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COORDINATION CONTRACT FOR A COMPETITIVE PHARMACEUTICAL
SUPPLY CHAIN CONSIDERING CORPORATE SOCIAL RESPONSIBILITY

AND PRICING DECISIONS

Maryam Johari1 and Seyyed-Mahdi Hosseini-Motlagh1,∗

Abstract. Corporate social responsibility (CSR) and pricing decisions are proposed for a competitive
two-level pharmaceutical supply chain (PSC) comprising two pharma-manufacturers and one pharma-
retailer. In the investigated PSC, the pharma-manufacturers competitively invest in the CSR effort to
produce a new medicine and sell two substitutable products to the market through the pharma-retailer,
deciding on selling prices of manufacturers’ products. The PSC under consideration is modeled in three
decision-making structures, i.e., decentralized, centralized, and coordinated models. In the decentral-
ized model, the pricing and CSR decisions are individually obtained using a pharma-manufacturers–
Stackelberg game structure. In the centralized model as a benchmark, the best performance of the
entire PSC system is achieved. Finally, to encourage all PSC members to agree on the coordination
plan, a CSR cost-sharing contract is proposed. Our results reveal that under competitive environment,
the proposed CSR cost-sharing contract is able to increase market demand by significantly decreasing
selling prices and increasing level of the CSR efforts.
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1. Introduction

In today’s competitive environment, companies aim to engage in some strategies to influence customers’
demand. For instance, manufacturers may compete on the corporate social responsibility (CSR) effort to achieve
more market share. By investing in the CSR effort, the manufacturers take responsibilities towards a wide groups
of stakeholders, i.e., the environment and customers [9]. As noted by Cruz and Wakolbinger [5]; Fombrun
[10]; Sen and Bhattacharya [46], CSR effort can increase company’s reputation and sales volume, decrease
imperfect products and risk, build customer loyalty, and provide new markets. Furthermore, retailers close
to end consumers can provide pricing strategy to impact on market demand. In addition, powerful retailers
usually sell several substitutable products of manufacturers to customers. Under such a case, decisions on the
CSR effort made by manufacturers and retail prices of substitutable products can affect entire supply chain
(SC) performance along with other SC members’ profit. Although in traditional business, each SC member
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individually decides on its own decisions such that its own profit is maximized, these individual decision-making
model may lead to an inefficient system. Accordingly, designing a coordination mechanism to align different SC
decisions on the pricing of retailer and CSR effort of competitive manufacturers is of high importance, for it
can improve whole SC performance and increase all SC members’ profit.

Corporate social responsibility (CSR) efforts have been investigated by different kinds of mechanism such as
consumer surplus and performance level on the customer demand in the related supply chain literature. Ni and
Li [37] analyzed the impact of CSR effort invested by both firm and supplier on the customer demand through
a game theoretic approach. They investigated simultaneous-move and sequential-move games to find the equi-
librium solution of CSR through a wholesale price contract as an incentive scheme. Panda [40] addressed CSR
issue through consumer surplus for a manufacturer-retailer SC considering retailer’s CSR effort and manufac-
turer’s CSR effort through a revenue-sharing contract. In another study, Hsueh [19] considered a two-echelon
SC in which the impact of CSR level on the demand function was examined through a revenue-sharing contract.
Modak et al. [29] investigated the effect of CSR in the form of consumer surplus in a dual-channel SC through
all unit quantity discount contract. Panda et al. [42] addressed CSR using consumer surplus in a three-stage
SC under coordination contract and bargaining model. Panda and Modak [41] proposed channel coordination
through subgame perfect equilibrium for a manufacturer-retailer chain in which both SC members exhibit CSR
effort through consumer surplus. Modak et al. [30] analyzed CSR using consumer surplus in a three-echelon
SC including one manufacturer, multiple distributors and retailers through revenue-sharing contract. Panda
et al. [43] investigated CSR in the form of consumer surplus in a manufacturer-retailer SC under two cases:
when the retailer is socially responsible and when the manufacturer is socially concerned through quantity
discount contract. Modak et al. [31] examined the impact of CSR in the form of consumer surplus in a compet-
itive two-echelon SC using two-part tariff contract and Nash bargaining model. Panda et al. [44] coordinated
a socially responsible manufacturer-retailer closed-loop SC in which the manufacturer invested in CSR effort
through consumer surplus. Nematollahi et al. [34] developed a collaborative model to coordinate a supplier-
retailer chain under a newsvendor inventory system in which the supplier concerned with CSR activities to
enhance the brand recognition of its product and increase market share. Nematollahi et al. [35] proposed a
social collaborative approach for a pharmaceutical supply chain (PSC) through providing essential service level
to patients. Nematollahi et al. [36] investigated social and economic objectives of a collaborative models for
one pharma-distributor-one pharma-retailer chain to improve service level. Although the above-reviewed papers
investigated CSR effort through channel coordination, they all have neglected CSR competition existing among
socially responsible manufacturers in supply chain coordination.

