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Abstract: This study investigates how the commitment of firms under competition influences
environmental sustainability investment, pricing decisions, and profits of firms. We consider a
stylized model where two firms compete in the market and examine three scenarios: (1) both firms
commit, (2) only a single firm commits, and (3) neither firm commits. Interestingly, we find that
commitment to sustainability investment by all firms results in the lowest sustainability investment
in the industry. However, when a commitment is only made by one firm, sustainability investment in
the industry can be the highest. Compared with under the no commitment scenario, a committed
firm obtains a higher profit regardless of whether the commitment is also made by the competitor,
but the competitor may become more profitable than the committed firm when it does not make a
commitment. Although commitment by all firms yields the largest profits, it is the least effective from
the entire societal perspective, resulting in both the lowest social welfare and the lowest sustainability
investment. Instead, commitment by a single firm or no commitment can be the most effective for
the entire society. We also discuss the implications of the investment efficiency of sustainability and
consumer taste preference.

Keywords: environmental sustainability; commitment; competition; sustainability investment;
climate change

1. Introduction

Climate change has emerged as an important issue in recent years and firms increasingly
consider climate change as a strategic matter that they have to address [1,2]. Climate change
issue influences consumers’ purchasing decisions and thereby changes the competitive business
environment. According to Nielsen’s survey, 45% of consumers state that their purchasing decisions
are affected by whether a product is produced by environmentally friendly companies [3]. More than
half of all Global 500 firms also responded that these changing consumer behaviors are important
driving forces for climate change action [4]. As a result, firms are investing more aggressively in
improving their environmental sustainability level.

One notable trend in industries with regard to the firm’s sustainability investment is that more
firms are committing to the degree to which it will invest in sustainability initiatives in advance. In 2015,
Siemens committed to being carbon neutral by 2030 by investing €100 million [5]. The company also
specified to which programs the budget will be invested to achieve the goal. Siemens’ commitment to
environmental initiatives received attention from the media, and the company also proactively utilized
it as an opportunity to appeal to environmentally-conscious consumers. Many other companies across
diverse industries also announced long-term strategies with details on how their strategies will be
implemented. For instance, Walmart committed to reducing greenhouse gas emissions by 50 million
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metric tons in China by 2030 [6], and P&G committed to a sustainability strategy toward 2030 including
a plan to cut its emissions in half [7]. L’Oréal announced its sustainability commitment toward 2020,
such as investing in a supplier sustainability program and reducing waste by 60% [8]. H&M also
committed to a long-term sustainability strategy, specifying future plans on the portion of recycled
material, the tones of garments collected and the percent of facilities with water-efficient equipment [9].

The aforementioned examples suggest that firms increasingly decide the level of sustainability
investment in advance, before they determine the complete courses of other actions, e.g., prices,
on how to compete with rival firms afterwards. That is, more firms in competitive markets are
adopting the commitment strategy to sustainability investment. In fact, commitment strategy has
been recognized as one of the central factors playing a key role in competitive markets in economics
and management literature [10–12]. However, despite this emerging practice and the importance
of commitment strategy under competition, little is known on how the firm’s commitment strategy
would influence the sustainability investment of the committed firm itself as well as that of the
competing firm and also influence prices and performance of firms under competition. Studies on
the environmental sustainability in the competitive markets largely focus on consumer or regulatory
characteristics [13–16] and studies on commitment mostly investigate commitment strategy with
regard to decisions such as price or quantity [17–19], thus the impacts of the commitment in terms of
sustainability dimension remain under-explored. We aim to fill this gap and provide insights on the
firm’s commitment to sustainability investment. Thus, we address the following research questions:

• How would the commitment to the sustainability investment of firms under competition influence
firms’ incentives to invest in environmental initiatives? Would it promote the sustainability
investment of each firm under competition or lessen it? How would the sustainability investment
at the industry level be affected?

• What are the impacts of the commitment on the equilibrium pricing decision and profits of each
firm? From the societal perspective, would the commitment to the sustainability investment of
competing firms be desirable or not?

• How would the efficiency of sustainability investment and consumer taste preferences influence
the effects of commitment to sustainability investment under competition?

To answer these questions, we employ a stylized model, which consists of two firms that compete
in the market and invest in initiatives to improve environmental sustainability. We consider three
scenarios regarding the commitment of firms: i.e., both firms commit, only a single firm commits, and
neither firm commits. Following the convention in the literature on commitment [12,19], commitment
strategy is captured in our study by a two-stage noncooperative game: the committed firm sets the level
of sustainability investment in the first stage which affects the price competition taking place in the
second stage, whereas the non-committed firm decides the level of sustainability in the second stage.

We briefly summarize the key insights. First, the commitment of both firms results in the
lowest sustainability investment of each firm and of the industry, compared to commitment by
a single firm or no commitment. However, when commitment to sustainability investment is
made only by a single firm, it may lead to the highest sustainability investment of the industry
due to the committed firm’s heavy investment, despite the competing firm’s lowered investment.
This provides an important insight that the current trend in industries toward committing their
sustainability strategies has complicated effects: the commitment strategy can be desirable to the
society in terms of the sustainability dimension only when it is used by a fraction of firms. However,
if it is employed industry-wide (e.g., as an industry standard), it actually shrinks the sustainability
investment in industries.

Second, the commitment of both firms leads to the highest profits for each firm under competition,
hence the highest profits at the industry level. A firm that unilaterally commits to its sustainability
investment can still obtain a larger profit than it does without commitment. Interestingly, however,
such unilateral commitment may make its competitor more profitable than the committed firm itself.
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These results imply that commitment towards a sustainability strategy can generally correspond to
firms’ economic incentives, whereas it may have an unintended positive externality to the competing
firm’s profit.

Third, from the entire societal perspective, a commitment by all competing firms is the least
effective scenario, as it results in the lowest social welfare and the lowest environmental sustainability.
Instead, either a single firm’s commitment or no commitment is the most effective scenario for the
entire society.

Lastly, when sustainability investment becomes more costly, or when consumer taste preference
becomes stronger, although the sustainability efforts of each firm may either increase or decrease
depending on the commitment scenario, the profits of firms always increase because the
heightened burden of inducing customers via sustainability investment mitigates competition in
sustainability dimension.

Our study contributes to the literature is as follows. First, we enrich the literature on
environmental sustainability by investigating the impacts of firm’s commitment strategy, which
is widely recognized as a critical factor influencing the competitive landscape in the economics and
management literature. To the best of our knowledge, this study provides one of the first analytical
models to investigate the impacts of the firm’s commitment to sustainability investment, which is
increasingly observed in industries.

Second, we identify two contrasting roles of commitment strategy in terms of sustainability
investment in the competitive market. If the commitment strategy is adopted by a portion of firms, the
commitment strategy can be utilized to encourage the sustainability investment; that is, the firm can
use commitment strategy to preoccupy the high sustainability position, thus obtaining more pricing
power. However, if the commitment strategy is adopted by all competing firms, then the commitment
strategy discourages the sustainability investment; that is, firms under competition may jointly use
commitment strategy as a means to cut costly sustainability investment, thus softening the competition
between them.

Third, we show that a commitment strategy may not always bring societal benefit, although our
result confirms the well-known notion of the economic virtue of commitment strategy [11]. We also
show that the unilateral commitment may make the rival firm more profitable and may induce firms
to differentiate from each other further, which implies that the commitment strategy can significantly
influence how firms compete in the market.

Our study also provides practical implications for managers and regulators. For managers, our
study suggests that the commitment to sustainability investment can be a rational choice for firms
because it enlarges profits. However, there is a potential pitfall: the unilateral commitment can also
make the rival firm to be more profitable than the committed firm under particular circumstances.
Furthermore, to which level of sustainability investment the firm needs to set under commitment
strategy varies depending on the context. Thus, managers need to decide whether and how to adopt
the commitment strategy in careful consideration of the conditions under it is employed.

