara and Puma
(WRI, 2017). Similar examples abound across a wide variety of industries, e.g., Siemens
precommitted to invest $110 million over the three years specifying the details on how the investment
in emission reduction will be realized (Kaeser, 2015), and Procter and Gamble committed to their set
of actions to cut its emissions in half (P&G, 2018).

Which strategy types (commitment versus contingent) firms adopt is not only of practical importance,
but also a critical factor in studying competition and pollution. Since firms under competition interact
with each other through their strategic choices, the way firms make their decisions can completely
alter the competitive landscape between firms. In this regard, whether firms precommit to their course
of actions at the beginning, or revise them continuously throughout the competitive interaction have
been regarded as an important theoretical distinction in terms of behaviors of competing firms
(Kamien and Schwartz, 2012; Dockner et al., 2000). These two strategies make contrasting
assumptions on firms’ behaviors, and strategic interactions of competing firms are usually more

pronounced under contingent strategy compared to under commitment strategy. Therefore, we
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examine how the strategy type are affected by competition and integration in an industry to determine

the pollution accumulation and abatement policies of firms.

The following research questions are addressed:

- How are pollution accumulation and abatement related to the presence of competition and
integration in an industry? That is, how do horizontal and vertical internalization of pollution
externalities affect abatement policies and pollution accumulation in a bilateral duopoly?

- How do strategy types modify the relative impact of horizontal and vertical competition on
pollution accumulation, if any? More specifically, how does the lack of precommitment by firms
influence the pollution intensity, abatement intensity and firms’ profits?

We briefly summarize the key results as follows:

- First, horizontal competition leads to more pollution than horizontal integration. The rationale
behind this is twofold: a ‘horizontally-induced volume effect’ due to more competitive sales prices,
leading to greater sales hence more pollution, on the one hand, and a ‘horizontally-induced polluting
effect’ resulting from lower incentives for abatement efforts due to competition, making the
manufacturing process dirtier.

- Second, vertical competition results in lower pollution than vertical integration. This is because
double marginalization under vertical competition reduces the gross emissions via sales, on the one
hand, and induces relatively greater manufacturers’ abatement effort, on the other hand. These two
effects are defined as ‘vertically-induced volume effect’ and ‘vertically-induced polluting effect’.

- Third, the vertically-induced volume effect is greater than the horizontally-induced volume effect
and the horizontally-induced polluting effect is greater than the vertically-induced polluting effect.
That is, the volume effect depends more on the vertical configuration, whereas the polluting effect

depends more on the horizontal configuration.

Finally, the impact of a strategy type depends on market configurations. Under horizontal
competition, a commitment strategy leads to mitigating the polluting effect compared to a contingent
strategy. The impact of a strategy type on the volume effect depends on the market structure. Under
horizontal competition, strategy types influence abatement and pricing paths of competing firms and
a commitment strategy leads to higher profitability for supply chain entities. In the context of
horizontal integration, both strategy types coincide.

The paper proceeds as follows. Section 2 reviews the relevant literature. In section 3, we develop a
dynamic game model with two manufacturers and two retailers. Section 4 successively derives the
optimal policies. Section 5 compares the strategies and their outcomes both analytically and

numerically. Section 6 concludes the paper.

2. Literature review
This study is related to two streams of literature on pollution accumulation: competition and strategy

types. We first review the studies on the impacts of horizontal and vertical competition on the



pollution, and then review the literature on the strategy type, i.e., pre-commitment and contingent

strategies, and its impact on pollution accumulation.

2.1. Horizontal and vertical competition and pollution

2.1.1. Horizontal competition and pollution.

Many studies examine the impact of regulation or consumer awareness under horizontally competitive
market in the environmental context (e.g., Ouchida and Goto, 2016; Subramanian et al. 2007).
Sabzevar et al. (2017) investigate the effects of cap-and-trade policy, and analyze whether tighter
policies increase the competitive firms’ profits. Galbreth and Ghosh (2013) examine the impact of
environmental awareness on two horizontally competing firms with different sustainability levels.
They find that higher awareness may benefit not only the more sustainable firm, but also the less
sustainable one. The impacts of different power structures are also often examined under horizontal
competition. Meng et al. (2018) show that firms’ optimal product strategies between common and
low-carbon products depend on the power structure, i.e., Nash versus Stackelberg structures. Chen et
al. (2017) also examine how the market power between two competing manufacturers influence the
pricing and emissions reduction strategies.

How horizontal competition influences the strategic interaction between firms and the environment is
gaining increasing attention, wherein the advantage of horizontal competition has been largely
supported. Yalabik and Fairchild (2011) show that if the degree of environmental competition
between firms is high, it encourages more environmental innovation of competing firms. Yenipazarli
(2019) finds that a firm under duopoly competition exerts more abatement efforts than a monopolist
firm to differentiate itself from its competitor when the abatement requires a relatively large up-front
investment. Ouchida and Goto (2016) further show that even when competing firms can coordinate
emission-reducing R&D to maximize joint profits, such cooperation can be socially inferior in cases
of severe environmental damage and low investment costs. Luo et al. (2016) investigate the
competing manufacturers’ pricing and abatement strategies under the cap-and-trade policy and argue
that while horizontal competition increases emissions, it leads to higher green technology investments.
Contrary to the aforementioned papers based on static games, we find that horizontal competition
lessens the abatement incentive of competing firms because the intertemporal pollution externalities
are not internalized by the competitive manufacturers. We also find that strategy types influences the

degree to which horizontal competition reduces abatement incentive of firms.

2.1.2. Vertical competition and pollution.
Due to the well-known double marginalization phenomenon, a rich body of the literature on vertical
competition explores how the coordinating contracts in the decentralized chain can achieve the system
efficiency in the centralized chain (see Tsay ef al. 1999 for a review). As a direct extension, many
environmental studies on vertical competition explore how diverse contracts may influence the

environmental performance (e.g., Zhou et al., 2016; Du et al., 2015). Ghosh and Shah (2015) show



that while the integrated chain leads to the highest product greening levels, the greening level in the
competitive chain becomes also higher with the cost sharing than without. Yang and Chen (2018)
show that under consumer awareness and carbon tax, sharing both of revenue and abatement
investment cost results in the same equilibrium outcome as sharing revenue only, thus cost sharing
contract becomes dispensable. Hong and Guo (2018) examine price-only, green-marketing cost-
sharing, and two-part tariff contracts in a supply chain and show that increased cooperation may not
be beneficial to all entities in a supply chain, but it can lead to the highest product greenness. Some
environmental studies consider bargaining power between manufacturers and retailers in the vertically
competitive chain (e.g., Ni ef al. 2010; Ghosh and Shah, 2012). Wang et al. (2016) examine the
emissions reduction under the retailer dominant and the power balanced cases, with the vertically
integrated chain as a benchmark.

The underlying theme of the aforementioned studies is the inefficiency of vertical competition in the
environment context. However, recent studies suggest that this belief may not always hold and
vertical competition may not be detrimental, leading to the same or even better environmental
sustainability. Zhu and He (2017) investigate the effects of supply chain structures, product types and
competition type (price or greenness). They suggest that although the lack of vertical coordination
results in less sales and less profit, it may not affect the optimal degree of product greenness. Xu et al.
(2017) similarly show that the abatement level remains the same regardless of whether a manufacturer
and a retailer coordinate their decisions, despite a decrease in production quantities and profits in a
decentralized chain. Jaber et al. (2013) find that vertical coordination can reduce the total supply
chain cost, but it can increase emissions and penalty costs. Chen et al. (2019) show that the vertically
coordinated chain may result in higher emissions than the competitive chain when firms make order
replenishment decisions. Toptal and Cetinkaya (2017) also find that, depending on production and
inventory parameters, carbon emissions can be larger under a vertically coordinated system.

Our study extends this line of research that suggests the adverse environmental impact of vertical
integration. However, there are important differences between our paper and the afore-cited studies in
that Jaber et al. (2013), Chen et al. (2019), Toptal and Cetinkaya (2017) and Zhu and He (2017) do
not consider pollution abatement and often assume a fixed demand, whereas we explicitly consider
firms’ investment in pollution abatement and assume an endogenously determined demand. Our study
also differs from Xu et al. (2017) in that while they focus on coordinating contracts, we focus on
strategy types that govern firms’ behaviors over time. Furthermore, none of those studies consider

intertemporal pollution externalities or the strategy types of firms.

2.1.3. Overall contribution to the literature on competition and pollution
Based on the literature review in the above, we summarize how this study contributes to the studies on
the competition (horizontal and vertical) and the environment. First, despite the growing interests on

the impacts of competition and integration on pollution, theoretical lenses that provide systematic



understanding of the results are largely lacking. To the best of our knowledge, our study is one of the
first to identify and compare drivers of the impacts of competition on pollution accumulation, i.e.,
‘volume effects’ and ‘polluting effects’, both vertically- and horizontally-induced.

Second, we find that strategy type may influence the effects of market structures, thus filling the gap
in the literature where these interdependences are largely ignored. For instance, strategy type affects
the degree of the polluting effect and the volume effect underlying the impact of competition on
pollution accumulation and also the abatement and pricing trajectories of firms under distinct market
structures.

Third, our study extends the literature in that we jointly investigate two dimensions of competition,
i.e., vertical competition or integration, horizontal competition or integration. This setting allows to
examine how the respective impacts interact in the markets where both types of competition exist,
which is common in practice. A few recent studies consider both dimensions of competition along
with environmental issues. Yang et al. (2017) suggest that vertical cooperation leads to higher
abatement rate and upstream horizontal coordination may reduce downstream profits, from which the
revenue-sharing contract can bring economic and environmental benefits. Creti and Sanin (2017) find
that horizontal integration increases profits in the vertically-related market due to the decrease in
emission permit price. Madani and Rasti-Barzoki (2017) show that horizontal cooperation under
vertically competitive chains, where one chain selling green product and the other selling non-green
product, leads to both eco-friendlier product and higher profits. Our study differs from these studies in
two critical aspects: (i) Although these studies consider two dimensions of competition, the interactive
impacts between vertical and horizontal structures remain mostly unexplored. In contrast, we show
that vertical structure can significantly alter the effects of horizontal structure, and vice versa. (ii)
While these papers adopt static games model, we employ dynamic games to incorporate the
intertemporal feature of pollution externalities and investigate strategy types of competing firms,

which determine the competitive landscape of firms.

2.2, Strategy types
While the majority of environmental studies are based on static models, our work is based on a
dynamic game model and shows how firms’ emissions abatement, production and pricing behaviors
would change over time. This approach is particularly useful in investigating dynamics of pollution
accumulation, instead of one-shot emission (Jgrgensen et al., 2010). In this regard, we extend the
bilateral monopoly game model in El Ouardighi et al. (2016) to a bilateral duopoly structure to assess
the relative effects of price competition and double marginalization. This study differs from El
Ouardighi et al. (2016) in that we characterize the main drivers of pollution accumulation, i.e.,
volume effects and polluting effects, and investigate their relative importance under horizontal and
vertical market configurations, which shows that while volume effects are influenced more by vertical

configurations, polluting effects are influenced more by horizontal configurations. We also investigate



the interaction between competition and strategy types and find that the effects of strategy types can
be significant depending on market configurations.