Although coordination of pricing decisions have been significantly investigated in the supply chain litera-
ture, few studies have analyzed pricing competition through coordination contracts. Zhao et al. [53] explored
a distribution system in which two competitive manufacturers compete on the service level of two substi-
tutable products provided to consumers. Yang et al. [51] considered a supplier-retailers chain of a perishable
good in which two competitive retailers compete on the price offered to customers. Modak et al. [32] consid-
ered price competition between two competitive retailers for a three-level supply chain through a coordination
model. Huang et al. [20] coordinated pricing decisions for a competitive supplier-retailers chain. Jafari et al. [21]
analyzed pricing competition among multiple retailers for a dual-channel SC through coordination contract.
Gao et al. [11] investigated pricing competition among multiple firms with substitutable products. Li and Chen
[28] studied pricing decisions through horizontal competition between two manufacturers and vertical competi-
tion between retailers and manufacturers for a supply chain with two products in quality-differentiated brands.
However, in the above-reviewed studies, CSR efforts has been ignored in addition to channel coordination models
have received less attention.

Supply chain coordination models have been developed to solve conflicts of objectives which are incurred
due to the individually decision-making of SC members and align SC decisions such that all SC members’
profits are improved [36]. In the supply chain literature, various coordination contracts have been developed to
coordinate different decisions in the supply chains, i.e., quantity discount [3, 25, 26, 38], buy back [7, 52], grove
wholesale price [4], bi-level wholesale price contract [17], delay in payment [8, 22], collaborative models [15],
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revenue-sharing [12], two-part tariff [31, 32, 47], multilateral two-part tariff [18], two-way two-part tariff [24],
bi-level credit period [27], compensation-based wholesale price [14, 39], and cost-sharing [23]. Several studies
investigated coordination of CSR efforts made by channel members through coordination contracts.

Raj et al. [45] modeled a two-echelon SC under a price-greening-CSR dependent demand and optimized
pricing, greening, and CSR decisions under different coordination contracts. Hosseini-Motlagh and Ebrahimi
[13] studied supply chain coordination in a single manufacturer-duopolistic retailers green SC in which retailers
competitively decide on CSR efforts. Sinayi and Rasti-Barzoki [48] also considered social welfare in the form
of consumer surplus in a two-stage SC under government intervention and analyzed the optimal decisions on
pricing, greening, and social welfare of SC agents. Furthermore, Hosseini-Motlagh et al. [16] investigated CSR
effort in a manufacturer-retailer supply chain under periodic review replenishment system through cost-sharing
contract. Recently, Modak et al. [33] investigated a two-echelon closed-loop SC considering corporate social
responsibility and recycling efforts under two-part tariff contract. However, to the best of our knowledge, simul-
taneous coordination of pricing and corporate social responsibility decisions for a competitive pharmaceutical
supply chain comprising two duopolistic manufacturers and one retailer through a CSR cost-sharing contract
has not been investigated in the existing literature.

This paper is motivated by the issue of life quality development of cancer patients. In fact, since in the current
situation of the pharmaceutical market, gastrointestinal cancer is cured by chemical medicines that have side
effects on cancer patients’ health, in the investigated pharmaceutical supply chain, pharma-manufacturers aim
to produce herbal medicine instead of chemical one to take into account cancer patients’ health improvement.
Accordingly, producing herbal medicine, which is a new medicine in the pharmaceutical market, is considered
as the CSR effort made by pharmaceutical manufacturers as it shows the social responsibility of pharmaceutical
manufacturers towards the society (i.e., patients). Currently, producing chemical medicine for cancer patients
can be considered as non-CSR effort of the pharma-manufacturers in the pharmaceutical market, since it has
side effects on the patients’ health. Therefore, in this study, we consider the production of herbal medicine,
which is a new medicine for curing gastrointestinal cancer, as CSR practice of pharmaceutical manufactur-
ers. Specifically, pharma-manufacturers aim to improve cancer patients’ health by producing innovative herbal
medicine that does not have side effects on the cancer patients’ health. In fact, pharma-manufacturers take care
of cancer patients’ health through producing innovative herbal medicine which is considered as their corporate
social responsibility towards society. Accordingly, cancer patients’ health can be enhanced by consuming such
herbal medicine compared to the chemical medicine. Therefore, the life quality of cancer patients can be devel-
oped. To this end, nowadays, the aim of a pharmaceutical supply chain is to provide a new herbal medicine
for curing gastrointestinal cancer that using it has not any side effects for patients compared to the current
chemical medicines. For instance, BIOGEN is a pharmaceutical corporation producing the most innovative
medicines for rare diseases in the market and engages in all areas of corporate social responsibility such as pro-
tection of the environment, stakeholder engagement, and diversity and inclusion (www.biogen.com) and [49].
To achieve competitive advantage, BIOGEN competes with its competitors (i.e., Abbott Laboratories, Amgen,
Inc., Bristol-Myers Squibb, GlaxoSmithKline Plc) on producing innovative medicines. As another example for
competitive CSR activities, GlaxoSmithKline, Johnson and Johnson (Janssen), Merck & Co., Novartis, Pfizer,
Roche, and Sanofi, which are among the top 10 largest multinational pharmaceutical firms conducted CSR
practices such as differential pharmaceutical pricing, strengthening developing country drug distribution infras-
tructure, mHealth initiatives, and targeted research and development to achieve competitive advantage [6].
Therefore, due to the competitive market of pharmaceutical, pharma-manufacturers should invest in CSR effort
as competitiveness strategy through producing innovative medicines indicating pharma-manufacturers’ respon-
sibility towards society (i.e., patients). In our investigated case study, two pharma-manufacturers competitively
engage in CSR effort through producing new substitutable herbal medicines. To be more precise, by considering
stakeholder engagement, competing pharma-manufacturers invest in producing innovative herbal medicine to
care patients’ health. Such investment in CSR activities to produce the innovative herbal medicine can influ-
ence the cancer patients’ health improvement, thus enhancing consumer social preferences and market share.
Pharma-manufacturers sell their medicines to a powerful pharma-retailer in the pharmaceutical market. The

www.biogen.com
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Table 1. Literature review of CSR efforts and price competition and the proposed model.