For regulators, our study suggests that it is important to understand correctly how commitment
strategy may alter a firm’s incentives to sustainability investment. In particular, our result suggests that
if the commitment strategy is adopted by a portion of firms in the competitive market, the regulator
may not need to intervene in the competitive market because the commitment strategy acts as a
device to promote sustainability investment. However, when the commitment strategy becomes
prevalent in the competitive market, the regulator should consider more active intervention because
the commitment strategy can be used as a means to mitigate competition in sustainability dimension.
In such circumstances, the regulator may consider more stringent penalties on sustainability violation
or devise proper incentives such as subsidies to facilitate sustainability investment of firms.

The remainder of this paper is organized as follows. Section 2 reviews the related literature.
Section 3 presents the model, and Section 4 analyzes the equilibrium under each scenario. Section 5
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compares the three commitment scenarios and discusses the effects of commitment. Section 6 concludes
the paper.

2. Literature Review

This article mainly relates to two research streams: environmental sustainability under
competition and the commitment of firms’ decisions.

The first stream relates to the issues of environmental sustainability under firms’ competition.
Galbreth and Ghosh [15] consider the sustainability concern and awareness of consumers under
horizontal competition in a duopoly. They find that, when awareness is sufficiently high, an increase
in awareness can benefit all firms under competition even though the two firms differ in terms of their
sustainability level. Chen et al. [13] examine optimal pricing and emissions reduction decisions of two
manufacturers under competition when consumers are sensitive to price and carbon emission, and
investigate the effects of production and emissions reduction efficiency and the power structure (i.e.,
balanced and imbalanced). They show that the strong market power of a firm does not always ensure
more profits than the competitor with less power, and show that when a firm gains more market power,
it tends to set a higher sales price and obtain greater profits but it may become less green. Clemenz [16]
analyzes the impact of an eco-label on firms’ investment on abatement in a duopoly market. They
show that, while underinvestment in abatement is likely to occur in the case of end-of-pipe abatement,
a clean technology approach for abatement may achieve a first best level depending on the consumer’s
willingness to pay for abatement. Yalabik and Fairchild [14] show that environmental competition
can facilitate firms to invest more in the environment, and it may also improve the effectiveness of
consumer or regulatory pressure on firms to improve the environmental performance. Dong and
Zhong [20] consider a price competition between regional ports. They document the possibility of tacit
collusion between the ports under certain conditions. In the context of a vertically competitive chain
that consists of a manufacturer and a retailer, Ghosh and Shah [21] investigate the green innovation
and pricing decisions under the decentralized and cooperative channel policy with diverse market
power structures and propose the two-part tariff contract to coordinate the channel. Ma et al. [22]
consider a manufacturer whose products are sold to consumers through a retailer or its direct online
channel and show that carefully designed revenue sharing contract can improve both players’ profits.

Our study contributes to this literature on the environmental sustainability under firms’
competition by showing that commitment to sustainability investment may either facilitate or deter
firms’ sustainability investment depending on whether commitment is made by all or a portion of
competing firms and on the level of sustainability investment efficiency and the strength of consumer’s
taste preference.

The second related stream is the commitment of the decisions of firms. In the literature,
commitment refers to a firm’s strategic behavior to set a course of action in advance, which is typically
captured by a two-stage noncooperative game [10,12,19]. The literature has explored the effects of firms’
commitment to diverse strategies. Gilbert and Cvsa [17] examine price commitment in a supply chain.
They investigate whether a supplier should commit to its price as a means to facilitate downstream
innovation or it should maintain a flexible pricing policy to respond to demand uncertainty. They
show that, although commitment is preferred from the perspective of a downstream firm or a supply
chain, it does not necessarily increase the profit of the supplier. Nasser and Turcic [18] analyze the
quantity commitment decision under duopoly differentiated on a Hotelling line. They show that
both firms choose to commit to a quantity under low product differentiation to mitigate the intense
price competition. However, when product differentiation is high, asymmetric equilibrium may arise
where one firm chooses to commit and the other firm chooses not to commit. Li [23] studies the
supply base design and the pricing mechanism where a buyer can make a price commitment that
can be renegotiated afterward. The study shows that a buyer can design the supply base and the
pricing mechanism to facilitate supplier competition or to motivate cost-reduction effort, and the two
dimensions are strategic complements.
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Different from prior studies that mostly focus on the price or quantity commitment, our study
adds to the literature on firms’ strategic commitment by considering the commitment sustainability
investment, which is increasingly found in practice, for firms under competition.

3. Model

We consider a duopoly model where two firms compete in the market, selling one product
respectively. Two competing firms invest in environmental initiatives (e.g., investing in wastewater
treatment, developing greener technology, conducting research and development projects for increased
energy efficiency, or implementing recycling programs). We denote si as the overall degree of
sustainability investment. A higher si indicates the decision of the higher greenness level of a firm,
which implies the larger investment for environmental initiatives. Following Hong and Guo [24] and
Ghosh and Shah [21,25], we assume that the sustainability investment si incurs the investment cost
of kis2

i . A quadratic investment cost of sustainability efforts indicates a decreasing marginal return
of investment activities. For instance, rational managers will target “low-hanging fruit” first, so that
further improvements in environmental sustainability becomes increasingly difficult.

Consumers have different taste preferences, e.g., heterogeneous brand preference [26,27], which
are distributed uniformly on a Hotelling line of unit length. Dating back to the seminal work by
Hotelling [28], the Hotelling model has been widely utilized in industrial economics to model a
duopoly industry of two competing firms that sell to heterogeneous consumers (See Martin [29] and
Tirole [30] for a thorough review of the Hotelling models and extensions). For analytical simplicity, we
normalize the length of the Hotelling line to one, following Desai [31], Caldieraro [26] and Liu and
Tyagi [32]. We assume that firms are located at the extreme points of the line; firm 1 is located at x = 0
and firm 2 is located at x = 1. Each consumer incurs a cost dx̂, where d denotes a transportation cost
parameter, representing the strength of consumers’ taste preferences on its utility [31]. Consumer taste
preference has been considered important in the studies on competition [26,31] because it indicates
the extent to which consumer may choose the product that fits less to the ideal preference. More
specifically, stronger consumer taste preference implies that the decisions of competing firms, i.e.,
price and sustainability investment in our study, have relatively fewer impacts on consumers’ buying
decision, thus it is difficult to induce customers that are close to the competitor. The Hotelling distance
is denoted as x̂: x̂ = x if the consumer with the preference being located at x buys a product from
firm 1, and x̂ = 1− x if the consumer buys a product from firm 2. Consumers also have a different
marginal utility of sustainability improvement, θ, which is uniformly distributed over [0, 1].

Similar to Tyagi [33] and Clemenz [16], a consumer located at (x, θ) and buys from firm i thus
derives the following utility

V + θsi − pi − dx̂,

where pi is the price of a product from firm i. That is consumer utility from buying the product of firm
i decreases with the sales price pi and increases with the sustainability investment si. Here, V denotes
consumers’ reservation value from the consumption of the product, and we assume that V is assumed
to be sufficiently large to ensure complete market coverage. This assumption is frequently adopted in
the literature [32] and enables us to focus on the competition dynamics.