In the dynamic game models for firms’ emissions, the impact of strategy types has been investigated,
especially for a commitment strategy (i.e., an open-loop Nash equilibrium; OLNE) and for a
contingent strategy (i.e., a feedback Nash equilibrium; FBNE). Contingent strategy has been generally
considered to generate lower public goods since it often leads to free-riding behaviors between
players, which results in higher pollution accumulation than commitment strategy (see Dockner et al.
2000; El Ouardighi et al., 2018, b). Hoel (1993) also suggest that contingent strategies result in higher
total emissions, however, they reveal that the tax giving a Pareto optimal can be the same for both
strategies. El Ouardighi et al. (2016) further show that the two strategies may coincide due to the
linear state property involved. Bertinelli et al. (2014) also find that the contingent strategies may even
lead to lower long-run carbon emissions if the pollution is initially high. Feenstra ef al. (2001) find
that the strategy type can alter the effectiveness of tax versus standard: although standards are better
under commitment strategy, tax can be better due to the increased strategic interaction if firms adopt
contingent strategies. Stimming (1999) shows that under duopolistic competition, stricter policy
toward one firm may result in higher total emissions due to the higher investment of its competitor
and contingent strategies may strengthen this effect.

We fill the gap in this literature in two major aspects. First, although the aforementioned studies
explore different strategy types in the context of pollution accumulation, the impacts of market
configurations are largely overlooked. To be specific, most studies consider horizontal competition as
a given context, while neglecting vertical competition, which is another important dimension of
strategic interaction between firms. Zhang ef al. (2016) examine vertical competition for both strategy
types and show that the level of energy efficiency is higher under contingent strategies. However, they
focus on demand evolution and energy efficiency, without considering any pollution-specific
dynamics. Zu et al. (2018) and Zhou and Ye (2018) consider vertical competition with environmental
regulation for an infinite horizon, but they do not investigate the effects of different strategy types.
Second, although previous studies reported varying results on the effects of strategy types, the driving
forces remain largely unclear. We add to the literature by showing that the underlying effect of
strategy types can further depend on market structures. For instance, while contingent strategies lead
to more pollution than commitment strategies due to lower abatement under TC, the environmental

demerit is strengthened under HCVI due to both lower abatement and greater gross emissions.

3. Model formulation
To answer the research questions, we consider a bilateral duopoly with two manufacturers and two
retailers (Figure 1). Manufacturer i sells a finished good to retailer i, i = 1,2, which resells it, meeting

a consumer demand. The retailers compete on price for the demand. The manufacturers generate



polluting emissions and incur a cost related to their accumulation. To reduce the pollution stock, the
manufacturers have the opportunity to invest in abatement efforts.

In this study, we employ the dynamic games approach that allows much deeper understanding of the
pollution problem than static games. Specifically, dynamic games capture the intertemporal
dimension of pollution externalities, which cannot be dealt with in static games. This intertemporal
feature implies that firms’ strategic decisions and pollution essentially evolve together over time, both
impacting each other: on the one hand, decisions of competing firms influence pollution accumulation,
but on the other hand, competing firms’ decisions are also shaped by the pollution stock based upon
which they can condition their profit-maximizing abatement, pricing and production paths over time.
Dynamic games are of considerable value in dealing with these intertemporal dynamics underlying
pollution externalities. In our study, another important advantage of dynamic games approach is that it
provides mathematically distinctive equilibrium concepts related to strategy types (commitment,
contingent), which govern strategic interaction between firms competing over time. In this regard,
dynamic games facilitate a more rigorous analysis of our key research questions.

Most often, transactions between a manufacturer and a retailer are governed by a conventional
wholesale price contract (WPC), under which the transfer price for each unit ordered by the retailer is
set to maximize the manufacturer’s profit. Under a WPC, double marginalization is common. To
study the role of double marginalization, we consider a two-stage game model where each
manufacturer and one retailer first agree on a WPC, and then supply the demand over a finite time
horizon. At the first stage of the game, the manufacturers set their respective optimal transfer prices.
During the second stage, polluting emissions are generated over time in proportion with demands,
which are in turn controlled by the competing retailers’ respective consumer prices. In this stage, the

manufacturers are involved in emissions abatement.

MANUFACTURER 1 MANUFACTURER 2

{
—_ MARKET DEMAND —
Fig. 1. Price-competing supply chains

We seek to analyze how pollution accumulation and abatement are related to the presence of
competition and integration in an industry. Based on competition or integration at vertical and
horizontal levels, four market structures are considered:
- A monopoly market, where the manufacturers and retailers are all centralized to maximize their
joint profits (total integration);
- A bilateral duopoly market, where the manufacturers and retailers are all decentralized to
maximize their individual profits (total competition);
- A bilateral monopoly market, where integrated manufacturers compete with integrated retailers to

maximize their horizontal profits (horizontal integration and vertical competition);



- A duopoly market, where integrated supply chains compete with each other to maximize their
vertical profits (horizontal competition and vertical integration).

In our model, integration typically corresponds to perfect coordination between firms, while
competition reflects a lack of coordination. Except in the total integration case, the firms can select
either a commitment strategy (OLNE) or a contingent strategy (FBNE):

- Firms’ strategies depend on time only, that is, each firm commits to his entire course of action at
the outset, and the information on pollution stock is disregarded by (or unavailable to) firms
(OLNE).

- Firms condition their actions both on the current value of this stock and on time (FBNE).

In addition, we assume a make-to-order system where no firm carries an inventory. Each
manufacturer controls its transfer price to its retailer, which in turn determines its consumer price.
Retailers are in competition for the demand whose substitution effects are based on consumer price.
We assume price-dependent demands with imperfect product substitutability. Function
D; (pl-(t),pj (t)) =>0,i=1,2,i #j, represents retailer i s demand, which is determined by price
competition such that it decreases in retailer i ’s price and increases in the rival’s price. Therefore,
price competition enables a retailer to improve its demand at its rival’s expense. Demand D;(t) is
specified as a linear function, that is:

Di(t) = a; — Bipi(t) +yip;(¢) (1
where a; > 0, denotes retailer i’s potential market, and 0 < y; < f8; are parameters, i = 1,2,i # j,
such that 8; denotes retailer i’s demand sensitivity to its own price, and y; reflects the degree of
product substitutability between retailer i and its rival, i = 1,2 (e.g., Ha et al., 2011; Wu et al., 2009).
Note thaty; = 0,i = 1,2, corresponds to the case where the retailers are not in direct competition.
Accordingly, the demands are non-negative if p; (t) < (al- +vipj (t)) /Bi,i =120 #].

Assuming that each unit of a good produced and sold results in 1; units of emitted pollutant, the
dynamics of the pollution stock, y(t) = 0, are given by:

() = Yoz i@ — Bipi(8) +vipj (1)) — Xi i (8), y(0)=0 ()
where v;(t) = 0 is manufacturer i’s abatement effort, and ¢; > 0 is the marginal effectiveness of
manufacturer i’s abatement effort, i = 1,2.

In equation (2), the total current emissions result from the sum of the demands, and are therefore
influenced both by the horizontal interaction between the retailers (consumer price competition) and
by the vertical interaction between manufacturers and retailers (double marginalization). Further,
manufacturer i’s abatement efforts are independent of the corresponding emissions, ll)l-(cxi -
Bipi(t) + v:p; (t)), i = 1,2. In this regard, the constraints v;(t) < y; (oci — Bipi (1) + yl-pj(t))/tpi,
i =1,2,i # j, should be satisfied so that manufacturer i’s net current emissions remain non-negative,

which implies that y(t) = 0,V t > 0.



To account for recent empirical observations that terrestrial and oceanic natural pollution sinks are
tending to exhaustion and will eventually become pollution sources (Cox et al., 2000; Zhao and
Running, 2010), no natural abatement of the pollution stock is considered in (2), which is also
consistent with the assumption of a finite time horizon. To account for the accountability of the
bilateral duopoly in the pollution accumulation, the initial pollution stock in (2) is normalized to zero,
ie.,y(0)=0.

Given that each firm’s objective is to maximize its cumulative profits over a finite time horizon [0, T,
the discounting of future profits is omitted. Manufacturer i’s instantaneous gross profit is given by
(w; — cl-)(a'i — Bipi(t) + vipj (t)), where w; > 0 is manufacturer i’s transfer price to retailer i, and
¢; = 0 is manufacturer i’s unit production cost, i = 1,2,i # j. Manufacturer i’s transfer price to
retailer i, w;, I = 1,2, is chosen to determine an optimal WPC that maximizes manufacturer i’s
individual profit. The retailer can then accept or reject the contract.

In general, most of the polluting emissions are related to the manufacturing process (Krass et al.,
2013). In return, the accumulation of the polluting emissions causes environmental externalities (or
damage), which reduce the flow of useful services generated by the natural system to the
manufacturing system. That is, the pollution stock entails a cost that is incurred by the manufacturers
only. The manufacturers can thus invest in abatement efforts to reduce the pollution stock and the
related costs. The negative externalities of the pollution stock are valued as an increasing convex cost
function of pollution, that is, f;y(t)?/2, where f; > 0, is manufacturer i’s pollution cost coefficient,
i = 1,2. This quadratic form, which implies that manufacturer i’s cost would increase sharply when
the pollution level becomes very high, is standard in the literature on pollution control (e.g., Kossioris
et al., 2008; Jgrgensen et al., 2010; El Ouardighi et al., 2018, a; ; El Ouardighi et al., 2018, b). Due to
diminishing returns to scale, the manufacturers incur a quadratic cost function for the abatement
efforts, that is, e;v;(t)?/2 where e; > 0, is manufacturer i’s abatement effort cost coefficient, i = 1,2.
A similar quadratic form is used in Liu et al. (2012) and Bertinelli et al. (2014).

In contrast, retailer i’s current net profit is the difference between its gross sales revenue and its
procurement cost from the manufacturer, that is, (p;(t) — wi)(al- = Bipi(t) +vipj (t)), i=12,i+]j.
We assume equivalent parameter values for both retailers, thatis,a; =a > 0,5, = >0,y;, =y =
0,1 = 1,2, so that any differences in the way sales are affected by price competition do not stem from
arbitrary decisions concerning parameter values. Also, for simplicity, we assume symmetric
parameter values for manufacturer i’s abatement effort’s marginal effectiveness, ¢; = ¢ >0,
manufacturer i’s pollution cost coefficient, f; = f > 0, and the pollutant per unit production, Y; =
Y > 0,1 = 1,2. Without loss of generality, manufacturer i’s unit production cost, ¢;, and manufacturer

i’s abatement cost coefficient, e;, are respectively normalized asc; =0 ande; = 1, i = 1,2

y®)= 0 Pollution stock at ¢
v(t) = 0 Manufacturer i’s pollution abatement effortat#,i = 1,2
pi(t) = 0 Retailer i’s consumer price at#,i = 1,2
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T

D;(t)=0 Retailer i’s demand at ¢, i = 1,2

w;= 0 Manufacturer i’s transfer price, i = 1,2

Jm, T Manufacturer i’s cumulative profit, Retailer i’s cuamulative profit, i = 1,2

Jm T Cumulative profit of the manufacturers, Cumulative profit of the retailers

JJE Cumulative profit of the entire system, Cumulative profit of the supply chaini, i = 1,2

iz Manufacturer i’s average pollution abatement effort ; i.e., 7; = [ (;r v () dt/T

§i Manufacturer i’s pollution abatement effort per unit of cumulative demand i.e., & = [ , vi(®)dt /[ OT D;(t) dt
pi Retailer i’s average consumer price, i = 1,2;i.e.,p; = f(;r p;(t)dt/T

Deym Retailer i’s cumulative demand, i = 1,2;i.e., Doy = 2 fOT D;(t) dt

Pl The terminal pollution stock per unit of cumulative demand, i.e., PI = y(T)/; fOT D;(t)

Al The total cumulative abatement effort per unit of terminal pollution stock, i.e., Al = ¥; [ (;r v (t)/y(T)
a; >0 Retailer i’s potential market, i = 1,2;

Bi>0 Marginal sensitivity of retailer i’s demand to own price, I = 1,2;

yi >0 Marginal sensitivity of retailer i’s demand to retailer j’s price, i,j = 1,2, i #j

@; >0 Marginal effectiveness of manufacturer i’s abatement effort, i = 1,2

=0 Manufacturer i’s unit production cost, i = 1,2

e; >0 Manufacturer i’s abatement effort cost coefficient, i = 1,2

fi>0 Manufacturer i’s pollution cost coefficient, i = 1,2

Y; >0 Gross pollutant (before abatement) per unit production of manufacturer i, i = 1,2

t €[0,T] Time, T < o

Tab. 1. Main variables and parameters

Table 1 summarizes the main variables and parameters of the model. Note that we may use

superscripts in notations to indicate the corresponding market configuration: 71, TC, HIVC, HCVI

denote total integration, total competition, horizontal integration and vertical competition, and

horizontal competition and vertical integration, respectively. We may also use subscripts to distinguish

the strategy type: ol and fb denote the OLNE strategy and the FBNE strategy, respectively.