Reference Pricing CSR SC Competition Product Coordination

decision effect on Structure approach

Modak et al. [33] X Demand 1 manufacturer

1 retailer

No 1 Two-part tariff

Sinayi and Rasti-

Barzoki [48]

X Consumer surplus 1 manufacturer

1 retailer

No 1 Two-part tariff

Hosseini-Motlagh and

Ebrahimi [13]

– Demand 1 manufacturer

2 retailers

Yes 1 Environmental and

CSR cost-sharing

Raj et al. [45] X Demand 1 supplier

1 buyer

No 1 Revenue and greening-

cost sharing

Hosseini-Motlagh

et al. [16]

– Demand 1 manufacturer

1 retailer

No 1 Promotional and CSR

cost-sharing

Li and Chen [28] X – 2 manufacturer

1 retailer

Yes 2 –

Nematollahi et al. [36] – Customer fill rate 1 distributer

1 retailer

No 1 Collaborative

Gao et al. [11] X – multiple firms Yes 2 –

Nematollahi et al. [34] – Demand 1 supplier

1 retailer

No 1 Collaborative

Nematollahi et al. [35] – Customer fill rate 1 supplier

1 retailer

No 1 Collaborative

Panda et al. [44] Consumer surplus 1 manufacturer

1 retailer

No 1 Revenue-sharing

Modak et al. [30] X Consumer surplus 1 manufacturer

multiple distributors

multiple retailers

Yes 1 Revenue-sharing

Modak et al. [31] X Consumer surplus 1 manufacturer

2 retailers

Yes 1 Two-part tariff

Modak et al. [32] X – 1 manufacturer

1 distributor

2 retailers

Yes 1 Two-part tariff

Panda and Modak [41] X Consumer surplus 1 manufacturer

1 retailer

No 1 Subgame equilibrium

Panda et al. [43] X Consumer surplus 1 manufacturer

1 retailer

No 1 Quantity discount

Panda et al. [42] X Consumer surplus 1 manufacturer

1 distributor

1 retailer

No 1 Wholesale price and

bargaining model

Yang et al. [51] X – 1 supplier

2 retailers

Yes 1 –

Modak et al. [29] X Consumer surplus 1 manufacturer

1 retailer

Yes 1 all unit quantity dis-

count

Hsueh [19] Demand 1 manufacturer

1 retailer

No 1 New Revenue-sharing

Panda [40] X Consumer surplus 1 manufacturer

1 retailer

No 1 Revenue-sharing

Zhao et al. [53] X – 2 manufacturers

1 retailer

Yes 2 –

Ni and Li [37] X Demand 1 supplier 1 firm No 1 Wholesale price

Proposed model X Demand 2 pharma-

manufacturers

1 pharma-retailer

Yes 2 CSR cost-sharing

pharma-retailer decides on the pricing of two substitutable herbal medicines affecting consumers demand. In the
current situation, each pharma-manufacturer individually makes decision on the investment level of the CSR
effort. Moreover, the pharma-retailer independently decides on the price of substitutable medicines offered to
consumers. However, these individual decision-making of PSC members affect the entire PSC and other pharma
members. Hence, there is a need to design a coordination plan to align pricing and CSR decisions of all PSC
members and make the best performance of the system.
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According to the above-reviewed literature and Table 1, the following research gaps are identified:

– Few studies such as Modak et al. [32] has investigated pricing competition in supply chain coordination.
However, in their study, price competition is considered between two duopolistic retailers. In other words,
pricing competition of two substitutable products has been neglected in their model. In addition, in their
study, CSR effort of manufacturer has been ignored.

– Although some studies in the existing literature such as Nematollahi et al. [36], Panda et al. [44], Hsueh
[19], and Ni and Li [37] have addressed coordination of CSR effort in supply chains, they have ignored the
impact of CSR competition in their models.

– To the best of our knowledge, this study for the first time proposes a coordination contract named “CSR
cost-sharing” to coordinate competitive CSR efforts and pricing of two substitutable products for a pharma-
manufacturers-pharma-retailer supply chain.