Using consumer utility defined above, we now derive the consumer demand for firm 1 and 2.
To do so, we calculate the location of consumer

(
x, θ
)

where the consumer is indifferent between
buying the product of firm 1 and buying the product of firm 2. By solving V + θs1 − p1 − dx =

V + θs2 − p2 − d(1− x), we obtain the function of θ(x) for a given x as follows:

θ(x) = (p1 − p2 − d + 2dx)/(s1 − s2). (1)

Then, let x0 denote the x that satisfies θ(x) = 0, and x1 denote the x that satisfies θ(x) = 1. It is
easily derived that x0 = (p2 − p1 + d)/(2d) and x1 = (s1 − s2 + p2 − p1 + d)/(2d). Figure 1 illustrates
the demand structure based on Equation (1). The line represents the indifference condition between
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two firms. The square in Figure 1 is divided into two regions. The area to the left of the diagonal line
indicates the consumers who obtain higher utility from buying from firm 1 while the area to the right
of the diagonal line indicates the consumers who obtain higher utility from buying from firm 2. Since
the market size is normalized to one and the area to the left (right) of the diagonal line in Figure 1
indicates consumers buying from firm 1 (firm 2), the market demand q1 for firm 1 and the market
demand q2 for firm 2 are then obtained as follows:

q1 = [2(p2 − p1) + 2d + (s1 − s2)]/(4d), (2)

q2 = [2(p1 − p2) + 2d− (s1 − s2)]/(4d). (3)
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Before firms decide the sales price and sell their products to consumers, each firm may commit to
their sustainability investment in advance. Thus, the competition between two firms is modeled as a
two-stage game, where each firm may commit to the respective sustainability investment si in stage 1,
and chooses sales price pi in stage 2. If a firm does not commit to sustainability investment in stage 1,
the firm decides its sustainability investment in stage 2. This follows the commonly utilized method
of operationalizing commitment strategy using the decision sequence: the committed firm chooses
the decision variable in the first stage, taking the Stackelberg leadership, whereas the non-committed
firm sets the decision variable in the second stage, reacting to the committed firm’s decision [11,12,19].
Consumers purchase the product that provides the higher utility.

To elaborate on the effects of commitment for competing firms, we analyze three scenarios:

1. Both firms commit to sustainability investment.
2. Only a single firm commits to sustainability investment.
3. Neither firm commits to sustainability investment.

For notational convenience, the superscript “BC” refers to the scenario where both firms commit,
the superscript “SC” refers to the scenario where only a single firm (i.e., firm 1) commits and the
superscript “N” refers to the scenario where neither firm commits sustainability investment.

In each commitment scenario, firm i’s profit πi is given as (i = 1, 2):

πi = piqi − kis2
i = pi[2(p3−i − pi) + 2d + (si − s3−i)]/(4d)− kis2

i . (4)

In the ensuing analysis, we assume equivalent parameter values for both firms, that is,
ki ≡ k, i = 1, 2, so that any difference between sustainability investment and pricing decisions
directly stem from different commitment scenarios, not from arbitrary choices in parameter values.
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Without a loss of generality, a marginal production cost is normalized to zero for each firm. This
assumption does not affect the key insights of the study. To make our analysis tractable, we impose the
following technical assumption:

Assumption 1. dk ≥
(

2 +
√

31
)

/144.

Assumption 1 ensures that 0 ≤ x0, x1 ≤ 1 holds. That is, among consumers located on the
Hotelling line at any given θ, a portion of them buys from firm 1 while the others buy from firm 2. In
other words, consumers located at the extreme points of the Hotelling line (x = 0, 1) have a strong
brand preference so that they always behave in line with their own tastes. There are many examples in
practice. For instance, some Apple customers have a strong brand preference for Apple products and
do not switch to products of other firms [34]. Assumption 1 also ensures that sales prices, sustainability
investment, and the profits of firms remain nonnegative regardless of the commitment scenario.

4. Analysis of Equilibrium

In this section, we analyze the three commitment scenarios by backward induction. Unless stated
otherwise, proofs of theorems and propositions are provided in Appendix A.

4.1. Both Firms Commit (Scenario BC)

We begin by analyzing the scenario where both firms commit to their sustainability investment.
In the second stage, each firm decides its sales price to maximize individual profit described in (4)
in consideration of the committed sustainability strategy of the competing firm. Since ∂2πi/∂p2

i =

−1/d < 0, solving ∂πi/∂pi = 0 yields the best response sales price:

pi(si, s3−i) = (6d + si − s3−i)/6. (5)

From Equation (5), a sales price of firm i increases in the relative sustainability investment, i.e.,
si − s3−i, which incentivizes firms to commit to sustainability efforts. In the first stage, both firms
commit to their sustainability investment anticipating the best response sales prices of each other.
Substituting Equation (5) into Equation (4) and solving ∂πi/∂si = 0 yields equilibrium sustainability
investment. Sufficient conditions for optimality are satisfied, i.e., ∂2πi/∂s2

i = −(72dk− 1)/36d < 0.
Proposition 1 summarizes the equilibrium outcomes under the commitment of both firms.

Proposition 1. When both firms commit to sustainability investment, firm i’s equilibrium sustainability
investment is sBC∗

i (d, k) = 1/12k, equilibrium sales price is pBC∗
i (d, k) = d, and profit is πBC∗

i (d, k) =

(72dk− 1)/144k

When both firms commit to their sustainability investment, the equilibrium sBC∗
i decreases in

the cost parameter of sustainability investment k, which is intuitive in that sustainability investment
becomes more costly. The equilibrium pBC∗

i is proportional to d. We will discuss the underlying reason
in Theorem 1.

For this scenario of bilateral commitment, we further investigate the effects of key parameter
values, i.e., k, d, on the equilibrium outcomes. Differentiating the equilibrium outcomes in Proposition 1
with respect to k and d leads to the results in Theorem 1. The derivation of the results is straightforward
and is hence omitted.

Theorem 1. When both firms commit to sustainability investment:

(i) ∂sBC∗
i /∂k< 0; ∂pBC∗

i /∂k = 0; ∂πBC∗
i /∂k >0

(ii) ∂sBC∗
i /∂d = 0; ∂pBC∗

i /∂d > 0; ∂πBC∗
i /∂d > 0
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It may seem counter-intuitive that higher k leads to higher πBC∗
i . The underlying reason is that the

lower efficiency of sustainability investment serves as an instrument that mitigates firms’ competition
on the sustainability domain, inducing both firms to commit lower sBC∗

i . This effect of mitigated
competition outweighs the effect of the higher investment cost parameter, thus profits of both firms
increase in k.

At the same time, the sales prices of both firms increase in d. This is because higher d implies
that each consumer has a relatively strong taste preference, thus consumers are less likely to switch
to a product of the firm that matches their preferences less. This makes consumers less sensitive to
price differences between firms, and each firm has greater pricing power over consumers. This leads
to higher pBC∗

i and πBC∗
i .

4.2. Only a Single Firm Commits (Scenario SC)

Suppose that without a loss of generality, firm 1 commits to its sustainability investment but firm
2 does not. Then, in the second stage, firm 1 decides its sales price whereas firm 2 decides its sales
price and sustainability investment for a given s1. The best response functions are obtained as follows:

p1(s1) = 2d(24dk + 4ks1 − 1)/(48dk− 1), (6)

p2(s1) = 8dk(6d− s1)/(48dk− 1), (7)

s2(s1) = (6d− s1)/(48dk− 1). (8)

It is easily derived that ∂2π1/∂p2
1 = −1/d < 0. Since the Hessian matrix of the objective function

of firm 2 is addressed as |H1| = −1/d < 0 and |H2| = (32dk− 1)/16d2 < 0, the Hessian matrix is
negative-definite. In the first stage, firm 1 commits its sustainability investment in anticipation of the
best response functions in Equations (6)–(8). Proposition 2 summarizes the equilibrium outcomes
under unilateral commitment by firm 1.

Proposition 2. When only firm 1 commits to sustainability investment, firm 1’s equilibrium
sustainability investment is sSC∗

1 (d, k) = 8d(24dk− 1)/
(
1− 128dk + 2304d2k2), equilibrium

sales price is pSC∗
1 (d, k) = 2d(24dk− 1)(48dk− 1)/

(
1− 128dk + 2304d2k2), and profit is

πSC∗
1 (d, k) = 2d(24dk− 1)2/

(
1− 128dk + 2304d2k2). Firm 2’s equilibrium sustainability

investment is sSC∗
2 (d, k) = 2d(144dk− 7)/

(
1− 128dk + 2304d2k2), equilibrium sales price

is pSC∗
2 (d, k) = 16d2k(144dk− 7)/

(
1− 128dk + 2304d2k2), and profit is πSC∗

2 (d, k) =

4d2k(144dk− 7)2(32dk− 1)/
(
1− 128dk + 2304d2k2)2.