Vertical integration

Vertical competition

Horizontal integration Total integration

- Monopoly market structure

- No double marginalization

- Both vertical and horizontal internalization
of pollution externalities

- Price coordination between retailers

Horizontal integration and

Vertical competition

- Bilateral monopoly market structure
- Double marginalization

- Only horizontal internalization

of pollution externalities

- Price coordination between retailers

Horizontal competition Horizontal competition _and _ Vertical

Total competition

integration
- Duopoly market structure

- No double marginalization

- Only vertical internalization of pollution
externalities

- Price competition between retailers

- Bilateral duopoly market structure

- Double marginalization

- Neither  vertical nor horizontal
internalization of pollution externalities

- Price competition between retailers

Tab. 2. Main characteristics of the four configurations

The differential game model is then given as:

T 2 2
Max J™ =[|w|a-Bp;+yp; I dr
@ ;20 g) l( Bp; yp]) 2 2

T
Max J' = [(p; _@)(a_ﬂpi "'VPj)df
;=0 0

subject to:

y() = Yz (a — Bpi(©) + v (1)) — @ X vi (0),

3)

“)

y(0)=0 5)

pi(t) < (a+ypj()/B. vi(t) < Y(a—Bpi(t) +yp;(®))/@
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i =1,2,i #j. As will be shown below, the control constraints are never binding. We therefore do not
explicitly derive the related optimality conditions. Four market configurations, whose main

characteristics are described in Table 2, are analyzed.

4. Analysis

The next four subsections derive the pricing and abatement decisions in the contexts of monopoly,
bilateral duopoly, bilateral monopoly and duopoly. Proofs of the following theorems and lemmas are
provided in Appendix. Note also that cumulative profits under optimal strategies for all cases in

subsections 4.1-4.4 are derived in Table A1 in Appendix.

4.1 Total integration
This subsection analyzes total integration, where the manufacturers and the retailers jointly centralize
their decisions to maximize the joint profits, as in a monopoly. In this case, which corresponds to a
one-stage game, there is perfect coordination between the firms both at the vertical level, because the
marginalization is totally mitigated, and at the horizontal level, because the pollution externalities and
the substitution effects are both vertically and horizontally internalized in the manufacturers’ and

retailers’ decisions.

Theorem 1. The equilibrium consumer prices and abatement efforts are unique and given by:

I apy ch(6t)
A = y>¢2+z<p2)[ chw”] ”

TI ay? _ ch(6D)
i (0= {(ﬁ -¥) + ((B-M)2+2¢2) [1 ch(BT)]} 0

i = 1,2, where the superscript Tl refers to “Total integration”, and 8 = \/Zf((,[? —Y? + 2¢2).

Accordingly, the equilibrium pollution stock is unique and given by:

Y = G ®
From (6) and (7), we observe that the greater the abatement efforts the higher the consumer prices. An
intuitive explanation on the positive relationship is that manufacturers’ and retailers’ abatement and
pricing decisions can be coordinated to reduce the pollution through greater abatement efforts and
smaller volume, because pollution externalities are perfectly internalized in this case.

From (7), the retailer i’s consumer price is initially high and decreases concavely over time t € [0, T],
which implies convexly increasing demands. From (6), the manufacturer i’s abatement effort is also
initially high and concavely decreasing over time. These imply that firms under perfect coordination
put more emphasis on mitigating the pollution accumulation during the initial periods, whereas they
focus more on enlarging the demand volume in the later periods. Thus, the pollution stock is strictly

and convexly increasing over time as shown in (8).

4.2 Total competition

This subsection deals with the total competition case, where the manufacturers and the retailers make
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non-cooperative decisions to maximize their individual profits, as in a bilateral duopoly. In this case,
there is no coordination between the players at the vertical level because double marginalization
prevails between manufacturers and retailers, or at the horizontal level, because of the imperfect
internalization of pollution externalities by the manufacturers and the price competition for demand
between the retailers. In addition, the pollution stock is payoff-irrelevant to the retailers, which
implies that pollution externalities are not at all internalized in the retailers’ consumer prices.

Under total competition, (3)-(4)-(5) form a two-stage game whose sequence of events is as follows:

- In the first stage of the game, ¢ = 0, manufacturer i sets the optimal transfer price for retailer i;

- During the second stage, assuming that an agreement on the optimal WPC has been reached between
manufacturer i and retailer i, i = 1,2, each firm deploys its strategy over the time interval [0, T].

- In the final period, t = T, the profits are allocated among the firms according to the WPC.

As usual in a two-stage game, one solves the game backward.

Theorem 2. Under commitment strategies (OLNE), manufacturer i’s transfer price and abatement
effort and retailer i’s consumer price are unique and given by:

¢ _ {BB-VP*[(2—sech(pT)?)pT-th(pT)]|+2¢%p(2B-T} «a

tol ™ {B(B—y)y2[(2—sech(pT)2)pT~th(pT)]+492p(2B—1)T} (B—V) )
TCrpy _ [1 _ ch(pt) 2aBpTY
visi 0 = |1 - S e on s e GETT 10
+BwlS
Pioi(t) =22 (11)

i = 1,2, where the superscript TC refers to “total competition”, and p = @+/2f. Accordingly, the

pollution stock is unique and given by:

TCrp\ _ 4aBe*TY sh(pt)
Yo () = B(B-v)YP2[pT(2-sech(pT)2)—th(pT)]+4¢2p(2f-y)T ch(pT) (12)

From (10) and (12), abatement efforts are initially high and concavely decrease to zero and the
pollution stock is strictly increasing over time, similar to the total integration case. However, from (9)
and (11), we observe that the transfer prices and the consumer prices under commitment strategies are
both time-independent, which implies constant demands over the whole planning horizon. In
particular, constant consumer prices result from the fact that pollution externalities are not internalized
in the retailers’ decision-making. Thus, retailers simply set their consumer prices to be proportional to
the transfer price, considering the trade-off between their margin and demand, but without

consideration of the externalities of their pricing decisions on the pollution.

Theorem 3. Under contingent strategies (FBNE), manufacturer i’s transfer price and abatement
effort and retailer i’s consumer price are:

¢ _ {[4BB-V)Y*+3¢02(2B-1)|tT-4B(B-y)Y*th(iT)} «a

b T {[2B(B-y)Y2+392(2B-1)tT-2B(B—y)Y2th(tT)} 2(B~Y) (13)
th{e(T-D)y(e) . 2BY|a—(B-v)w]f [{1-sech[t(T-D)]}
vl () = LD | i (14)

3p(2B8-7)
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a+ﬁ(l)Lfb

TC
Pisp (1) = 2Py (15)
i=12,,7 = @3f, where y(t) is given by:
BY|2a-(B-V) Tiwif
o =2 267 Al DITHAG! y(0) =0 (16)

From (13)-(16), we see that the transfer prices, the consumer prices and the abatement efforts under
contingent strategies have a similar pattern to those under commitment strategies. The consumer
prices are constant over time, yet the abatement efforts should increase along with the pollution stock.
A noteworthy observation is that although the pollution stock is payoff-irrelevant to the retailers,
retailers’ pricing strategies are not equivalent between commitment and contingent strategies. This is
due to the strategic interaction between the manufacturers in terms of abatement efforts during the
second stage of the game. In fact, the retailers set the constant consumer prices regardless of the
pollution accumulation and, as shown from (11) and (15), the retailers’ optimal responses remain
qualitatively the same regardless of the strategy type. However, manufacturers’ transfer prices vary
depending on whether they revise abatement strategies depending upon the pollution stock, because
interaction between competing manufacturers generates different state trajectories. This in turn

influences consumer prices of the retailers indirectly.

4.3 Horizontal integration and vertical competition
This subsection combines horizontal integration and vertical competition where the manufacturers and
the retailers centralize their decisions separately to maximize their horizontal profits, as in a bilateral
monopoly. In this case, there is horizontal internalization of pollution externalities by the
manufacturers and horizontal coordination of substitution effects on demand by the retailers.
However, there is no vertical coordination and double marginalization prevails while pollution
externalities are not internalized in retailers’ consumer prices. As in subsection 4.2, a two-stage game

approach is followed.

Theorem 4. Under commitment strategies (OLNE), manufacturer i’s transfer price and abatement
effort and retailer i’s consumer price are unique and given by:

WHIVE — [ST((B—Y)IPZ+2<P2)—(/3—y)1l)2th(5T) a
@iol ST((B-Y)P2+49?)—(B-y)2th(6T)] (B-7)

pHIVE () — adeTy _ ch(st)
vior () = [smﬁ—y)wz+4<p2)—<ﬁ—y>w2th(sr)][ ch(sr)] (18)

7

24202 = (B—y) 2
ST((B—N¥?+29%)-(B—y)¥ th(5T)] a (19)

ST((B-V)P?+492)—(B-y)¥?th(6T) | 2(B-v)

i = 1,2, where the superscript HIVC refers to “horizontal integration and vertical competition,” and

plolvc(t) - [1 +

6= Z(p\/? . Accordingly, the pollution stock is unique and given by:

HIVC (4 _ 2a9*TyY sh(&t)
Yo () = (G omra07)sT—(F—r) 97t (aT] ch(oT) (20)

From (17) and (19), the transfer prices and the consumer prices under commitment strategies are both
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constant as in total competition case. From (18), manufacturer i’s abatement efforts are also initially

high and concavely decreasing until zero, and from (20), the pollution stock increases over time.

Lemma 1. In horizontal integration and vertical competition case, commitment strategies are

equivalent to contingent strategies for both manufacturers and retailers.

The equivalence between commitment and contingent strategies results not only from the fact that the
pollution stock is payoff-irrelevant to the retailers, but also from the absence of horizontal
competition, and hence of strategic interaction between the manufacturers in terms of abatement
efforts or between the retailers in terms of consumer prices during the second stage of the game.
These imply that when firms coordinate their decisions horizontally within each tier, manufacturers
and retailers may choose either strategy, committing strategies with each other or continuously
revising them based on the pollution stock depending on the circumstances, e.g., resources required

for each strategy and the availability of the information regarding pollution stock.

4.4 Horizontal competition and vertical integration
This subsection combines horizontal competition and vertical integration where manufacturer i and
retailer i, i = 1,2, centralize their vertical decisions to maximize their vertical profits, as in a duopoly.
In this case, there is vertical coordination because double marginalization is totally mitigated, but no h
orizontal coordination due to improper internalization of pollution externalities by the manufacturers
and price competition for demand by the retailers. The pollution externalities are only vertically

internalized in the supply chains decisions.