This study aims to fill the above research gaps and contributes to the existing literature by considering
coordination of competitive socially concerned pharma-manufacturers’ CSR efforts and pricing of two substi-
tutable products. In this paper, a two-echelon PSC including two competitive pharma-manufacturers and one
pharma-retailer is studied. In the investigated PSC, two competitive pharma-manufacturers compete with each
other on CSR efforts to produce herbal medicines. The pharma-retailer sells two substitutable medicines of
two pharma-manufacturers to consumers. The market demand of two substitutable medicines depends not only
on the CSR efforts of pharma-manufacturers but also on the retail prices offered by the pharma-retailer. The
investigated PSC is modeled in three decision-making structures, i.e., (1) decentralized, (2) centralized, and (3)
coordination models. The decentralized structure is modeled in the pharma-manufacturers–Stackelberg game
structure. In addition, in the decentralized model, CSR efforts of pharma-manufacturers and retail prices of two
substitutable products are individually optimized from each PSC member’s point of view. In the centralized
model as a benchmark, the pricing and CSR decisions are optimized from the entire PSC perspective such that
the best performance of the entire PSC is achieved. Finally, a CSR cost-sharing contract as a coordination
mechanism is proposed which is able to coordinate pricing and CSR decisions in a way that all PSC members
profit along with whole PSC profit are improved. The rest of this paper is organized as follows. Section 2
defines the studied problem and provides notations. In Section 3, investigated PSC is modeled in three different
decision-making structures. Numerical examples and sensitivity analysis are carried out in Section 4. Section 5
provides the main findings of the study and discusses managerial insights. Finally, Section 6 concludes the paper
and discusses future research directions.

2. Problem definition

In this paper, a two-echelon PSC including two competitive pharma-manufacturers and one pharma-retailer
is studied. In the investigated PSC, each pharma-manufacturer produces a single product (i.e., medicine). It
is considered that two products are substitutable with each other. Furthermore, the pharma-retailer sells these
substitutable products to the market. In addition, two pharma-manufacturers competitively invest in CSR
effort affecting the customer demand. Therefore, the market demand is dependent on the CSR investment
of the pharma-manufacturers and the selling prices of two products. In the investigated PSC, the pharma-
manufacturers have dominant powers and thus they are Stackelberg game leaders and the pharma-retailer is
their follower. The pharma-manufacturers make decisions on the CSR efforts and the pharma-retailer determines
the selling prices of two substitutable products. The PSC under consideration is modeled in three decision-
making structures: (1) decentralized, (2) centralized, and (3) coordinated models. In the decentralized model,
each PSC member individually optimizes its own decision without considering the other PSC participants’ per-
formances. In the decentralized model, Cournot behavior of the pharma-manufacturers is investigated in which
the pharma-manufacturers simultaneously decide on the CSR investment. In the centralized model as bench-
mark, decisions on the CSR and pricing are optimized from the whole PSC perspective. Finally, to coordinate
the CSR and pricing decisions of all PSC members, a CSR cost-sharing contract is proposed. Figure 1 illustrates
the investigated pharmaceutical supply chain.
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Figure 1. The framework of the investigated pharmaceutical supply chain.

2.1. Notations

The following notations are used in the investigated PSC.

Decision variables

CSRiCSR effort by pharma-manufacturer i.
pi Unit retail price of product i ($/unit).

Parameters

di Primary demand of product i (units).
τ1 Pharma-manufacturer’s CSR effort elasticity coefficient of demand.
τ2 Competitor’s CSR effort elasticity coefficient of demand.
µ1Self-price coefficient of demand.
µ2Cross-price coefficient of demand.
wiUnit wholesale price of pharma-manufacturer i ($/unit).
ei Unit production cost of product i for pharma-manufacturer i ($/unit).
βi CSR effort coefficient of pharma-manufacturer i.

3. Model formulation

In this section, three decision-making structures are analyzed. Firstly, the profit functions of PSC members
are modeled. To model the profit function of the pharma-retailer, demand of product i which is affected by both
CSR investment and retail prices is as follows:

Di (pi, pj ,CSRi,CSRj) = di + τ1CSRi − τ2CSRj − µ1pi + µ2pj , i = 1, 2, j = 3− i, (3.1)

in which the parameter di indicates the potential market demand of product i, parameters τ1 and τ2 define the
pharma-manufacturer i and its competitor’s CSR effort elasticity coefficient of demand, respectively and should
satisfy τ1 > τ2. Parameters µ1 and µ2 denote the price sensitivity of demand to own price of product i and its
competitor’s price, respectively and should satisfy µ1 > µ2.

In the investigated PSC, the pharma-retailer’s profit includes revenue of selling two substitutable products
minus cost of the purchased products from the pharma-manufacturers. The pharma-retailer decides on the
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selling prices of two substitutable products. According to the above assumptions and formulations, the profit
function of pharma-retailer can be calculated as follows:

πr (p1, p2) =
2∑
i=1

(pi − wi)Di (pi, pj ,CSRi,CSRj)

= (p1 − w1) (d1 + τ1CSR1 − τ2CSR2 − µ1p1 + µ2p2)
+ (p2 − w2) (d2 + τ1CSR2 − τ2CSR1 − µ1p2 + µ2p1) . (3.2)

Moreover, in the PSC under consideration, the profit function of pharma-manufacturer i(i = 1, 2) consists of
revenue received from the pharma-retailer for selling product i minus costs of production and CSR investment.
The investment for CSR effort has a diminishing return to scale, i.e., the next dollar invested by the pharma-
manufacturer returns less CSR effort level than the last dollar invested. Put differently, it is harder (and it also
costs more) to provide the next unit of CSR effort level than the last one. Considering such decreasing return
of decisions (i.e., CSR effort, promotional effort) through a quadratic function when such decisions (i.e., CSR
effort, promotional effort) enter linearly into a demand function is a standard assumption [50]. The pharma-
manufacturers decide on the CSR investment. Accordingly, pharma-manufacturer i’s profit function can be
formulated as follows:

πmi
(CSRi) = (wi − ei)Di (pi, pj ,CSRi,CSRj)−

1
2
βiCSR2

i i = 1, 2. (3.3)

In the following sub-section, the investigated PSC is modeled in the decentralized model considering pharma-
manufacturers–Stackelberg game, in which the pricing and CSR decisions are optimized individually.