From Equation (6), commitment to higher sustainability investment increases consumers’ utility
from buying a product of firm 1, thus facilitates a higher sales price of firm 1, other things being
equal. We also note that firm 2’s sustainability strategy may be the opposite of firm 1. In Equations (7)
and (8), other things being equal, commitment to a higher sustainability investment by firm 1 has
a negative effect on firm 2’s sustainability investment and also on firm 2’s sales price. This implies
that firm 1’s unilateral commitment to sustainability investment may induce the competing firm to
differentiate further.

We now investigate the equilibrium outcomes with regard to the key parameters k and d in the
following theorem.

Theorem 2. When only firm 1 commits to sustainability investment:

(i) ∂sSC∗
1 /∂k < 0; ∂pSC∗

1 /∂k < 0 if dk <
(

3 +
√

2
)

/48, and ∂pSC∗
1 /∂k > 0 otherwise; ∂πSC∗

1 /∂k > 0;

(ii) ∂sSC∗
2 /∂k > 0 if dk <

(
7 +
√

2
)

/144, and ∂sSC∗
2 /∂k < 0 otherwise; ∂pSC∗

2 /∂k > 0 if dk <(
3 +
√

2
)

/48 , and ∂pSC∗
2 /∂k < 0 otherwise; ∂πSC∗

2 /∂k > 0;
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(iii) ∂sSC∗
1 /∂d < 0; ∂pSC∗

1 /∂d < 0 if dk < tSC
1 , and ∂pSC∗

1 /∂d > 0 otherwise; ∂πSC∗
1 /∂d > 0;

(iv) ∂sSC∗
2 /∂d > 0 if dk <

(
3 +
√

2
)

/48, and ∂sSC∗
2 /∂d < 0 otherwise; ∂pSC∗

2 /∂d > 0; ∂πSC∗
2 /∂d > 0;

where tSC
1 =

(
8 +
√

νSC +

√
30− νSC + 52/

√
νSC
)

/288, and νSC = 10 + 3
(

39− 6
√

22
)1/3

+

3
(

39 + 6
√

22
)1/3

.

In this scenario of unilateral commitment, the negative effect of k on sustainability investment
continues to hold for firm 1, as discussed under the bilateral commitment scenario in Section 4.1.
Interestingly, however, higher k may lead to a greater sustainability investment of firm 2 because
although higher k increases firm 2’s burden of sustainability investment, it also induces firm 1 to
commit to lower sustainability investment. It thus becomes relatively easier for firm 2 to catch up to
firm 1 in terms of sustainability dimension. The latter effect tends to dominate the former effect, which
leads to higher sSC∗

2 under higher k when k and d remain relatively low.
Higher k has two effects on the pricing decision of firm 1: it raises the investment cost for a given

sustainability investment level, but it decreases sustainability investment and hence lowers consumer
utility. For firm 1, the latter effect outweighs the former effect when k and d are relatively low, leading
to a lower sales price. However, the opposite holds under large k and d. In contrast, firm 2 increases its
sales price in k when k and d are relatively low because sSC∗

2 increases as discussed above, and thus a
firm compensates for higher sustainability investment costs via a higher price. In terms of profits, firm
1’s and firm 2’s profits increase in k, which is similar to the bilateral commitment scenario.

An increase of d generally reduces the sustainability investment of firms, which is also similar to
bilateral commitment. When k and d are relatively low, firm 2 may increase sSC∗

2 in d in response to a
decrease of sSC∗

1 . However, firm 2 also reduces its sustainability investment otherwise. Furthermore,
higher d generally facilitates a higher sales price because consumers become relatively less sensitive to
price differences. Thus, the profits of both firms increase in d.

Figure 2 depicts the effects of k and d on the equilibrium behavior under unilateral commitment,
which confirms the results in Theorem 2. Figure 2a also shows that when k becomes substantially
large, the two firms become similar in terms of their pricing and sustainability strategies. For instance,
lim
k→∞

sSC∗
1 = lim

k→∞
sSC∗

2 = 0 and lim
k→∞

pSC∗
1 = lim

k→∞
pSC∗

2 = d. This implies that the high burden of

sustainability investment prevents firm 1 to make use of advantages from its unilateral commitment
(e.g., preoccupying high sustainability position). As a result, the two firms become less differentiated
despite the unilateral commitment by firm 1. However, Figure 2b shows that, although d becomes
very large, the two firms remain substantially differentiated in terms of sustainability strategies, e.g.,
lim

d→∞
sSC∗

1 = 1/12k and lim
d→∞

sSC∗
2 = 1/8k.
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4.3. Neither Firm Commits (Scenario N)

In this scenario, neither firm commits to its sustainability investment in advance. Thus, firm 1 and
firm 2 determine sustainability investment and sales price simultaneously to maximize their individual
profits in Equation (4). Proposition 3 summarizes the equilibrium outcomes under no commitment.
The equilibrium strategies are derived by solving first-order conditions ∂πi/∂si = 0 and ∂πi/∂pi = 0.
These strategies are optimal because the objective function of firm i is jointly concave in (si, pi).

Proposition 3. When neither firm commits to sustainability investment, firm i’s equilibrium sustainability
investment is sN∗

i (d, k) = 1/8k, equilibrium sales price is pN∗
i (d, k) = d, and profit is πN∗

i (d, k) =

(32dk− 1)/64k.

In this scenario, the equilibrium sustainability investment is inversely related to the cost parameter
k, while the equilibrium sales price is influenced by consumers’ taste preferences d, similar to the
bilateral commitment.

Differentiating the equilibrium outcomes in Proposition 3 with respect to k and d leads to the
following theorem. The derivation is straightforward and is hence omitted.

Theorem 3. When neither firm commits to sustainability investment:

(i) ∂sN∗
i /∂k< 0; ∂pN∗

i /∂k = 0; ∂πN∗
i /∂k >0

(ii) ∂sN∗
i /∂d = 0; ∂pN∗

i /∂d > 0; ∂πN∗
i /∂d > 0

Theorem 3 confirms the observations under bilateral commitment and the part of them under
unilateral commitment by firm 1. While the sustainability investment of both firms decreases in k,
the effect of the mitigated competition on the sustainability dimension outweighs the cost burden of
higher k, thus both firms benefit from an increase in k. Furthermore, an increase in d promotes firms to
raise the sales price, which leads to larger profits for both firms.

5. Comparisons between Commitment Scenarios

We now analyze the effects of commitment on sustainability investment, sales price, and profits by
comparing the three scenarios discussed above. Theorem 4 summarizes the comparison results in terms
of sustainability investment. Recall that we use the notations ‘BC’, ‘SC’, and ‘N’ to indicate the scenarios
of (1) both firms commit, (2) only a single firm commits, and (3) neither firm commits, respectively.

In what follows, we let
H ≡ dk

which summarizes the effects of the strength of consumer’s taste preference and the investment cost
coefficient. Then, a higherH corresponds to the context with stronger taste preference of consumers
and/or costlier sustainability investment, which implies that it becomes more burdensome for firms to
attract consumers that are closer to the competitor via sustainability investment. In contrast, a lowerH
implies that taste preferences of consumers are relatively weak and/or sustainability investment is
affordable, thus, sustainability investment is more likely to be utilized as a measure to take consumers
from the competitor.