Theorem 5. Under commitment strategies (OLNE), manufacturer i’s abatement effort and retailer i’s

consumer price are unique and given by:

HCVI py aBoy _ch@)

Viol (1) = Goyrperpram) [1 ch(oT) 2D
HCVIcy _ (B \( @ aBp? _ ch(®t)
Pioi (1) = (Zﬁ—y) {B—V+(B—V)2¢2+<p2(zﬁ—y) 1 ch(m)} 22)

i = 1,2, where the superscript HCVI refers to “horizontal competition and vertical integration” and

9= er[(ﬁ—y)2¢2+¢

2 —
26y (26 y)]. Accordingly, the pollution stock is unique and given by:

HCVI V2apyp sh(9t)
t)= 23
You ' (8) VF@B-VI(B-v)? Y2 +9?(2B-y)] ch(¥T) 23)

In (22), the retailers’ consumer prices are concavely decreasing over time, which implies convexly
increasing demands. From (21), abatement efforts follow the same pattern as the retailers’ consumer
prices, i.e., concavely decreasing until zero. From (23), the pollution stock is strictly increasing over
time. Similar to the total integration case, manufacturer’s abatement efforts and retailer’s consumer
prices are positively associated. These results imply that patterns of pricing and abatement decisions
are heavily influenced by vertical market configurations compared to horizontal market

configurations.
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Theorem 6. Under contingent strategies (FBNE), manufacturer i’s abatement effort and retailer i’s

consumer price are:

28— T—t 4B2-3By+y? T—-t

_ 4p2-3 2 -
PO = 55+ 108 =) [ () v + HEZE 1 —sean ()]} 29)

i=12, o=fl6B%?+2By(5yy? — 692) — 282(Tyy? — 692) — y2(2yp? — 39?)] , where
y(t) is given by:

. 2 (B—y)22
IO = 5~ G + o] Zevif . yO=0 9

In this configuration, strategic interaction involves the two vertically integrated chains that compete
on prices and make non-cooperative abatement efforts. As a consequence, the resulting pollution
stock follows different trajectories depending on the strategy type, leading to distinct pricing and

abatement efforts between commitment and contingent strategies.

5. Comparative analysis
Based on our previous results, we now assess both analytically and numerically the relative impact of
horizontal and vertical competition, on the one hand, and strategy types, on the other hand, on the

pricing and abatement strategies, the pollution stock and the profits generated by the two chains.
5.1 Analytical comparisons

Theorem 7. In terms of the terminal pollution stock,
(i) In vertically integrative supply chains, horizontal integration results in the lower terminal
pollution stock than horizontal competition under commitment strategy, i.e., y&VI(T) > yTI(T).
(ii) In horizontally integrative supply chains, vertical integration results in the larger terminal

pollution stock than vertical competition, i.e., yTH(T) > yHIV¢(T).

In the TI case and the HCVI case, the two supply chains are vertically integrated, and the only
difference is whether they are horizontally competing or integrated. By comparing these cases, the
effect of horizontal structure in the case of vertical integration can be isolated. Theorem 7(i) implies
that horizontal competition leads to more accumulated pollution than horizontal integration, assuming
that the two supply chains are vertically integrated. The rationale behind this is that price competition
decreases sales prices, as shown in the subsequent numerical illustrations, and increases the sales
volume, which raises the polluting emissions. Furthermore, pollution externalities are only partially
internalized, which lessens the incentive of each manufacturer to invest in abatement efforts.

On the other hand, in the TI case and the HIVC case, the two supply chains are horizontally
integrated, and the only difference is whether they are vertically competing or integrated. By

comparing these cases, the influence of vertical structure in the horizontal integration case can be
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isolated. Theorem 7(ii) states that vertical competition results in lower pollution stock than vertical
integration, assuming that industries are horizontally integrated. A possible explanation is that the
double marginalization reduces the sales and then the emissions and it also promotes manufacturers’
incentives for abatement efforts, which will be confirmed in the subsequent numerical results.

Note that the underlying drivers of the environmental effects in Theorem 7 are in fact related to the
two factors: output volume and incentives for abatement. We term these drivers as ‘volume effect” and
‘polluting effect’ respectively, and investigate them in detail in the subsequent section, showing that

each effect can be more pronounced under distinct configurations.

Theorem 8. In vertically competitive supply chains, there exists Y > 0 such that for anyy > 7,
horizontal integration results in the lower terminal pollution stock than horizontal competition under

commitment strategy, i.e., yL£ (T) > y"Ve(T).

In TC and HIVC, the two supply chains are vertically competing, and the only difference is whether
they are horizontally competing or integrated. By comparing these cases, the influence of horizontal
structure in the case of vertical competition can be isolated. Theorem 8 implies that horizontal
competition will lead to more accumulated pollution than horizontal integration, assuming that the
supply chains are vertically competing and that price competition prevails. Though Theorem 7
assumes vertical integration and Theorem 8 assumes vertical competition, both theorems isolate the
effect of horizontal competition and horizontal integration and therefore the underlying mechanisms
are fundamentally very similar. Note that Theorem 8 states a sufficient condition, that is, y > y, for
yIE(T) > y#VE(T) to hold. For 0 <y <7, however, y £ (T)/y" ¢(T) > 1 still holds in our
subsequent numerical analysis. For reference, the best estimated minimum of yIf (T)/y*#!V¢(T) from

Mathematica with constraints 8,1, @, f,T > 0,0 < y < 7 is larger than 1 (i.e., 1).

Theorem 9. In horizontally competitive supply chains, there exists @ > 0 such that for any @ > @,
vertical integration results in the larger terminal pollution stock than vertical competition under

commitment strategy, i.e., yEVI(T) > yI¢(T).

In the TC and the HCVI cases, the two supply chains are horizontally competing, and the only
difference is whether they are vertically competing or integrated. Therefore, by comparing these
cases, the effect of vertical structure can be isolated in the case of horizontal competition. Assuming
that industries are horizontally competing and have sufficiently effective abatement efforts, Theorem
9 implies that vertical competition leads to less pollution than vertical integration. Though Theorem 7
assumes horizontal integration and Theorem 9 assumes horizontal competition, both theorems suggest
that the underlying mechanisms are fundamentally similar. Theorem 9 states a sufficient condition for
yHEI(T) > yIC(T). For 0 < ¢ < @, however, yHVI(T)/yIE(T) > 1 still holds in our numerical
analysis. For reference, the minimum of yX¢V!(T)/yIf(T) from Mathematica with constraints

B, v, ¥, f, T >0and 0 < ¢ < @ is larger than 1 (i.e., 2).
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Theorem 10. There exist f > 0 and ¢ > 0 such that for any B > B and ¢ > @, perfect integration
horizontally and vertically results in the larger terminal pollution stock than no integration under

commitment strategy, i.e., yT' (T) > yIf (T).

In contrast to Theorem 7 and to Theorem 9, Theorem 10 compares the relative effects of horizontal
structure and vertical structure. The TI configuration combines vertical integration and horizontal
integration, while the TC configuration relates vertical competition and horizontal competition. For
sufficiently large values of marginal sensitivity of retailer i’s demand to own price and marginal
effectiveness of abatement efforts, the pollution stock is greater in the TI than the TC, implying that
the relative impact of vertical integration on pollution accumulation is stronger than that of horizontal
integration. Although internalization of pollution externalities between manufacturers and horizontal
coordination of substitution effects between retailers drive lower pollution stock, the elimination of
double marginalization may increase the pollution stock more rapidly, making the perfect

coordination more polluting than no coordination.

Pollution accumulation (y (7))

s
A HIVC < TI

71, TC < HOVI HIVC < TI, TC < HCVI
s
S HIVC < TI, TC
v HIVC < Tl < HCVI 1 < HOI
s

y<v v y>vy

Tab.3. Influence of horizontal and vertical competition on pollution accumulation under commitment strategies
Based on the previous theorems, Table 3 summarizes the combinative effect of horizontal and vertical
competition on pollution accumulation as follows. Overall, when price competition and effectiveness
of abatement efforts are both relatively high (y > 7, @ > @), horizontally competing and vertically
integrated supply chains generate the highest pollution stock while horizontally integrated and
vertically competing supply chains result in the lowest pollution stock. The pollution stock of the total
integration and total competition cases are in between. These relationships may hold in other
conditions as well. Furthermore, when the sensitivity of demand to the firm’s own price is relatively
high (8 > f) and effectiveness of abatement efforts is sufficiently high (¢ > @), the relative effect of
vertical structure (i.e., vertical competition vs. vertical integration) is more likely to outweigh the

relative effect of horizontal structure (i.e., horizontal competition vs. horizontal integration).

5.2 Numerical comparisons
We conduct numerical study to further understand the underlying mechanisms regarding the impact of
competition on pollution accumulation. The parameter values for the numerical study are chosen
based on the apparel industry. The apparel industry has been known as a highly polluting industry

(Conca, 2016). In this industry, curbing the manufacturing emissions are important because most of
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polluting emissions are generated in the manufacturing stage. It has been reported that manufacturing
one T-shirt generate 4.8kg COze (Muthu, 2014; p.166), therefore we set Y = 5. We specify the market
potential (a) as 100 and the price sensitivity (£) as 5, in accordance with the studies for the apparel
industry (e.g., Marti et al., 2015; Ghosh and Shah, 2012). The cross-price sensitivity (y) is specified
as 1 to satisfy y < f. We assume that ¢ = 15 and f = 0.1 to ensure that firms have nonnegative
profit. Note that, though ¢ > 1, since the abatement cost increases quadratically in v; for each
manufacturer while the revenue increases in demand linearly, increasing output can be considerably
polluting due to abatement cost burden. The planning horizon is 12 months (T = 12) due to short
finite horizon. We consider a broad set of parameter values for , 3, y, @, f,{ to ensure the robustness
of the numerical results. The base case values and the ranges of parameter values used in the
numerical study are summarized in Table 4. In particular, we examine diverse situations with regard to
the level of abatement difficulty as shown in the wide range of the parameter values of ¢ and 1 in the
table. Similarly, we also consider various situations regarding pollution burden as shown in the broad
range of the parameter values of f. For brevity, we summarize the major results of the numerical

analysis, focusing on the robustness of the insights under the wide sets of parameters.

Parameter a B y 1) f P
Base case 100 5 1 15 0.1 5
Range [10,1000] [1.4,27] [0,3.3] [8,30] [0.01,0.38] | [0.1,10]

Tab. 4. Base case and range values
Comparisons involving the cooperative, commitment and contingent strategies on a numerical basis
are provided hereafter. We first illustrate the pricing strategies and demand (section 5.2.1) and the
abatement strategies (section 5.2.2) in each market structure. We then discuss their impacts on the

pollution accumulation (section 5.2.3) and the implications on the supply chain profits (section 5.2.4).

5.2.1. Pricing strategies
In this subsection, we examine the effects of competition and the strategy type on prices. We then

elaborate the implications on demand, which also relates to the ‘volume effect’ on the pollution stock.
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Fig. 2. Retailer i’s consumer price (p;(t))
Figure 2 illustrates the evolution of consumer prices over time in the base case. Throughout the

planning horizon, the case of horizontal integration and vertical competition (HIVC) results in the
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highest consumer price, followed by total competition (TC), total integration (TI) and horizontal
competition and vertical integration (HCVI) regardless of the strategy types. To compare the impacts

of competition on the consumer prices more precisely, we also examine the average consumer price

over the planning period (i.e., p; = % fOT pi(t) dt). In line with Figure 2, the average consumer price

—HIVC

(p;) has the following order, i.e., p; "

> ;_al.TC > ;_al.” > p; VI The optimal pricing strategies and the
consequent demand in the base case are reported in Table 5, from which we make several
observations as follows.