3.1. Decentralized decision-making model

In the decentralized decision-making model, each SC member aims to maximize its own profit without con-
sidering other SC members’ viewpoint [2]. In the decentralized PSC, two pharma-manufacturers act as Stackel-
berg game leaders and the pharma-retailer acts as a PSC follower. Moreover, two pharma-manufacturers follow
Cournot behavior in which decisions on the CSR efforts are simultaneously determined. To solve the Stackelberg
game and obtain the decision variables, backward induction method is used. Accordingly, the pharma-retailer
firstly determines selling prices of two substitutable products. Then the pharma-manufacturers simultaneously
decide on the CSR investment. The optimal retail prices of two substitutable products are achieved through the
following proposition.

Proposition 3.1. The pharma-retailer’s profit function in the Stackelberg–Cournot game is concave w.r.t. p1

and p2.

Proof. See Appendix A.

Thus, the optimal values of p1 and p2 are obtained by setting ∂πr/∂pi = 0 (i = 1, 2) as follows:

p1 =
d1

2µ1
+
w1

2
− µ2

2µ1
w2 +

τ1
2µ1

CSR1 −
τ2

2µ1
CSR2 +

µ2

µ1
p2, (3.4)

p2 =
d2

2µ1
+
w2

2
− µ2

2µ1
w1 +

τ1
2µ1

CSR2 −
τ2

2µ1
CSR1 +

µ2

µ1
p1. (3.5)

Solving equations (3.4) and (3.5) simultaneously gives:

p1 =
w1

2
+
µ1d1 + µ2d2 + CSR1 (µ1τ1 − µ2τ2) + CSR2 (µ2τ1 − µ1τ2)

2 (µ2
1 − µ2

2)
, (3.6)

p2 =
w2

2
+
µ1d2 + µ2d1 + CSR1 (µ2τ1 − µ1τ2) + CSR2 (µ1τ1 − µ2τ2)

2 (µ2
1 − µ2

2)
· (3.7)



1522 M. JOHARI AND S.-M. HOSSEINI-MOTLAGH

Therefore, by replacing equations (3.6) and (3.7) into the pharma-manufacturers profit function, the problem
of each remanufacturer in Cournot behavior of pharma-manufacturers, PMPCt is modeled as follows:

RMPCt : maxπmi (CSRi) = (wi − ei)Di (pi, pj ,CSRi,CSRj)−
1
2
βiCSR2

i i = 1, 2, (3.8)

Subject to (p1, p2) ∈ argmaxπr (p1, p2) . (3.8a)

The optimal values of pharma-manufacturers’ CSR efforts can be obtained after proving the concavity of the
pharma-manufacturers’ profit functions which is proved through the following proposition. �

Proposition 3.2. The profit function of pharma-manufacturer i in the Stackelberg–Cournot game is concave
w.r.t. CSRi.

Proof. The second-order derivative of πmi
(CSRi) w.r.t. CSR in the Stackelberg–Cournot game can be calculated

as ∂2πmi/∂CSR2
i = −βi < 0. Thus, πmi (CSRi) is concave w.r.t. CSRi.

Hence, the optimal values of CSR1 and CSR2 are obtained by setting ∂πmi
/∂CSRi = 0 (i = 1, 2) as follows:

CSRdec
1 =

(w1 − e1) τ1
2β1

(3.9)

CSRdec
2 =

(w2 − e2) τ1
2β2

· (3.10)

Considering backward induction, the optimal values of retail prices of two substitutable products are determined
as follows:

pdec
1 =

w1

2
+

2β1β2 (µ1d1 + µ2d2) + τ1 [β2 (w1 − e1) (µ1τ1 − µ2τ2) + β1 (w2 − e2) (µ2τ1 − µ1τ2)]
4β1β2 (µ2

1 − µ2
2)

(3.11)

pdec
2 =

w2

2
+

2β1β2 (µ1d2 + µ2d1) + τ1 [β2 (w1 − e1) (µ2τ1 − µ1τ2) + β1 (w2 − e2) (µ1τ1 − µ2τ2)]
4β1β2 (µ2

1 − µ2
2)

· (3.12)

In the decentralized model, the PSC decisions on the pricing and CSR efforts are optimized from the individual
profit function of each PSC member in the Stackelberg–Cournot game. While, in the following sub-section, the
investigated PSC is modeled in the centralized structure in which all PSC decisions are optimized from the
whole PSC point of view. �

3.2. Centralized decision-making model

In the centralized structure, whole SC is considered as a unity in which all SC decisions are jointly optimized
from the entire SC perspective [36]. In the centralized PSC, the CSR efforts and pricing decisions are optimized
in such a way that the maximum profit of the entire PSC is achieved. The profit function of entire PSC is sum
of the pharma-retailer’s and two pharma-manufacturers’ profits as follows:

πSC (p1, p2,CSR1,CSR2) = πr + πm1 + πm2

= (p1 − e1)D1 + (p2 − e2)D2 −
1
2
β1CSR2

1 −
1
2
β2CSR2

2

= (p1 − e1) (d1 + τ1CSR1 − τ2CSR2 − µ1p1 + µ2p2)
+ (p2 − e2) (d2 + τ1CSR2 − τ2CSR1 − µ1p2 + µ2p1)

− 1
2
β1CSR2

1 −
1
2
β2CSR2

2. (3.13)

Through the following proposition, the concavity of the entire PSC profit function is proved and then the
optimal values of p1, p2,CSR1, and CSR2 is calculated.
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Proposition 3.3. The entire PSC profit function in the centralized model is concave w.r.t. p1, p2,CSR1 , and
CSR2.

Proof. See Appendix B.

Due to the concavity of the whole PSC profit function, by setting ∂πSC
∂CSR1

= 0, ∂πSC
∂CSR2

= 0, ∂πSC
∂p1

= 0, ∂πSC
∂p2

, the
optimal values of PSC decisions in the centralized structure are determined as follows:

CSRcen
1 =

τ1 (p1 − e1)− τ2 (p2 − e2)
β1

(3.14)

CSRcen
2 =

τ1 (p2 − e2)− τ2 (p1 − e1)
β2

(3.15)

pcen
1 =

τ1
2µ1

CSR1 −
τ2

2µ1
CSR2 +

µ2

µ1
p2 +

d1

2µ1
− µ2

2µ1
e2 +

1
2
e1 (3.16)

pcen
2 =

τ1
2µ1

CSR2 −
τ2

2µ1
CSR1 +

µ2

µ1
p1 +

d2

2µ1
− µ2

2µ1
e1 +

1
2
e2. (3.17)

Since the values of pr1, pr2,CSR1 and CSR2 are circularly depending on each other, the following search
algorithm is proposed to find the optimal values of pr1, pr2,CSR1 and CSR2 in the centralized structure
(pr1cen, pr2cen,CSRcen

1 ,CSRcen
2 ):

Entire PSC optimal search algorithm

Step 1: Set pr1 = w1 and pr2 = w2.
Step 2: Calculate CSR1 and CSR2 using equations (3.14) and (3.15), respectively.
Step 3: Calculate p1 and p2 using equations (3.16) and (3.17) and according to the calculated CSR1 and CSR2.
Step 4: If the difference between two successive values of p1, p2,CSR1 and CSR2 is negligible, then go to Step

5; otherwise, go to Step 2.
Step 5: The final iteration of p1, p2,CSR1 and CSR2 is optimal, resulting in maximum profit for the entire

PSC.

Although the centralized decision-making model creates the best solution for the entire PSC system, it may not
necessarily benefit all PSC members. Therefore, all PSC members will agree on the centralized structure if their
profits improve compared to those of the decentralized structure. As a result, to encourage the PSC members
to accept the centralized decision-making model, a coordination mechanism is developed which guarantees the
profitability of all PSC members. �

3.3. Coordinated decision-making model

In this section, we develop a CSR cost-sharing contract as a coordination contract to coordinate decisions on
the pricing and CSR efforts in the investigated PSC and ensure the improvement of all PSC members’ profits. In
the proposed CSR cost-sharing contract, the pharma-retailer shares the fractions of the CSR investments of two
pharma-manufacturers, ∅1 and ∅2, and sets its selling prices consistent with those of the centralized structure.
The pharma-manufacturers also set their CSR efforts consistent with those of the centralized model. The profit
functions of the pharma-retailer and pharma-manufacturers in the coordinated structure are as follows:

πcor (pcen
1 , pcen

2 , ∅1, ∅2) =
2∑
i=1

(pcen
i − wi)Di

(
pcen
i , pcen

j ,CSRcen
i ,CSRcen

j

)
= (pcen

1 − w1) (d1 + τ1CSRcen
1 − τ2CSRcen

2 − µ1p
cen
1

+ µ2p
cen
2 ) + (pcen

2 − w2) (d2 + τ1CSRcen
2 − τ2CSRcen

1

− µ1p
cen
2 + µ2p1

cen)− ∅1
(

1
2
β1CSRcen2

1

)
− ∅2

(
1
2
β2CSRcen2

2

)
(3.18)
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πcomi
(CSRcen

i , ∅i) = (wi − ei)Di

(
pcen
i , pcen

j ,CSRcen
i ,CSRcen

j

)
− (1− ∅i)

1
2
βiCSRcen2

i (i = 1, 2) . (3.19)

As above-mentioned, neither the pharma-retailer nor the pharma-manufacturers will accept the proposed CSR
cost-sharing contract if their own profits are less than those of the decentralized model. Thus, the satisfaction
conditions from the pharma-retailer’s and pharma-manufacturers’ perspectives are as follows:

πcor (pcen
1 , pcen

2 , ∅1, ∅2) ≥ πdec
r

(
pdec
1 , pdec

2

)
(3.20)

πcom1
(CSRcen

1 , ∅1) ≥ πdec
m1

(
CSRdec

1

)
(3.21)