Theorem 4. The competing firms’ equilibrium sustainability investment under the three scenarios satisfy the
following relationships:

(i) sBC
1 < sN

1 < sSC
1 if H < 1/16, sBC

1 < sSC
1 < sN

1 otherwise;
(ii) sBC

2 < sSC
2 < sN

2 if H < 1/16, and sBC
2 < sN

2 < sSC
2 otherwise;

(iii) sSC
2 < sSC

1 if H < 1/16, and sSC
1 < sSC

2 otherwise;
(iv) ∑ sBC

i < ∑ sN
i < ∑ sSC

i if H < 1/16, and ∑ sBC
i < ∑ sSC

i < ∑ sN
i otherwise ( i = 1, 2).
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From Theorem 4 (i) and (ii), we note that the scenario where both firms commit to sustainability
investment results in the lowest sustainability investment of each firm. That is, under the context of
horizontal competition, if the commitment is made by both firms, it serves as a device to mitigate
competition in sustainability improvement. This result is different from Gilbert and Cvsa [17],
where commitment is utilized by a firm to facilitate its partner’s innovation under the context of
vertical competition.

However, if the commitment is made by a single firm only (i.e., firm 1), such unilateral
commitment may provide the committed firm with the strongest incentive to invest in sustainability
(see Figure 3a). In this case, the committed firm preoccupies the position of high sustainability in
advance, discouraging the competing firm from investing in environmental initiatives in the second
stage. This result is observed under relatively lowH, where the committed firm can attract customers
from the competitor more effectively via its position of high sustainability. In contrast, under relatively
highH, the unilateral commitment by firm 1 reduces firm 1’s sustainability investment compared to
under no commitment, while facilitating firm 2 to raise its sustainability investment to differentiate
itself from firm 1. Theorem 4 (ii) and (iii) also show that, as a result, the sustainability investment of
firm 2 may even become greater than the sustainability investment of firm 1 and also greater than the
sustainability investment of each firm under bilateral commitment and under no commitment.
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In the industry level, Theorem 4 (iv) shows that the total sustainability investment is the highest
under unilateral commitment or no commitment, and it is the lowest under bilateral commitment.
Thus, commitment may fail to promote firms to invest more in environmental initiatives, especially
when it is made by all competing firms. However, when commitment is not made by the competitor,
the committed firm may heavily invest in environmental initiatives to obtain a competitive advantage
over the competitor. Thus, high sustainability investment under unilateral commitment may make the
sustainability investment in the industry the highest among all the scenarios (Figure 3b).

We then compare the equilibrium sales prices under the three scenarios in the following theorem.

Theorem 5. The competing firms’ equilibrium sales prices under the three scenarios satisfy the following
relationship: pSC

2 < pBC
i = pN

i < pSC
1 if H < 1/16, and pSC

1 < pB
i = pN

i < pSC
2 otherwise.

Theorem 5 shows that the equilibrium sales price of each firm becomes either the highest or
the lowest under the commitment by a single firm and the sales prices under bilateral commitment
and no commitment are intermediate. Compared with Theorem 4, this result implies that unilateral
commitment induces two competing firms sufficiently differentiated. That is, one firm occupies a
high price and high sustainability position while the competing firm occupies a low price and low
sustainability position. The position each firm takes depends on the level ofH.
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Theorem 6 summarizes the comparison results of equilibrium profits.

Theorem 6. The competing firms’ equilibrium profits under the three scenarios satisfy the following
relationships:

(i) πN
1 < πSC

1 < πBC
1 ;

(ii) πSC
2 < πN

2 < πBC
2 if H < 1/16, and πN

2 < πSC
2 < πBC

2 otherwise;
(iii) πSC

1 > πSC
2 if H < 1/16, and πSC

1 < πSC
2 otherwise;

(iv) ∑ πSC
i < ∑ πN

i < ∑ πBC
i if H < 1/16, and ∑ πN

i < ∑ πSC
i < ∑ πBC

i otherwise ( i = 1, 2).

Theorem 6 shows that firms under competition have incentives to make a commitment to
sustainability investment. In terms of firm 1, it obtains a larger profit from its unilateral commitment
than it does without commitment, implying that unilateral commitment provides the first-mover
advantage to the committed firm. When both firms commit to sustainability strategies, all firms
obtain larger profits under bilateral commitment than under unilateral commitment. That is, the
commitment by all firms yields the largest profit to each firm, and hence the largest industry profits
(see Figure 4). Under bilateral commitment, although commitment no longer ensures the first-mover
position to any firm, making a commitment is profitable because both firms can commit to relatively
low sustainability efforts.
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Interestingly, a unilateral commitment by firm 1 may also benefit firm 2. In fact, firm 1’s unilateral
commitment may make firm 2 more profitable than firm 1. Although firm 1 also benefits from
commitment, it reduces its sustainability investment substantially under highH (refer to Theorem 4).
Then, firm 2 can choose a relatively high sales price and high sustainability investment, while it
differentiates itself sufficiently from firm 1. As a result, firm 2 may obtain a larger profit than firm 1.
The industry profits may also become larger under unilateral commitment than under no commitment.
However, under low H, while firm 1’s profit becomes larger, firm 2’s profit becomes smaller. Thus,
the industry profits may be the smallest under unilateral commitment compared to under bilateral
commitment or no commitment.

The following theorem presents the relative effect of bilateral commitment to no commitment. It
shows how commitment to sustainability investment by all firms can influence the total sustainability
investment and total profits in the industry.

Theorem 7. Let ∆s = ∑ sBC
i / ∑ sN

i and ∆π = ∑ πBC
i / ∑ πN

i . Then, ∆s = 2/3 and ∆π ∈(
1, 2
(

62 + 5
√

31
)

/99
]
. Furthermore, ∆π decreases in k and d.
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Theorem 7 shows that when all competing firms commit to sustainability investment, the
sustainability investment in the entire industry decreases by 1/3, compared to when neither
firm commits, which implies a significant degradation in the sustainability dimension due to the
commitment. In contrast, the commitment by all firms improves the economic performance of the
industry substantially, up to 200

(
62 + 5

√
31
)

/99% (≈181.49%). The economic virtue of bilateral
commitment is lessened under high k and d because under such circumstances, competing firms
have to bear relatively greater costs to induce consumers through pricing or sustainability decisions.
Thus, this theorem confirms that commitment to sustainability investment may not contribute to
sustainability improvement but instead may improve economic efficiency in the industry.

From Theorems 4 and 6, we have shown that improvement of total sustainability investment
coincides with the loss of total profits in the industry level. It implies that there is a trade-off
between sustainability and economic performance. However, from a societal perspective, there
is another important stakeholder, i.e., consumers. Thus, we analyze consumer surplus and examine
the effects of commitment on consumer surplus. For analytical tractability, we denote x(θ) =

[(s1 − s2)θ + d− (p1 − p2)]/2d from Equation (1), which indicates that the consumer at x = x(θ)
is indifferent between buying the product of firm 1 and buying the product of firm 2, for a given θ.

Under the bilateral commitment scenario, from the equilibrium outcomes in Proposition 1, x(θ) =
1/2 and the surplus of individual consumer located at x for a given θ is as follows:

SBC
1 (x; θ) =

{
V + θ/12k− d− dx, i f x ∈ [0, 1/2],

V + θ/12k− d− d(1− x), i f x ∈ (1/2, 1].

For a given θ, we calculate SBC
2 (θ), which is obtained by integrating SBC

1 (x; θ) over x ∈ [0, 1].
Then, SBC

2 (θ) = V + θ/12k− 5d/4. Next, we calculate consumer surplus under bilateral commitment
by integrating SBC

2 (θ) over θ ∈ [0, 1], which is given by:

CSBC = V − 5d/4 + 1/24k.