First, the impacts of strategy types on the pricing strategy may vary significantly depending on the
market configurations. Whether firms must set higher or lower prices under commitment strategy
compared to under contingent strategy is determined by market configurations. Although a contingent
strategy results in higher consumer price and smaller demand than commitment strategy in the TC
case, it leads to lower price and greater demand in the HCVI case. The reason is that, different from
the HCVI case, the TC case exhibits the double marginalization effect, thus strategic interactions
between manufacturers result in higher transfer prices, leading to higher consumer price. The effects
of competition on consumer prices do not depend heavily on the strategy type. We observe that the
same order of consumer prices holds for all parameter ranges across commitment and contingent
strategies, except for y < 0.5 or iy > 8.2 where TC yields higher p; than HIVC due to relatively low
competitive intensity and high transfer price under contingent strategy. The cumulative demand Dy,
is thus generally the largest in the case of HCVI, followed by TI, TC and HIVC.

Second, strategy types may also change the equilibrium path of price. In HCVI configuration, retailers’
prices under commitment strategies are concavely decreasing in line with Theorem 5. In contrast,
prices under contingent strategies first increase and then decrease over time. That is, while sales prices
are at their highest at the beginning under commitment strategies, they are at highest during the

intermediate periods under contingent strategies. These impacts can be more apparent under lower f,

where the lessened pollution burden causes more dynamic price adjustment of firms.

TI TC (OLNE) | TC (FBNE) | HIVC | HCVI(OLNE) | HCVI (FBNE)
P; 14.75 18.81 19.03 19.37 13.38 13.37
w; n/a 13.87 14.25 13.74 n/a n/a
Deum = X Jy Di(t)dt | 98355 593.81 573.26 540.47 1115.9 1116.4

Tab. 5. Pricing strategies in the base case
Third, the transfer prices w; are lower in HIVC case than in TC case under all ranges of parameters.
Given that the retailers in HIVC would charge relatively higher sales price due to the internalization
of substitution effects, which leads to lower demand, the manufacturers have less room to further raise
the transfer prices. This implies that the retailers in HIVC case get higher profit margins than in TC
case. In other words, horizontal integration strengthens double marginalization for retailers’ benefit.
The numerical results also confirm discussions on Theorems 7-9 by showing that horizontal

competition generally leads to lower consumer prices than horizontal integration, when the market is
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either vertically integrative or competitive, and that vertical competition increases consumer prices

regardless of the horizontal structure. Under horizontal competition, retailers do not fully internalize

the substitution effects between demands, leading to more competitive consumer prices. In contrast,

the overpricing strategies under vertical competition are mainly due to the double marginalization.

Therefore, when the market structure changes either from horizontal integration to horizontal

competition, or from vertical competition to vertical integration, the sales volume increases due to

lower prices, and the gross volume of emissions enlarges as a consequence, which implies a ‘volume

effect’ in both cases, i.e., ‘horizontally-induced volume effect’ and ‘vertically-induced volume effect’.

Note that the vertically-induced volume effect is generally greater than the horizontally-induced

volume effect. That is, volume effect is influenced more significantly by vertical market

configurations. Table 6 shows that while both horizontal competition and vertical integration

generally leads to relatively higher D,,,,, compared to horizontal integration and vertical competition

respectively, the impacts of vertical configuration is greater than the impacts of horizontal

configuration. For instance, when a varies from 10 to 1000, horizontal competition leads to Dy,

which is 106~114% of that of horizontal integration, while vertical integration leads to D,,;,, which is

182~195% of that of vertical competition. Both horizontally-induced and vertically-induced volume

effects become greater under smaller § and greater y, implying that the consumers’ buying behaviors

influence the degree of the volume effects significantly. The effects of strategy types on the volume

effects also depend on the configurations. While the horizontally-induced volume effect can be more

prominent under commitment strategies under vertical competition, the vertically-induced volume

effect is intensified under contingent strategies under horizontal competition.

Impact Strategy a 4 y [7) f 1]
, under VI': OLNE [1.13,1.13] | [157,1.03] | [1.00,1.56] | [1.16,1.12] | [1.14,1.13] | [1.11,1.17]
Horizontal
competition vs. | DASK! /DT, | FBNE [1.14,1.14] | [1.57.1.04] | [1.00,1.56] | [1.16,1.12] | [1.14,1.13] | [1.11,1.17]
horizontal
integration under VC": | OLNE [1.10,1.10] | [1.551.01] | [1.00,146] | [1.09,1.11] | [1.10,1.10] | [1.11,1.08]
DG, /DA | FBNE [1.06,1.06] | [1.540.89] | [0.96,1.43] | [1.02,1.10] | [1.06,1.06] | [1.11,0.98]
Vertical under HI:DX}, /DHIVC [1.82,1.82] | [1.98,1.42] | [1.78,191] | [1.67,1.95] | [1.82,1.82] | [2.00,1.55]
integration  vs.
vertical under HC™: OLNE [1.90,1.90] | [2.01,1.45] [1.79,2.04] [1.78,1.97] [1.89,1.88] [2.00,1.69]
competition
DHCyT/DIC, | FBNE [1.951.95] | [2.03,1.66] | [1.862.09] | [1.91,1.98] | [1.95,1.95] | [2.00,1.87]

*) VI (vertical integration), VC (vertical integration), HI (horizontal integration), HC (horizontal competition)
Tab. 6. Impacts of competition on the cumulative demand

5.2.2. Abatement strategies

In this subsection, we investigate the effects of competition and the strategy type on abatement efforts.

We also discuss the manufacturer’s incentives on abatement, which relates to the ‘polluting effects’.

Figure 3 depicts the evolution of abatement efforts over time in the base case. Among the

configurations, HCVI generally yields the largest abatement efforts, followed by TI, TC and HIVC.

In terms of the average abatement efforts over the planning horizon (i.e., v;

T Jo vi®db), it also

holds that 7¢V! > 37T > $T¢ > HHIVC (Table 7). The low level of manufacturers’ abatement efforts in
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HIVC is adequately reflected in the corresponding low level of manufacturers’ transfer prices. The
same rank also holds for most of parameter ranges in both commitment and contingent strategies.

Different from the effects of strategy types on prices, the commitment strategy yields higher
abatement efforts and abatement rates compared to the contingent strategy in either TC or HCVI case,
confirming that the manufacturing process becomes cleaner under the commitment strategy whenever
the manufacturers are competitive. An intuitive explanation can be that contingent strategy where
abatement efforts of competing manufacturers are continuously revised intensify the effects of
imperfect internalization of pollution externalities, resulting in lower pollution abatement. Strategy
types may also influence the equilibrium path of abatement efforts under horizontal competition.
Similar to pricing paths, abatement efforts follow concavely decreasing trajectories under
commitment strategies in line with Theorems 2 and 5, being at their highest levels during the initial
periods under commitment strategies, whereas they become the highest during the intermediate
periods under contingent strategies. These impacts can be more prominent under lower f, where firms

have relatively low incentives to reduce emissions.

abatement effort (v‘(t))
(o]

Tl

4 [|—&—TC (OLNE)
TC (FBNE)
HIVC

2 HCVI (OLNE)
HCVI (FBNE)

ol L L 4
0 2 4 6 8 10 12

Fig. 3. Manufacturer i’s a:t)atement efforts (v;(t))
The numerical results show that the market configuration with lower sales prices generally yields
larger abatement. For instance, HCVI which exhibits the lowest sales price yields the largest
abatement efforts. This relationship is intuitive in that lower sales prices enlarge the sales demand and
thus gross emissions volume, which necessitates more abatement efforts. However, whether the
largest abatement efforts in HCVI are driven by the manufacturer’s incentive for abatement for a
given demand level, or whether they are merely driven by the largest volume is not straightforward.

We thus introduce the abatement rate (§), which measures the average abatement efforts per demand,

: T T : . ..
ie., & = fo vi(t) dt/ fo D;(t)dt, to examine the impacts of competition on the manufacturer’s

incentives for abatement efforts more precisely. Table 7 shows that EL-H e s et > EiT > EL-H VT holds

fiHIVC i

under either strategy type in the base case. In all ranges of parameter values, it also holds that S

the largest and &€V’

is the smallest. This implies that when the demand level is taken into account,
the manufacturers have the highest abatement incentive in HIVC and the lowest incentive in HCVIL.
More specifically, horizontal competition leads to lower abatement rates for a given vertical structure.

Since the pollution externalities are not internalized by competitive manufacturers, the manufacturers’
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abatement incentives decrease accordingly. On the other hand, vertical integration leads to lower
abatement rates than vertical competition for a given horizontal configuration. A possible explanation
is that vertically integrated chains can control pricing and abatement decisions simultaneously, thus

having opportunities to partially replace costly abatement efforts with adjustment of demand.

TI TC (OLNE) | TC (FBNE) | HIVC | HCVI(OLNE) | HCVI (FBNE)
7, 13.53 8.14 7.85 7.44 15.29 15.25
&= [ v dt/[) D) dt | 03301 0.3292 0.3284 0.3304 0.3288 0.3279

Tab. 7. Abatement strategies in the base case
As horizontal competition and vertical integration lead to relatively lower abatement rates
respectively, the degree of net emissions for a given demand increases, implying ‘horizontally-
induced polluting effect’ and ‘vertically-induced polluting effect’. Table 8 shows that contrary to
volume effects, the horizontally-induced polluting effect is generally greater than the vertically-
induced polluting effect. That is, the polluting effect depends more on horizontal market
configurations. For instance, while horizontal competition reduces &; by 0.4~0.7% compared to
horizontal integration over the range of parameter «, vertical integration reduces §; by 0.1~0.2%
compared to vertical competition. The polluting effects become more evident under lower ¢, lower f
and higher ¥, implying that difficulties in abatement and the government pressures influence the
degree of the polluting effects. Different from volume effects under which the effects of strategy types
depend on market configuration, polluting effects, either horizontally-induced or vertically-induced,

are generally intensified under contingent strategies, which result in relatively lower abatement rates.