πcom2
(CSRcen

2 , ∅2) ≥ πdec
m2

(
CSRdec

2

)
. (3.22)

Through equations (3.20)–(3.22) the at least expectations of pharma-retailer and pharma-manufacturers in the
proposed CSR cost-sharing contract are guaranteed. Simplifying equations (3.20)–(3.22), the lower and upper
bounds of the fractions of the CSR investments, ∅1 and ∅2, are calculated as follows:

∅1 ≥
(w1 − e1) θ1 − 0.5β1

(
CSRdec2

1 − CSRcen2

1

)
0.5β1CSRcen2

1

(3.23)

∅2 ≥
(w2 − e2) θ2 − 0.5β2

(
CSRdec2

2 − CSRcen2

2

)
0.5β2CSRcen2

2

(3.24)

0.5∅1β1CSRcen2

1 + 0.5∅2β2CSRcen2

2 ≤ (pcen
1 − w1) (d1 + τ1CSRcen

1 − τ2CSRcen
2 − µ1p

cen
1 + µ2p

cen
2 )

+ (pcen
2 − w2) (d2 + τ1CSRcen

2 − τ2CSRcen
1 − µ1p

cen
2 + µ2p

cen
1 )

−
(
pdec
1 − w1

) (
d1 + τ1CSRdec

1 − τ2CSRdec
2 − µ1p

dec
1 + µ2p

dec
2

)
−
(
pdec
2 − w2

) (
d2 + τ1CSRdec

2 − τ2CSRdec
1 − µ1dec+ µ2p

dec
1

)
(3.25)

in which,

θ1 = τ1

(
CSRdec

1 − CSRcen
1

)
− τ2

(
CSRdec

2 − CSRcen
2

)
− µ1

(
pdec
1 − pcen

1

)
+ µ2

(
pdec
2 − pcen

2

)
(3.26)

θ2 = τ1

(
CSRdec

2 − CSRcen
2

)
− τ2

(
CSRdec

1 − CSRcen
1

)
− µ1

(
pdec
2 − pcen

2

)
+ µ2

(
pdec
1 − pcen

1

)
. (3.27)

Similar to Chaharsooghi and Heydari [2], a profit sharing strategy based on the bargaining power of all PSC
members is proposed to calculate the exact values of the fractions of the CSR investments, ∅1 and ∅2. The extra
profit which is obtained in the proposed coordination model is as follows:

∆ = πSC (pr1cen, pr2cen,CSRcen
1 ,CSRcen

2 )− πSC

(
pr1dec, pr2dec,CSRdec

1 ,CSRdec
2

)
. (3.28)

The bargaining powers of pharma-retailer and pharma-manufacturers are indicated by αr, α1, and α2. Therefore,
based on the surplus profit and the bargaining powers of pharma-retailer and pharma-manufacturers, the share
of pharma-retailer from the proposed coordination model is calculated as follows:

αr
αr + α1 + α2

∆. (3.29)
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Hence, the profit function of the pharma-retailer in the proposed CSR cost-sharing contract considering the
established profit sharing mechanism is as follows:

πcor (pcen
1 , pcen

2 , ∅1, ∅2) = πdec
r

(
pdec
1 , pdec

2

)
+

αr
αr + α1 + α2

∆

= (pcen
1 − w1) (d1 + τ1CSRcen

1 − τ2CSRcen
2 − µ1p

cen
1

+ µ2p
cen
2 ) + (pcen

2 − w2) (d2 + τ1CSRcen
2 − τ2CSRcen

1

− µ1p
cen
2 + µ2p

cen
1 )− ∅1

(
1
2
β1CSRcen2

1

)
− ∅2

(
1
2
β2CSRcen2

2

)
+

αr
αr + α1 + α2

∆. (3.30)

Similarly, in the proposed CSR cost-sharing contract and profit sharing scheme, the pharma-manufacturers’
profit functions are as follows:

πcom1
(CSRcen

1 , ∅1) = πdec
m1

(
CSRdec

1

)
+

α1

αr + α1 + α2
∆

= (w1 − e1)
(
d1 + τ1CSRdec

1 − τ2CSRdec
2 − µ1p

dec
1 + µ2p

dec
2

)
(3.31)

− (1− ∅1)
1
2
β1CSRdec2

1 +
α1

αr + α1 + α2
∆ (3.32)

πcom2
(CSRcen

2 , ∅2) = πdec
m2

(
CSRdec

2

)
+

α2

αr + α1 + α2
∆

= (w2 − e2)
(
d2 + τ1CSRdec

2 − τ2CSRdec
1 − µ1p

dec
2 + µ2p

dec
1

)
− (1− ∅2)

1
2
β2CSR2

2 +
α2

αr + α1 + α2
∆. (3.33)

Simplifying equations (3.32) and (3.33), the exact values of the fractions of the CSR investments, ∅1 and ∅2,
are determined as follows:

∅1 =
(w1 − e1) θ1 − 0.5β1

(
CSRdec2

1 − CSRcen2

1

)
+ α2

αr+α1+α2
∆

0.5β1CSRcen2

1

(3.34)

∅2 =
(w2 − e2) θ2 − 0.5β2

(
CSRdec2

2 − CSRcen2

2

)
+ α2

αr+α1+α2
∆

0.5β2CSRcen2

2

· (3.35)

4. Numerical example and sensitivity analysis

In this section, to evaluate the performance of the proposed models, a set of numerical examples is provided
which is shown in Table 2.