Under unilateral commitment by a single firm, from the equilibrium outcomes in Proposition 2,
the surplus of individual consumers located at x for a given θ is as follows:

SSC
1 (x; θ) =

 V − d(2+x+2304d2k2(1+x)+8θ−16dk(9+8x+12θ))
1−128dk+2304d2k2 , i f x ∈ [0, x(θ)],

V − d(1−2304d2k2(x−2)−x+14θ+16dk(8x−3(5+6θ)))
1−128dk+2304d2k2 , i f x ∈ (x(θ), 1].

For a given θ, we calculate SSC
2 (θ), which is obtained by integrating SSC

1 (x; θ) over x ∈ [0, 1]:

SSC
2 (θ) =

 −26, 542, 080d5k4 + 4V + 147, 456d4k3(20 + 144kV + 15θ)

−d
(
1 + 1024kV + 68θ − 36θ2)

+64d2k
(
18 + 1312kV + 115θ − 18θ2)− 512d3k2(203 + 4608kV + 450θ − 18θ2)


4(1− 128dk + 2304d2k2)

2 .

Then, consumer surplus under unilateral commitment is obtained by integrating SSC
2 (θ) over

θ ∈ [0, 1]:

CSSC = V −
d
(
23− 4448dk + 216, 064d2k2 − 4, 055, 040d3k3 + 26, 542, 080d4k4)

4(1− 128dk + 2304d2k2)
2 .
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Under the no commitment scenario, from the equilibrium outcomes in Proposition 3, x(θ) = 1/2
and the surplus of individual consumers located x for a given θ is given by:

SN
1 (x; θ) =

{
V + θ/8k− d− dx, i f x ∈ [0, 1/2].

V + θ/8k− d− d(1− x), i f x ∈ (1/2, 1].

Then, for a given θ, SN
2 (θ) = V + θ/8k− 5d/4 is obtained by integrating SN

1 (x; θ) over x ∈ [0, 1].
Consumer surplus under no commitment is obtained by integrating SN

2 (θ) over θ ∈ [0, 1] as follows:

CSN = V − 5d/4 + 1/16k.

Then, we examine the effects of commitment from the holistic perspective in the following
theorem. To facilitate interpretation, let SWX = ∑ πX

i + CSX (X = BC, SC, N) denote the social welfare,
which consists of the sum of firms’ total profits and total consumer surplus in the industry.

Theorem 8. The competing firms’ equilibrium outcomes under the three scenarios satisfy the following
relationships:

(i) CSBC < CSN < CSSC if H < 1/16, and CSBC < CSSC < CSN otherwise;

(ii) SWBC < SWN < SWSC if H <
(

7 +
√

31
)

/144, and SWBC < SWSC < SWN otherwise.

Theorem 8(i) shows that consumer surplus becomes the smallest under bilateral commitment
and the largest under either unilateral commitment or no commitment. Compared with Theorem 4,
we observe that the effects of commitment on consumer surplus qualitatively coincide with those on
sustainability efforts at the industry level. Since consumer surplus is determined by both equilibrium
sustainability efforts and sales price, this result also implies that commitment strategy has relatively
more influence on the sustainability efforts than it does on the sales prices of firms.

Theorem 8(ii) further shows that the social welfare that consists of firms’ profits and consumer
surplus also becomes the smallest under the bilateral commitment, while it becomes the largest under
either unilateral commitment or no commitment. When both firms commit, their total profits increase
substantially as discussed in Theorem 6. However, a decrease in consumer surplus due to mitigated
competition far outweighs an increase in profits, leading to lower social welfare. Thus, if we consider
the social welfare for firms and consumers, it is more effective that firms do not commit to sustainability
investment at all, or that only a single firm commits.

Then, what if we consider social welfare as well as the sustainability dimension? Table 1
summarizes the analytical results obtained so far, which provides a comprehensive picture of the
effects of commitment on the entire society. The table shows that the effects of commitment can be
categorized into three regions: Regions I, II, and III.

Table 1. Summary of the comparisons between the commitment scenarios.
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Total profits (∑ πi) SC < N < BC N < SC < BC N < SC < BC
Consumer surplus (CS) BC < N < SC BC < SC < N BC < SC < N

Social welfare (SW) BC < N < SC BC < N < SC BC < SC < N
Total sustainability investment (∑ si) BC < N < SC BC < SC < N BC < SC < N

The most prominent observation from Table 1 is that commitment by all firms is the least
effective scenario in terms of both economic and sustainability dimensions. In all regions, the bilateral
commitment provides the lowest social welfare (SWBC) and the lowest sustainability efforts (∑ sBC

i ).
Thus, from the entire societal perspective, a commitment by all competing firms should be avoided.
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To enhance the effectiveness of the industry from the entire societal perspective, regulators
or NGOs should encourage firms not to commit at all when firms experience difficulties in
utilizing sustainability investment to attract customers, that is, sustainability investment is relatively
costly and/or customers in the market have relatively strong taste preferences (Region III). When
sustainability investment can be effectively utilized as a means to secure more customers, that is,
sustainability investment is relatively affordable and/or customers have weak taste preferences
(Region I), commitment by a single firm is the most effective scenario for the entire society, as it leads
to the highest social welfare and the highest sustainability investment. In the intermediate region
(Region II), either unilateral commitment or no commitment can be optimal for the entire society.

In Region II, whether unilateral commitment or no commitment is the optimal strategy from
the holistic perspective depends on the value of the environmental impact. For instance, let
ESX = SWX + ε ∑ sX

i = ∑ πX
i + CSX + ε ∑ sX

i (X = BC, SC, N), where ES denotes environmental
social welfare, and ε translates the value of firms’ environmental investment into monetary terms,
following Hong and Guo [24] and Krass et al. [35]. Then, it is clear that in Region II, no commitment
leads to the highest ES if ε is sufficiently high, while unilateral commitment by a single firm leads to
the highest ES otherwise. It is also straightforward that unilateral commitment leads to the highest ES
in Region I, while no commitment leads to the highest ES in Region III, as discussed above.

6. Discussion and Conclusions

In this study, we have investigated how the commitment to sustainability investment
influences sustainability and pricing strategy and the consequent profits of firms under competition.
Two competing firms decide their own sustainability investment and sales price. We consider three
scenarios where (1) both firms commit, (2) one firm commits while the other firm does not, and (3)
neither firm commits to sustainability investment. We derive the equilibrium sustainability investment,
sales prices, and firms’ profits under each scenario and examine the characteristics of the equilibrium
with respect to investment efficiency and consumer’s taste preference. Then, we compare and discuss
the equilibrium outcomes under the three scenarios in terms of sustainability investment, sales price,
profits, consumer surplus, social welfare and environmental social welfare.

The major findings are summarized as follows:

• A firm’s commitment to sustainability investment can have adverse effects on the sustainability
investment in the industry, especially when such commitment is made by all competing firms.
When both firms commit to sustainability investment, total sustainability investment in the
industry decreases to 67% compared to that under no commitment. In this scenario of bilateral
commitment, commitment is used as a device to soften competition in the sustainability dimension,
and the sustainability investment of each firm usually becomes the lowest.

• When firm 1 unilaterally commits to sustainability investment, the total sustainability investment
may remain lower than that under no commitment. However, unilateral commitment may
sometimes increase total sustainability investment in the industry if the sustainability investment
is relatively affordable and/or if consumers have relatively weak taste preferences. In this case, the
committed firm utilizes its commitment strategy to attract more customers from the competitor via
its high sustainability position; thus, it invests heavily in environmental initiatives. Consequently,
the total sustainability investment in the industry may become the highest under unilateral
commitment despite the relatively low sustainability investment of firm 2.

• Commitment to sustainability investment usually increases firms’ profits in the industry, especially
under commitment by all competing firms, implying that firms have the economic incentive
to commit to sustainability investment. When both firms commit to sustainability investment,
total profits in the industry may increase up to approximately 181%, compared to those under
no commitment.