Impact Strategy a B y ] f P
Horizontal [ under VI OLNE _ | [0.996,0.996] | [0.996.0.995] | [0.996.0.996] | [0.994,0.998] | [0.988,0.998] | [0.996.0.996]
Lot VS| ehcvi /gt FBNE | [0.993,0.993] | [0.994,0.991] | [0.993,0.994] | [0.989,0.997] | [0.978,0.997] | [0.994,0.992]
integration | under VC: OLNE [ [0.996,0.996] | [0.996.0.996] | [0.996.0.996] | [0.995.0.998] | [0.988,0.998] | [0.996.0.996]
gre jgtive FBNE | [0.994.0.994] | [0.994,0.994] | [0.994.0.994] | [0.991,0.997] | [0.981,0.997] | [0.994.0.994]
Vertical under HI': €77 /€HIVC [0.999.0.999] | [0.999.0.995] | [0.999,1.000] | [0.997,1.000] | [0.997,1.000] | [1.000,0.997]
oo iom Y5 [under HC™ OLNE _ | [0.999.0.999] | [0.999.0.993] | [0.998.1.000] | [0.996.1.000] | [0.997.0.999] | [1.000.0.996]
competition | gHCVI /gTC FBNE | [0.998.0.998] | [0.999.0.992] | [0.998.0.999] | [0.995.1.000] | [0.995,0.999] | [1.000.0.995]

*) VI (vertical integration), VC (vertical integration), HI (horizontal integration), HC (horizontal competition)
Tab. 8. Impacts of competition on the abatement rates

5.2.3. The environmental performance
Then, what are the comprehensive impacts of competition on the final pollution stock considering the
pricing and abatement strategies? Table 9 shows that yV¢(T) < yT¢(T) < yTI(T) < yHCVI(T)
holds in the base case. The numerical analysis also confirms that the final pollution stock is the largest
in HCVI, the smallest in HIVC, and intermediate in TI and TC for all ranges of parameter values
regardless of strategy types, which also supports Theorems 7-10. While the TI case generally results
in the larger y(T) than the TC, the opposite may also hold under small § or large y where the
competitive intensity is relatively large and thus the impact of horizontal internalization becomes
influential. These results imply that horizontal competition and vertical integration result in the larger

terminal pollution stock respectively as a result of the volume effects and the polluting effects.
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One important question remaining here is whether the environmentally detrimental effect of
horizontal competition or vertical integration remain even after its higher demand is taken into
account. We thus examine the pollution intensity (PI), which is measured as the terminal pollution
stock per unit of cumulative demand, i.e., PI = y(T)/Y; fOT D;(t), between the four configurations.
Table 9 shows that PIFVC < PIT! < PITC < PIHCVI holds for a given strategy type in the base case.
The numerical analysis for all ranges of parameter values also confirms that for a given strategy type,
the pollution intensity is the highest in HCVI and the lowest in HIVC. In terms of the intermediate
ranks, TC leads to larger pollution intensity than TI in most cases, except for § = 19.5. These results

thus confirm the environmental demerits of horizontal competition and vertical integration.

TI TC (OLNE) | TC (FBNE) HIVC HCVI (OLNE) | HCVI (FBNE)
y(T) 47.67 36.88 42.10 23.74 75.68 91.43
PI 0.049 0.062 0.073 0.044 0.068 0.082
Al 6.81 5.30 4.47 7.52 4.85 4.00

Tab. 9. The environmental performance in the base case

When horizontal competition prevails, the contingent strategies result in the larger terminal pollution
stock and the larger pollution intensity compared to the commitment strategies, because
manufacturers behave more opportunistically when they are able to update their abatement decisions.
Compared to TC, the polluting effect of contingent strategies is stronger under HCVI because of
lower abatement, and also lower price, hence more gross emissions. Thus, contingent strategies differ
from commitment strategies in that they lead both to higher emissions and greater savings on
abatement efforts, but also to higher pollution costs.

Table 9 shows that the abatement intensity, denoted by Al and measured as cumulative abatement
efforts per unit of terminal pollution stock, i.e., Al = }}; fOT v;(t)/y(T), has the following order, i.e.,

AIFVE > AITT > AITC > AIMCVI for a given strategy type. As expected, it is the same as the one for
abatement rates and the opposite to the one for pollution intensity, supporting the horizontally-
induced and vertically-induced polluting effects. The sensitivity analysis shows that the abatement
intensity is the largest in HIVC and the smallest in HCVI under FBNE strategies for all parameter
ranges. In between, T1 generally has higher abatement intensity than TC except for § = 19.5.

5.2.4. Supply chain profits
In this subsection, we discuss the effects of competition and strategy types on supply chain profits.
Let J, /™, J" denote the supply chains’, the manufacturers’, and the retailers’ total profits respectively.

In the base case, JT! > JHCVT > JTC > JHIVC holds for both strategy types (Table 10).

TI TC (OLNE) | TC (FBNE) HIVC HCVI (OLNE) | HCVI (FBNE)
Ji 12,294 10,361 9,904.3 9,798.8 12,064 10,695
m 8,389.3 7,422.6 7,165.8 6,755.9 8,274.0 7,561.1
IG 3,905.1 2,938.4 2,738.6 3,042.8 3,789.8 3,133.9

Tab. 10. Supply chain profits in the base case
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It is straightforward that the TI case, where all firms centralize their decisions, yields the largest
supply chains’ profits. Apart from TI, the sensitivity analysis shows that the orders between HCVI,
TC and HIVC depends on the parameter values. For instance, J7 > JHCVI > JTC > JHIVC holds for
0<y<22JT>TC > JHCVI 5 JHIVC for 22 <y < 3, and JT! > JTC > JHIVC > JHCVI for > 3,
It is noteworthy that the impacts of vertical configurations on supply chains’ profits significantly
depends on the horizontal configurations, and vice versa. To be specific, horizontal competition
results in lower supply chains’ profits than horizontal integration due to intense price competition
when the firms are vertically integrative. Similarly, when the firms are horizontally integrative,
vertical competition results in lower supply chains’ profits than vertical integration due to the double
marginalization. However, such economic impacts of horizontal (vertical) competition do not
necessarily hold under vertical (horizontal) competition. For instance, the TC case mostly leads to
larger supply chains’ profits than the HIVC case because the demand-enhancing effect of lower price
under horizontal competition becomes significant when double marginalization exists. The TC case
may also yield higher profits than the HCVI case e.g., under high y, implying that lower emissions
under vertical competition can enhance the economic performance when price competition is intense.
Another observation is that for a given configuration, the contingent strategy results in lower supply
chains’ profits than the commitment strategy for all ranges of parameter values. That is, commitment
strategy has not only environmental virtue as discussed in the preceding section, but also economic
merit to the entire supply chains, especially under HCVI. Note also that contingent strategies are less
beneficial to both manufacturers and retailers than commitment strategies in the HCVI and TC case.
This suggests that whenever contingent strategies are possible options, their related tradeoff, which is
characterized by more emissions with less abatement and greater pollution costs than in commitment
strategy, is detrimental to all firms.

The manufacturers’ profits (/™) and the retailers’ profits (J”) are the highest under the TI case where
the Nash bargaining scheme (NBS) (see Dockner et al., 2000) is used to compute /™ and J” based on
those obtained from the TC case under commitment strategy. While the manufacturers’ profits are at
their lowest in the HIVC case, the retailers’ profits may be at their lowest in the TC case (computed
with an NBS based on the TC case). That is, the HIVC case, which is the least polluting, is generally

less beneficial to manufacturers than to retailers.

6. Conclusions

This research has shown that horizontal and vertical market structure has a critical influence on
pollution accumulation by analyzing four market configurations using differential games models.

Our results provide several insights with regard to the environmental impacts of market structures. On
the one hand, vertical competition is less pollution intensive and more abatement intensive than
vertical integration is. On the other hand, horizontal competition is more pollution intensive and less

abatement intensive than horizontal integration does. The major mechanisms underlying these impacts
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of competition are the volume effects and the polluting effects, both are vertically as well as

horizontally-induced. The four configurations in Table 11 can be summarized as follows:

- Both vertical and horizontal internalization of the pollution externalities (TI) solely involve
vertically-induced ‘volume effect’ and ‘polluting effect’;

- Neither vertical nor horizontal internalization of the pollution externalities (TC) exclusively involve
horizontally-induced ‘volume effect’ and ‘polluting effect’;

- Horizontal internalization of the pollution externalities (HIVC) involves neither ‘volume effect’ nor
‘polluting effect;’

- Vertical internalization of the pollution externalities (HCVI) involves both vertically and

horizontally-induced ‘volume effect’ and ‘polluting effect’.

Bilateral duopoly Vertical integration Vertical competition
Horizontal - Intermediate consumer prices, demands, -Highest consumer prices, lowest demands and
integration abatement efforts, and abatement rates abatement efforts, highest abatement rates
- Intermediate terminal pollution stock -Lowest terminal pollution stock
-Intermediate pollution and abatement intensive - Least pollution intensive, most abatement
- Highest supply chain profit intensive
-Lowest (intermediate) supply chain profit
Horizontal - Lowest consumer prices, highest demands and|-Intermediate  consumer  prices,  demands,
competition abatement efforts, lowest abatement rates abatement efforts, and abatement rates
- Greatest terminal pollution stock -Intermediate terminal pollution stock
- Most pollution intensive, least abatement|-Intermediate pollution and abatement intensive
intensive - Intermediate supply chain profit
- Intermediate (lowest) supply chain profit -Greater terminal pollution stock and lower
- Greater terminal pollution stock and lower profits| profits in contingent than in commitment strategy
in contingent than in commitment strategy

Tab. 11. Main differences between configurations

The vertically-induced volume effect is relatively larger than the horizontally-induced volume effect.
That is, an increase in gross emissions in the market is derived more by the elimination of double
marginalization than the introduction of competition in the market. On the contrary, the vertically-
induced polluting effect is generally smaller than the horizontally-induced polluting effect, implying
that the competitive pressures in the market weaken the manufacturers’ abatement incentives more
significantly than vertical internalization of pollution externalities.

Strategy types also play a significant role in the context of horizontal competition. Contingent
strategies result in less environment-friendly configurations under horizontal competition. The
environmental demerit of contingent strategies arises mainly due to the reduced abatement incentives.
The impact of contingent strategies on the gross emissions volume is modified by vertical
configuration: while contingent strategies lead to smaller emissions volume under vertical
competition, they result in larger emissions volume under vertical integration.

Our analysis provides valuable guidance for managers as follows.

First, we offer guidance on the profit-maximizing pricing and abatement policies which depend on the
market structures and strategy types. For instance, managers need to invest relatively heavily in
abatement efforts for a given output and to set a relatively higher price, thus reducing the output level,

if they operate under horizontally integrated or vertically competitive markets. At the same time,
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managers need to be aware that abatement and pricing policies must be revised accordingly depending
on strategy types. If commitment strategies are adopted, it is advisable to increase abatement intensity,
but whether to raise sales price compared to under contingent strategies depends further on market
configurations. Additionally, while managers need to invest in abatement efforts most heavily during
intermediate periods under contingent strategies, managers must invest actively from the beginning
under commitment strategies.

Second, the growing adoption of commitment strategies in practice (e.g., Shell, BP, Gap, Nike, etc.)
can be not only environmentally but also economically advantageous in the horizontally competing
industries. In this context, commitment strategies serve as a measure to alleviate negative effects due
to the imperfect internalization of intertemporal pollution externalities. However, in horizontally
integrative industries, firms are indifferent between commitment and contingent strategies because
horizontal internalization of pollution externalities and substitution effects suffice to eliminate
incentives of firms to deviate from the optimal paths under commitment strategies.

Third, managers should not overlook the environmental dimension when formulating strategies that
influence structural configurations in the industry. For instance, while vertical integration with supply
chain partners can eliminate double marginalization, it may result in lower profits due to the increased
pollution burden. Our analysis also suggests that horizontal integration, e.g., Chevron’s takeover of
Anadarko, in industries can lead to not only lower gross emissions but also stronger abatement
incentives of firms, contradicting the argument that horizontal integration may be “just a temporary
solution” for curbing emissions and results in lower greening investments (Luo et al., 2016).

Our study also offers policy advice for regulators to curb pollution emissions in industries.

First, regulators may differentiate their focus in employing policies to curb firms’ emissions
depending on market structures. Specifically, as polluting effects are more induced by horizontal
configurations, policies to incentivize firms’ abatement efforts can be preferentially implemented to
horizontally competitive markets. On the other hand, as volume effects are more driven by vertical
configurations, regulators may monitor whether vertically integrated chains offer excessively low
prices, which cause large gross emissions as a byproduct.

Second, regulators may promote commitment strategies in horizontally competitive markets, which
lead to lower pollution emissions. One indirect way is to limit the information on pollution. Although
regulators typically pursue higher visibility regarding this matter, e.g., Canada’s Greenhouse Gas
Reporting Program publicizing information on the pollution of each facility, our results suggest that
regulators may strategically restrict information visibility on the pollution based upon which firms can
employ contingent strategies and revise their actions continuously.

Third, the least polluting configuration, horizontal integration and vertical competition, is more
unfavorable to manufacturers than retailers. Thus, regulators can focus more on providing sufficient
incentives for upstream firms to coordinate their decisions, in order to reduce environmental damage

in industries.
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A possible avenue for future research consists in building an empirical test to assess the relative

importance of vertically and horizontally-induced volume and polluting effects in the industry.
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Appendix

Table A1. Profits under different cases and strategy types

Plugging the derived abatement and pricing strategies gives profits under commitment strategies and TI case.
The payoff functions are obtained from the value functions directly under contingent strategies. The detail
proofs are omitted for brevity.

Case |Strategy Profits

TI _ a? °T | P*th(6T)
) = Gz sy T 20 ]
TC  |Commit- = a’pr?
ment ol = 2{B(B-y)P?[pT (2-sech(pT)?)~th(pT)]+4¢9?p(2B-y)T}?
3 — 2 — 2y _ 2 —
{4’0’ V2F (BB-NP2[pT (2 SB(C;_(;[') )—th(pT)]+2¢*p(2p-y)T} + ﬁ(P2¢2 sech(pT)Z [pSh(sz) _ ZpZTCh(ZpT)]}
]Ti _ 4a2ﬁ(p4p2T3

ol ™ {B(B-Y)Y2[pT(2=sech(pT)?)~th(pT)|+4¢p2p(28—)T}?

Contingent Bla-B-Nwlf]

U = Ssorraioi L(@B2? = 3v9? = 2Byy? + 6BpDwlf, — 2apy?]eT + 2Bla— (B -
y)winCb] th(zT)y?}
o= Bla--pelf]'T
/b (2B-1)?
HIVC |Commit- |,m _ 8T2a’p?
ment & ot (ﬁ—y)(5T(4<PZ+(ﬁ—2Y)21/Ji)—3(ﬁ—V)¢2th(5T))
Contingent |J7, = 207579
B-N(B-VY2+49*)ST-(B—y)p*th(8T)|?
HCVI |Commit- k29?2 sech(9T)2 (29T —sh(297))

Ji1 = =={0?K? sech(9T)? [3sh(29T) — 29(2 + ch(29T))T] + -

+ 8e 29T 20T (a2 B-2(B-y)3 k22 —ay (B-Y)kp)+29T(af+(B-y)2kp) (a—(B—y)kp)ch(29T)+(B—1) (3 (ﬁ—y)2K¢+2a7)KSh(219T)]}
(1+ez‘9T)2 2B-7)?

Ment

apyp

where Kk = T B et (28-7)

Contingent |y¢, — 2/ —{oT(26 - 168> — (8 +1)*¥?] + (467 = 36y + y*p? th (7))

Proof of Theorem 1.
Skipping the time index for convenience, the corresponding joint objective criterion is:

m; r r sz
Max J=Zi(f ""J’):f Z#,’Pi(ﬂ‘ﬂpi"‘ypj)"i"
P1:P2 V1220 0 2

subject to (5). The Hamiltonian in the total integration case is written as:

fyz}t

2
H=%;p (ﬂ-ﬁp,- +ypj)-zi—2vi-fy2 +f7[l//Z,~¢j(a—ﬁp,~ +ij) -¢Z,-V,}
from which necessary conditions for optimality with symmetric controls are,
a—(B-y)my
2(B-¥)

The Hamiltonian is concave in (VI,VQ,PI,PQ) because the Hessian is definitely negative and therefore the

'7:2fy’Hv,. ==V, =gn=0=v, =-¢n, H, =a-2fp; +2yp; —(ﬁ—y)l]tﬂ:0:>pi = =120 #j.

Legendre-Clebsch condition is satisfied (Grass et al., 2008). However, it can be shown that the necessary
conditions are also sufficient for optimality, which implies that the optimal solution is unique. The canonical

system then writes j=2f, y = 0'¢/+((,3— y)gl/2 +2¢2)l] , which gives a general solution n(t) = A;;e™1t +

ay
A e™2t + Kyy, where my; = \/Zf((ﬁ =Y+ 2¢2), myp = —myy, Ky = RO Also, from
-my1Ki1+2fyee M1l my11K11+2fyoe™11T

y(0) =0 and n(T) =0, we have A;; = and A, = — Plugging the

myq(eM11T+e-m11T) myq(em1T4e~ma1T)’

derived n(t) completes the proof. Furthermore, from (7), it can be shown that p;(t) < %, i = 1,2, which

guarantees that the control constraints p;(t) < (a+ypj(t))/ B are never binding and therefore that the
retailers’ demands are non-negative. Strictly and convexly increasing pollution stock ensures that the control
constraint of v/’(t) is never binding and therefore that the manufacturers’ net current emissions (i.e., current
emissions minus abatement efforts) are non-negative.[
Proof of Theorem 2. In the total competition case, the respective Hamiltonians write:
2
Sy

H" = (a—,Bp,» +ypj)—%—7+/‘i [4”2#;(0'—/31% +VPj)‘¢ZiViiJ
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H' =(p, ‘al)(a‘ﬂpi +V1’j)*‘ﬂi[‘/’25¢j(”‘ﬁl’[ +VPj)‘¢ZiViJ
i = 1,2,i # j, from which the equations of the costate variables are given by A; = —H;ni =fy, ;= —H;i =
Given fi; = 0 and the transversality condition y;(T) = 0, we get u;(t) =0, i = 1,2. Manufacturer i’s and

. . . . . . . m; Ti

retailer i’s necessary conditions for optimality yield respectively H,* =0 2> v = —pi;, H, =0 2>p =
+ypj+Bw; . - L S

%ﬁﬁwl. It can be shown that the necessary conditions are also sufficient for optimality, which implies that the

equilibrium is unique. Since 4; = A;= A, the manufacturers’ controls are symmetric, that is v; = v; = —@A.

+
Also, w; = w; = w, for such symmetric manufacturers and therefore we get p; = aﬁ—ﬁy which is constant over

_ Br)(a+Bw)

time. Therefore, the canonical system writes A = fy, y = 2 [tp (a ) + (pzl], which has a general

2p-y
SO]uthIl A(t) = A31€m31t +A32€m32t + K31 Wlth msz, =@ 2f , M3y = —Mg3q and K31 = _%
Az = As, =— %1 are derived from y(0) =0 and A(T) = 0. Plugging the expressions and

(em31T+e—m31T)
simplifying gives
g = Bla zéﬁ_yy)w] {a)T + iz;gﬁy); 102 [—2m3,T + mg; Tsech(ms,T)? + th(m31T)]}
i = 1,2. We derive the right-hand side of /™ with respect to w and solve to obtain, using p = <p\/2_f :
_ (BB-y¥?[(2-sech(pT)?)pT—th(pT)|+2¢2p(2B-1)T} «a
{B(B-y)P2[(2—sech(pT)?)pT—th(pT)]+49%p(2B-¥)T} (B-Y)

Plugging the expression of w and simplifying completes the proof. Furthermore, from (9), it is obvious that
manufacturer i’s OLNE transfer price, a)g,cl, is strictly positive and lower than %, i = 1,2, which implies, from

(11), that the retailers’ demands are non-negative. Strictly increasing pollution stock ensures that the
manufacturers’ net current emissions are non-negative. [J

Proof of Theorem 3. Since the game is symmetric, we assume that the optimal value functions are the same for
the manufacturers and for the retailers, that is, V™ = V™ = V™ and Vi = V'/ = V", In this regard, v; = v},
we assume symmetric transfer prices such that w; = w; = w. We first construct the Hamilton-Jacobi-Bellman
(HJB) equations:

—V™ = Max,, {w(a - Bp: +vp;) - ? ~ s - Bp+ o) — oSl

-V = MaXpi{(Pi —w)(a—Ppi+vp;) + VyT[IPZi(a — Bpi +vp) — 9Xvi|}
i = 1,2,i # j. The maximization on the right-hand side of the HIB equations with respect to v; and p; gives
a+ypj+pw-(B-V)Ypvy
28 :
. We make the conjectures for the value functions: V™(y,t) = A(t)y? + B(t)y + C(t),

-y
Vr(y, t) = D(t)y + E(t). To ensure that the HIB equations and the boundary conditions hold for all y = 0 and
all ¢, after substituting the conjectured value functions into the HIB equations, the following set of equations

should be met:

A=L_ 60242 B = — 2ACE@E @ +20(B(a-wB-)+ DE-N*P))

T2 P-4 28—y
¢ = _2wap=20?BB-y)=20(B-y)(2BB-D(B-y))Y+BBB2E-1)¢ +4w(@B+D(B-1)*P))
2(2-v)

. . 2

D = —4¢%AD, E = — (ZBD 2y (B(a—w(B-7))+D(B- 1(/2)31#2/()0; w(B-y)+D(3B~ y)w))
with A(T) = B(T) = C(T) =0 and D(T) = E(T) = 0. Solving the differential equations and plugging the
solutions yields (14)-(16). Given that y, = 0, the payoff functions rewrite:
Jmi = Ym(y,,0) = Bla—(B-y)wl{2p3la—(B—yIw] th(eT 31 )p*-3¢T f[2app*~(28°Y> -3y 9> ~2py P> +6L¢*)w]}

Yo 993 2B-1?T :

JTi=V"(y,0) = % Deriving J™ with respect to w gives (13), which completes the proof.
Furthermore, from (13), manufacturer i’s transfer price, a)z}%, appears to be strictly positive and lower than %,

v; =—@V" and p; =
a+ﬁw—w(ﬁ—y>vyr

Since V™M =V" =V™ , v;=v; , and then p; =p; =

and

i = 1,2, which implies, from (15), retailers’ non-negative demands. Using (14) in (16), the pollution stock is
Bla—(B-p)wlf[2+enlzr-n1)
7(2f-y) sh[z(T-0)]

ensures that manufacturers’ net current emissions are non-negative. [

Proof of Theorem 4.
In the horizontal integration and vertical competition case, the corresponding objective criteria are:

holds Vt € [0, T]. This

strictly increasing over time because the condition y ) <
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m_T Zt z _ g2
Max J _.[ Zli]af(a ﬁpz+ypj) fy
«,0,v,v220 0

Max J' = Na - gp; d
i pix>0 le;:,( w)(a ﬁle'pr)’

subject to (5). The respective Hamiltonians write:
= Yirjoi(@ = Bo; +vp;) =25 = fy? + A[YTi(a - Bp: +vp)) — oLivi]
H" =%z (pi — w)(a = Bp; + ij) +ulYXi(a - Bpi +yp) — 9Zivi]
i =1,2,i # j, from which the equations of the costate variables are given by 4 = —H;," =2fy, p= —H; =0,

which yields p(t) = 0 given the transversality condition u(T) = 0. Manufacturer’s and retailer’s necessary
conditions for optimality are respectively Hy =0 > v; = —pA, Hy, =0 > p; = —a+zypj:Zwi_ywj . The
Hamiltonians H™ and H" are concave in (v;,v;) and (p;, p;) respectively, because the Hessians are definite
negative and therefore the Legendre-Clebsch is satisfied (Grass et al., 2008). It can be shown that the necessary
conditions are also sufficient for optimality, which implies that the equilibrium is unique. Manufacturers’
controls are symmetric, that is, v; = v; = v. Also, w; = w; = w, for such symmetric manufacturers and
at+(B-y)w
2(8-v)
(B —Y)w) + 29?2, which has a general solution A(t) = A, e™1t + A e™2t + K,y with my; = 2¢,/f,

therefore we get p; = , which is constant over time. The canonical system writes A=2 fyv.y =¢(a-

la=(B-V)w] Ka1+2fyoe”m41T
My, = —My, and Ky = % Also, y(0) = vy, and A(T) = 0 gives A,y = 717:1411(6::41T+3;Ofm41T) and
K1 +2fyoe™a1T . . . .
Ay = _nztl(e:;uhy;fmﬂ)' Plugging the expressions and simplifying gives /™ = [a — (8 — y)w] {a)T -
[a—(B-p)w]p?