• When only firm 1 commits to sustainability investment, such unilateral commitment may benefit
firm 2 more than firm 1. Although firm 1 also benefits from its commitment compared to
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without commitment, firm 2 obtains relatively higher profit than the committed firm when
the sustainability investment is relatively costly and/or when consumers have strong taste
preferences. In such circumstances, firm 1’s commitment to sustainability investment enables firm
2 to differentiate itself from firm 1 profitably.

• From the entire societal perspective, commitment by all competing firms is always the least
desirable scenario, as it results in the lowest social welfare and the lowest sustainability investment
in the industry. However, a unilateral commitment by a single firm may be more effective than
the no commitment scenario, leading to the highest social welfare and the highest sustainability
investment, when the sustainability investment is not too burdensome and when taste preferences
of consumers are not too strong.

• Interestingly, the profit of each firm under competition increases when the sustainability
investment becomes more costly because the heightened burden of sustainability investment
mitigates competition in the sustainability dimension. Similarly, when consumers have stronger
taste preferences, the two competing firms’ profits increase because it becomes more costly for a
firm to induce consumers closer to the competitor to choose a product of its own, which softens
the competition between two firms.

The results in our study also provide important practical implications regarding the recent
moves of firms to commit to sustainability strategies. As climate change becomes a more critical
issue, some firms are announcing their investment plans for environmental initiatives in advance
(e.g., Siemens, Walmart, L’Oréal, P&G and H&M). Our results show that these moves are rational
in that committing to sustainability strategies provides a higher profit for the committed firm under
competition. Firms’ profits become the greatest when all competing firms join the initiative of
committing to an environmental strategy.

However, despite firms’ economic incentives toward commitment, commitment to sustainability
investment can hurt the sustainability improvement in industries. That is, recent moves toward
commitment may lessen firms’ sustainability investment. Our results imply that, when some firms
commit to sustainability investment while other firms do not, commitment may increase the committed
firm’s sustainability investment significantly, and hence the total sustainability investment in the
industry. However, when all competing firms make the commitment, it no longer facilitates the
sustainability investment of firms and instead serves as a means to mitigate competition in the industry,
resulting in the lowest sustainability investment. Therefore, policymakers and NGOs should not give
unconditional support to firms that commit to their sustainability investment on a long-term basis. In
particular, when more firms start to commit to sustainability investment, whether the commitment
is utilized to promote higher sustainability investment or whether it is used as a means to avoid
competition in the sustainability dimension should be carefully monitored. Furthermore, when the
commitment strategy becomes prevalent in the competitive industry, policymakers need to understand
that commitment strategy can be jointly utilized by firms as a means to avoid costly competition in the
sustainability dimension and consider more active intervention to incentivize the firm’s sustainability
investment, either through using penalties or devising subsidies mechanism.

In addition, the analysis result suggests that commitment by a single firm may result in the
unanticipated result of making the competitor more profitable than the committed firm itself. When
sustainability investment is relatively costly or consumers have relatively strong taste preferences, a
profit increase of the committed firm remains relatively marginal. However, a profit increase of the
competing firm that does not make a commitment can be more significant.

This study has several limitations. First, we consider a stylized model where two firms compete
in the same market, each selling one product. However, in practice, multiple firms compete with each
other and firms often sell diverse products at the same time. There can be also suppliers or retailers
that each firm depends on. Incorporating these factors with regard to the effects of commitment under
competition would be interesting future topics. Second, we consider the case where the market is
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fully covered in order to focus on the effects of commitment. Extending this study to the setting of
incomplete market coverage would increase the generalizability of the insights.
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Appendix A Proofs

Proof of Theorem 2. (i) Differentiating sSC∗
1 with respect to k yields ∂sSC∗

1
∂k = − 64d2(13−576dk+6912d2k2)

(1−128dk+2304d2k2)
2 .

Since 13 − 576dk + 6912d2k2 > 0 for all d, k, it holds that ∂sSC∗
1
∂k < 0. Differentiating pSC∗

1 with

respect to k yields ∂pSC∗
1

∂k =
16d2(7−288dk+2304d2k2)
(1−128dk+2304d2k2)

2 , where 7− 288dk + 2304d2k2 = 0 have two real roots,

dk = 1
48

(
3−
√

2
)
< 2+

√
31

144 , dk = 1
48

(
3 +
√

2
)
> 2+

√
31

144 . Therefore, ∂pSC∗
1

∂k > 0 if dk > 1
48

(
3 +
√

2
)

and
∂pSC∗

1
∂k < 0 otherwise. Similarly, differentiating πSC∗

1 with respect to k yields ∂πSC∗
1

∂k = 32d2(24dk−1)(96dk−5)
(1−128dk+2304d2k2)

2 ,

thus ∂πSC∗
1

∂k > 0.

(ii) Differentiating sSC∗
2 with respect to k yields ∂sSC∗

2
∂k = − 32d2(47−2016dk+20,736d2k2)

(1−128dk+2304d2k2)
2 , where the

two roots of 47− 2016dk + 20, 736d2k2 = 0 are dk = 1
144

(
7 +
√

2
)
> 7

144 , dk = 1
144

(
7−
√

2
)
< 7

144 .

Thus, the result with regard to ∂sSC∗
2
∂k holds. Differentiating pSC∗

2 with respect to k yields ∂pSC∗
2

∂k =

− 16d2(7−288dk+2304d2k2)
(1−128dk+2304d2k2)

2 = − ∂pSC∗
1

∂k , which proves the result with regard to ∂pSC∗
2

∂k . In addition, ∂πSC∗
2

∂k =

4d2(48x+1)(144x−7)(7−320x+3840x2)
(1−128dk+2304d2k2)

3 > 0 holds.

(iii) Differentiating sSC∗
1 with respect to d yields ∂sSC∗

1
∂d = − 8(1−48dk+768d2k2)

(1−128dk+2304d2k2)
2 > 0. Differentiating

pSC∗
1 with respect to d yields ∂pSC∗

1
∂d = 2−288dk+20,736d2k2−589,824d3k3+5,308,416d4k4

(1−128dk+2304d2k2)
2 . Since the discriminant

of the equation 2 − 288dk + 20, 736d2k2 − 589, 824d3k3 + 5, 308, 416d4k4 = 0 with respect to dk is
negative, there are two real roots of this equation, where the larger root is dk = 0.0578 (i.e., tSC

1 in

Theorem 2), and the smaller root is dk = 0.0349. Thus, the result with regard to ∂pSC∗
1

∂d is proved.

Similarly, ∂πSC∗
1

∂d =
2(1−96dk+5568d2k2−147,456d3k3+1,327,104d4k4)

(1−128dk+2304d2k2)
2 and the discriminant of the equation 1−

96dk + 5568d2k2 − 147, 456d3k3 + 1, 327, 104d4k4 = 0 with respect to dk is negative. Thus, there are two
real roots, where the larger root is dk = 0.0508 and the smaller root is dk = 0.0416, which proves the

result with regard to ∂πSC∗
1

∂d .