pre— [ma, T — th(m41T)]}. Deriving /™ with respect to w and solving for w gives (17). Plugging A(t)
41
HIVC

and w completes the proof. Furthermore, from (17), manufacturer i’s OLNE transfer price, w;,;" -, is strictly
positive and lower than a/(8 — y), i = 1,2, which, using (19), implies retailers’ non-negative demands. The
pollution stock only increases over time, which ensures manufacturers’ non-negative net current emissions. [

Proof of Lemma 1. We first derive the FBNE equilibrium. The Hamilton-Jacobi-Bellman (HJB) equations are
respectively:

—ym = Maxviﬂii {Zwi(a —Bpi + Ypj) ———— fy + Vm[l/)Z (a Ppi + )/p]) (pZLvl]}

_V‘r = MaXpi{Z(Pi - wi)(a - Bpi + ypj) + V}r[ll’zz(a ﬁpl + }/p,) (le l]}

i = 1,2,i # j. The maximization on the right-hand side of the HIB equations with respect to v; and p; gives
a+(B-V)wi—(B-V)Vyp
2(8-v)

v; = v;, we assume symmetric manufacturers such that w; = w; = w. We make the following conjectures for
the value functions V™(y,t) = A(t)y* + B(t)y + C(t), V" (y,t) = D(t)y + E(t). To ensure that the HJB
equations and the boundary conditions hold for all y = 0 and all ¢, after substituting the conjectured value

functions into the HIB equations, the following set of equations should be met:

A=f—4A%p? B = —4AB@? + 2Aw;(B — v)¥ — 24y (a + D(B — Y)¥)

C=-aw; +w?(B—y) - B*¢® + Bw(p - Y)Y = Dwy(f — )y — Byp(a + D(f —y)i)

D =—4¢%AD, E = —© 402 By +4BD ()9 42D 0y B 21(/;( yl;+y)1I)+DZ(l3 V)42 -2a(f—y)(@i=Dy)
with A(T) = B(T) = C(T) =0 and D(T) = E(T) = 0. Solving the differential equations and using J™ =
V™ (y,,0) given that y, = 0, we obtain the equilibriums satisfying w!V¢(t) = a)f}IbVC @), pilVe (o) = pgclbvc (1),

vis"¢ () = vfy € (t), which completes the proof. [

vy =v; = —@W" andp; = . Since each manufacturer has the symmetric profit structure and

Proof of Theorem 5. The objective criteria in the horizontal competition and vertical integration case are:
2

2
M s =] a=prey)) -5
subject to (5), i = 1,2. In an OLNE, the Hamiltonians write:

H'= Pi(a‘ﬂpi +V1’j)“’i2/2‘f)’2/2+7'§[l//Zi(a‘ﬂP[ +V1’j)‘¢2i"i}
i=12,i # j, from which the equations of the costate variables are given by 7;; = fy and the transversality

conditions 7;(T) = 0. Because r, = m; = m , We can assume symmetric players. Necessary conditions for

optimality are respectively = =V, =—QI, = =p=|la-\p- Y —)). The Hamiltonians are
imali '1H£.01¢H;01 B-yimy /(28 h 1
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concave in (Vi, Pi) since the Legendre-Clebsch conditions are satisfied. On the other hand, it can be shown

that the necessary conditions are also sufficient for optimality, which implies that the optimal solution is unique.
The canonical system then writes 77= fy , y:2{ﬂaw+[(ﬁ—y)2¢2 +¢2(2,8—y)}7}/(2ﬁ—y) , which yields a

\/Zf[(ﬁ—y)zll)zwz(ZB—y)]
2B~y
from y(0) = 0 and #(T) = 0. Plugging

general solution 7(t) = Ay e™2tt + Ay,e™22t + K, 1, with my, = , My, = —M,; and

_ apy : _ _ —Ka1
Ko = G WC OPRIN A2 = Ae = Sy
the expressions and simplifying completes the proof. Furthermore, from (21), retailer i’s OLNE consumer price,
prC, i =1,2, is strictly positive and lower than %, which ensures non-negative retailers’ demands. The

pollution stock is strictly increasing over time, which guarantees non-negative manufacturers’ net emissions. [J

Proof of Theorem 6. Since the game is symmetric, we assume that the optimal value functions are the same for
each supply chain, thatis, V' =V/ = V. We first construct the Hamilton-Jacobi-Bellman (HJB) equations:

2 2
~V = Max {pl(a B +vp) =% =B+ v [Wi(a — B +vp) — oXivi]}
i=12,i ;t ] The maximization on the right-hand side of the HIB equations with respect to v; and p; gives
v; = —¢V, andp; = {a—(B - y)l/;,tp}/(Zﬁ — v). We make the conjectures for the value functions: V(y,t) =
A(t)y? + B(t)y + C(t). To ensure that the HIB equations and the boundary conditions hold for all y = 0 and
all 7, after substituting the conjectured value functions into the HIB equations, the following set of equations
should be met:

2014 f 3
T @B y)z t3.B= z(zﬁ 2(2B-7)? lap(4B* — 3By +v?) + Q1 B]
2(23 [2a(4ﬁ2 =3By +¥*)BY + QB* + 2a*p]
with  A(T) = B(T) =C(T)=0 , where Q,=[68%Y?+ 28y(Gyy? — 6¢?) — 2B%(TyYp? — 6¢?) +

Y2(=2yy? + 3¢?)]. Solving the differential equations and plugging the solutions completes the proof.
Furthermore, from (25), retailer i’s FBNE consumer price, pinCb, is strictly positive. Using (24) in (26), it can be
shown that the pollution stock is strictly increasing over time whenever B[6831? + 28y (5yy? — 6¢?) —
282 (Tyy? — 692) —y2(2yYp? — 39 > (487 — 3By +yHI(B - V)*Y* + 2B —y)9?] is fulfilled. This
ensures that manufacturers’ net current emissions are non-negative. From (24)-(25), we observe that the
abatement efforts and the consumer prices in an FBNE are both increasing with the pollution stock at a

decreasing rate. []
th(ﬂT)

()

HCVI
T 2
Yo (1) _ 2 . Note that —— is a decreasing

yTI(T)  ~ (2B8-1) th(ﬂ”

—or
function for x > 0 and 9 < 6. These lead to théw) > OD Therefore, yHEVI(TY > yTI(T) holds. Let  —y =

or
TI 2

P BT E YTl ([ST-th(sT)] Ky 2 ) them)

2kp® (e > 0). Then, 6 = 6/ (kp* +1) > §, and Zames _{ o kgl ka2+1} th(sT)

k?. Then, for k < 3, it holds that \/: > 1. Therefore, for any 0 < k < 3, %CT())
8T—th(sT) +1-2

y (T) . *
SHVC T ) >1is that ———> E . Let k* = argmaxge(s, m)(

k+1-2 . \/k
o k-

Proof of Theorem 7. After rearranging, we get:

etk =

> 1 holds. Fork =3, a

k+1

sufficient condition for ), then

8T—th(8T)
6T

k |k*

ST=th(T)  _ (1,238 and lim
ST |* T—>00

= 0. Also, let T = 6T and, for > 1, 7% = argmin ¢[y,) ( ) Then,

8T—th(8T)

6T—:;(5T) +_ — holds for k >

= 1. Therefore, the sufficient condition

oy
HIVC( T)

yTm
HIVC( T)

3 and 7> 1, which leads to > 1 hold if

[t-th(r)] &k 2 th(7)

SN e e gy Y ey

[t-th(@®] & 2 ) 2 . th) | _ 1 yTm
holds that lm{ - «/W-i-«/ﬁ} = and lim {th(r«/ﬁ)} = Thus, SHVCT) 1 holds when 7 <1

approaches zero. Also, for all (k,7) where k = 3 and 0 < 7 < 1, the minimum value of {

> 1. Lastly, when k>3 and 0<7<1,

In the case of T = 1, the latter inequality holds for any k > 3. When 7 — 0, it

t—-th(t) k n 2 }
T JE+1  Jk+1

th(‘r\/k+1) ) ) . - yTI(T)

@S strictly larger than 1, when numerically computed, confirming that SHVC(T) > 1. Furthermore, when
- [t—th(1)] k 2 th(t) yTHr)

k — oo, N + Ve~ (o) is satisfied, thereby SAVCT) > 1 holds. [J
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th(pT) th(pT)

TC
Yor () 2B[V2((B-1)¥*+49?)pT—-(B-y)p*th(VZpT)] oT . oT
Proof of Theorem 8. uives = B—pw2lore-sech(omD-thDI+4p2pTEB—p) TLzp1] SN Tivzpm > 1+ 8
V2pT V2pT
TC
- . Ver (T) . V2B[VZ((B-y)¥*+49%)pT—-(B-y)p*th(V2pT)]
sufficient condition (though not necessary) for SHIVCE) > 1is BBy 02 pT (2—sech (YD) th(pT) 1+ 292 pT@B—7)
1 g2yY? [pT sech(pT)? + th(pT) — \/Eth(\/pr)] > y{ﬁlpz[pT sech(pT)? + th(pT) — \/Eth(\/ipT)] - 4(p2pT}
TC
Since pT sech(pT)? + th(pT) — \/fth(\/pr) < 0, the sufficient condition for yj;,",lvg;) >1is y>y=

B2y*[V2th(V2pT)—pT sech(pT)*~th(pT)]
Bw?[V2th(V2pT)—pT sech(pT)2—th(pT)|+4¢?pT

Hevi BB-YW?|oTy2f (2-sech(pT2) )-th(pT2F) |+490°T 27 (28 -¥)
Proof of Theorem 9. % D _ [ ( ) ] th(¥T)

yTer 2292 Tf2B-P(B-) 2% +¢? (2B-Y)] . th(ey2fT)
yTE(T) .
SAVCT) >1 is

> 0, where p = @./2f. ]

A

sufficient condition (though not necessary) for

BB-Pw?[oT 2 (2-sech(oT/7])")-th(pT2])| +4¢°T2F (2B-7) 2
>1 — w2 |oTy2F (2 = sech(oTy2f) ) =
2207 T F CB-DIB -1 9492 2B —1)] BB -TY ["’ f ( sech(¢Ty/2f) )
th(9T)

th(¢Tﬁ)] + 43T \J2f 28 —v) — 2V29*Tf (2B — V(B — V22 + 2(2B — )] > 0 as oz > 1,. Because
[(pT\/Z_f (2 — sech(<pT\/ﬁ)2) — th((pT\/Z_f)] > 0, the above condition is satisfied if ¢ > ¢ = % O

y™(r) _ BB-y)W?[pT(2-sech(pT)?)—th(pT)| +49?p(2f—¥)T th(6T) g the6n)
Yol (T 4B0@%T th(pT) th(pT)

TI
condition (though not necessary) for ;}T((TT)) > 1is B(B — y)Y?[pT (2 — sech(pT)?) — th(pT)] + 4¢0?p (26 — )T >
ol

Proof of Theorem 10. > 1. A sufficient

4B0@2T. As [pT (2 — sech(pT)?) — th(pT)] > 0, which holds if ¢ > ¢ = By /(Zﬁ_ﬁy);j_wz forp > B = (Z_V 7

35