(iv) Differentiating sSC∗
2 with respect to d yields ∂sSC∗

2
∂d = − 2(7−288dk+2304d2k2)

(1−128dk+2304d2k2)
2 , thus it has

the same sign as ∂pSC∗
2

∂k . Since −7 + 664dk − 18, 432d2k2 + 165, 888d3k3 > 0 holds, it holds that
∂pSC∗

2
∂d =

32dk(−7+664dk−18,432d2k2+165,888d3k3)
(1−128dk+2304d2k2)

2 > 0. Finally, differentiating πSC∗
2 with respect to

d yields ∂πSC∗
2

∂d =
8dk(144dk−7)(7−624dk+28,160d2k2−626,688d3k3+5,308,416d4k4)

(1−128dk+2304d2k2)
3 . Since 144dk − 7 > 0 and

7− 624dk + 28, 160d2k2 − 626, 688d3k3 + 5, 308, 416d4k4 > 0, it holds that ∂πSC∗
2

∂d > 0. �

Proof of Theorem 4. (i) Comparing sSC
1 and sBC

1 , sSC
1 > sBC

1 ↔ 8d(24dk−1)
1−128dk+2304d2k2 > 1

12k ↔ 32dk− 1 > 0

holds. Comparing sSC
1 and sN

1 , sA
1 > sN

1 ↔
8d(24dk−1)

1−128dk+2304d2k2 > 1
8k ↔ −1 + 64dk− 768d2k2 > 0↔ dk <

1
16 . Thus, sSC

1 > sN
1 if dk < 1

16 and sSC
1 < sN

1 otherwise. It is straightforward that sN
i > sBC

i holds.
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(ii) Comparing sSC
2 and sBC

2 , sSC
2 > sBC

2 ↔ 2d(144dk−7)
1−128dk+2304d̂2k̂2 > 1

12k ↔ −1− 40dk + 1152d2k2 > 0

holds. Similarly, sSC
2 > sN

2 ↔
2d(144dk−7)

1−128dk+2304d̂2k̂2 > 1
8k ↔ 16dk− 1 > 0 . Thus, sSC

2 > sN
2 if dk > 1

16 and
sSC

2 < sN
2 otherwise.

(iii) Since sSC
1 > sSC

2 ↔ 16dk− 1 , the result in (iii) is proved.
(iv) Since ∑ sSC

i = 2d(240dk−11)
1−128dk+2304d2k2 , ∑ sSC

i > ∑ sBC
i ↔ 2d(240dk−11)

1−128dk+2304d2k2 > 1
6k ↔ −1− 4dk + 576d2k2 > 0

holds. Comparing ∑ sSC
i and ∑ sN

i , ∑ sSC
i > ∑ sN

i ↔
2d(240dk−11)

1−128dk+2304d2k2 > 1
4k ↔ 1− 40dk + 384d2k2 < 0↔ dk < 1

16 .
Thus, ∑ sSC

i > ∑ sN
i if dk < 1

16 and ∑ sSC
i < ∑ sN

i otherwise. �

Proof of Theorem 5. It is clear that pSC
1 > pBC

i = pN
i ↔

2d(24dk−1)(48dk−1)
1−128dk+2304d2k2 > d↔ 16dk− 1 < 0 and

pSC
2 > pBC

i = pN
i ↔

16d2k(144dk−7)
1−128dk+2304d2k2 > d↔ 16dk− 1 > 0 , which completes the proof. �

Proof of Theorem 6. (i) Comparing πSC
1 and πBC

1 , πSC
1 < πBC

1 ↔ 2d(24dk−1)2

1−128dk+2304d2k2 < 72dk−1
144k ↔ 1+ 88dk

−2304d2k2 < 0 holds. Furthermore, πSC
1 > πN

1 ↔
2d(24dk−1)2

1−128dk+2304d2k2 > 32dk−1
64k ↔ (16dk− 1)2 > 0 .

Comparing πN
1 and πBC

1 , πBC
1 > πN

1 ↔
72dk−1

144k > 32dk−1
64k ↔ 40k > 0 .

(ii) Comparing πSC
2 and πBC

2 , πSC
2 < πBC

2 ↔ 4d2k(144dk−7)2(32dk−1)
(1−128dk+2304d2k2)

2 < 72dk−1
144k ↔ 1 − 328dk

+11, 200d2k2 − 36, 864d3k3 − 1, 327, 104d4k4 < 0. A discriminant of the equation
1 − 328dk + 11, 200d2k2 − 36, 864d3k3 − 1, 327, 104d4k4 = 0 with respect to dk is
positive, and this equation has four real roots, where the numerical values are dk =

−0.117, dk = 0.003, dk = 0.039, dk = 0.047. Thus, πSC
2 < πBC

2 holds. Furthermore,

πSC
2 > πN

2 ↔
4d2k(144dk−7)2(32dk−1)
(1−128dk+2304d2k2)

2 > 32dk−1
64k ↔ (16dk− 1)(32dk− 1)

(
1− 240dk + 4608d2k2) > 0 .

Since
(
1− 240dk + 4608d2k2) > 0 and (32dk− 1) > 0, πSC

2 > πN
2 if dk > 1

16 and πSC
2 < πN

2 otherwise.

(iii) Comparing πSC
1 and πSC

2 , πSC
1 > πSC

2 ↔ 2d(24dk−1)2

1−128dk+2304d2k2 > 4d2k(144dk−7)2(32dk−1)
(1−128dk+2304d2k2)

2 ↔

−2(16dk− 1)
(
1− 62dk + 864d2k2)(1− 128dk + 2304d2k2). Since

(
1− 62dk + 864d2k2) > 0 and(

1− 128dk + 2304d2k2) > 0, πSC
1 > πSC

2 if dk < 1
16 and πSC

1 < πSC
2 otherwise.

(iv) Since ∑ πSC
i =

2d(1−274dk+16,192d2k2−354,816d3k3+2,654,208d4k4)
(1−128dk+2304d2k2)

2 ,

∑ πSC
i < ∑ πBC

i ↔ 1− 184dk− 32d2k2 + 230, 400d3k3 − 3, 317, 760d4k4 < 0 . The numerical values
of the four real roots of 1− 184dk − 32d2k2 + 230, 400d3k3 − 3, 317, 760d4k4 = 0 with respect to dk
are dk = −0.0263, dk = 0.0056, dk = 0.0428, dk = 0.0473. Thus, ∑ πSC

i < ∑ πBC
i holds. Comparing

∑ πSC
i and ∑ πN

i , ∑ πSC
i > ∑ πN

i ↔ (16dk− 1)
(
−1 + 208dk− 8320d2k2 + 92, 160d3k3) > 0 . Since(

−1 + 208dk− 8320d2k2 + 92, 160d3k3) > 0 holds, ∑ πSC
i > ∑ πN

i if dk > 1
16 and ∑ πSC

i < ∑ πN
i

otherwise. It is clear from Theorem 6(i) that ∑ πBC
i > ∑ πN

i holds. �

Proof of Theorem 7. It is straightforward that ∆s = 2/3. Furthermore, ∆π = 2304dk−32
2304dk−72 , thus

differentiating ∆π with respect to k yields ∂
∂k (∆π) = − 160d

9(32dk−1)2 < 0. Similarly, ∂
∂d (∆π) < 0. As ∆π

decreases in dk, the maximum value of ∆π is attained at dk = 7
144 , which leads to ∆π = 2. ∆π > 1 is

clear from Theorem 6. �

Proof of Theorem 8. (i) Comparing CSSC and CSBC, CSSC > CSBC ↔ −4 + 592dk− 7936d2k2 − 307,
200d3k3 + 5, 308, 416d4k4 > 0 holds. Comparing CSSC and CSNC yields:
CSSC > CSNC ↔ (16dk− 1)

(
−1 + 168dk− 5632d2k2 + 55, 296d3k3) < 0↔ dk < 1/16 because

−1 + 168dk− 5632d2k2 + 55, 296d3k3 > 0 holds. It is clear that CSN > CSBC holds.
(ii) The equilibrium SWi = ∑ πi

i + CSi are summarized as follows: SWBC = V − 9dk−1
36k , SWSC =

V− d(15−2256dk+86,528d2k2−1,216,512d3k3+5,308,416d4k4)
4(1−128dk+2304d2k2)

2 , and SWN = V− 8dk−1
32k . Then, comparing SWSC and

SWBC, SWSC > SWBC ↔ −4 + 520dk− 11, 968d2k2 + 1, 327, 104d4k4 > 0 holds. Comparing SWSC
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and SWN , SWSC > SWN ↔ −4(16dk− 1)2(1− 112dk + 1152d2k2) > 0↔ dk < 7+
√

31
144 . It is clear that

SWN > SWBC. �
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