It is noteworthy that in practice, bargaining power of SC members can be measured based on some indicators
such as level of monopoly/oligopoly, market share, and brand popularity [1]. We consider αr, α1, and α2 as the
bargaining power of pharma-retailer, pharma-manufacturer 1, and pharma-manufacturer 2, respectively, where
0 < αr, α1, α2 < 1. In the investigated model, pharma-manufacturers have dominant powers relative to the
pharma-retailer and thus they act as Stackelberg leaders in the market and pharma-retailer is their follower.
Thus, due to the pharma-manufacturers–Stackelberg game played among PSC actors, the bargaining powers
of PSC members relate to investment in CSR effort and are defined as α1 = 0.4, α2 = 0.4, αr = 0.2, for
pharma-manufacturer 1, pharma-manufacturer 2, and the pharma-retailer, respectively.

Results of running the test problems in three decision-making models are indicated in Table 3. According to
Table 3, although, the centralized model increases the profits of entire PSC and the pharma-retailer compared
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Table 2. Test problems.

Test problem d1, d2 τ1, τ2 µ1, µ2 w1, w2 e1, e2 β1, β2 α1, α2, αr

TP#1 300, 200 4, 2 3, 2 120, 110 80, 70 15, 10 0.4, 0.4, 0.2
TP#2 1500, 1100 9, 6 10, 7 300, 280 260, 240 16, 10 0.45, 0.45, 0.1
TP#3 1700, 1400 8, 2 23, 18 190, 180 80, 70 10, 8 0.35, 0.35, 0.3

Table 3. Results of running the proposed models in three decision-making structures.

Test Decentralized Centralized Coordinated

problem model model model

TP#1

CSR1 5.33 14.22 14.22

CSR2 8.00 20.64 20.64

p1 195.86 185.50 185.50

p2 182.46 174.35 174.35

∅1 – – 71.00%

∅2 – – 53.20%

∂πr 11 030.28 13 629.90 11 419.68

∂πm1 3093.33 2795.32 3872.13

∂πm2 2306.66 1952.06 3085.46

πSC 16 430.28 18 377.29 18 377.29

TP#2

CSR1 11.25 16.19 18.18

CSR2 18 37.09 18.05

p1 378.37 361.26 328.54

p2 359.58 348.71 344.35

∅1 – – 87.10%

∅2 – – 25.52%

πr 37 438.76 41 407.88 37 825.68

πm1 8052.5 7966.86 9793.63

πm2 8269.99 8255.69 10 011.13

πSC 53 761.26 57 630.44 57 630.44

TP#3

CSR1 44.00 115.83 115.83

CSR2 55.00 151.97 151.97

p1 280.85 274.96 274.96

p2 273.54 270.71 270.71

∅1 – – 44.65%

∅2 – – 42.22%

πr 85 155.96 174 464.10 105 503.67

πm1 34 979.99 28 764.96 58 719.00

πm2 44 660.00 29 392.61 68 399.00

πSC 164 795.96 232 621.68 232 621.68

to those of the decentralized model in all test problems, the pharma-manufacturers incur losses. While, in the
proposed CSR cost-sharing contract as a coordination model, all PSC members achieve more profit relative to
the decentralized structure. Moreover, in all test problems, the proposed coordination model enhances the entire
PSC profit up to that of the centralized structure and thus the proposed CSR cost-sharing contract is able to
achieve channel coordination in the investigated PSC. In addition, in the proposed coordination scheme not
only the CSR efforts of pharma-manufacturers increase but also the retail prices of two substitutable products
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Figure 2. Level of CSR effort over τ2 in decision-making structures.

decrease, indicating that the market demand will be increased in the coordination model compared to the
decentralized model.

In addition, a set of sensitivity analysis is conducted to investigate the impact of parameters τ2, ∅1, and ∅2 on
the CSR investment level, retail prices, and whole PSC profit and its members’ profit. Test problem 1 is used to
analyze the impact of competition level between two pharma-manufacturers, τ2, on the proposed models. Figure 2
shows the changes of level of CSR effort invested by two pharma-manufacturers over increasing competition
level between pharma-manufacturers, τ2 in the decentralized and coordinated models. From Figure 2, as τ2
increases, the CSR effort has not any significant changes in the decentralized structure. While, by increasing
competition level between pharma-manufacturers, the level of CSR effort decreases in the proposed CSR cost-
sharing contract. However, the proposed coordination scheme can create higher CSR level for the pharma-
manufacturers compared to the decentralized structure. This result implies that the proposed coordination
model is of high applicability and efficiency in the investigated PSC.

Figures 3 and 4 indicate how the prices of two substitutable products change over changing the competition
level between two pharma-manufacturers on the CSR effort, τ2, in both decentralized and coordinated structures.
As can be seen in Figure 3, by increasing τ2, the retail price of product 1 (i.e., product produced by pharma-
manufacturer 1) decreases in both decentralized and coordinated models. However, the proposed coordination
model significantly decreases the retail price of product 1, resulting in more demand share for the pharma-
manufacturer 1 compared to the decentralized structure. In addition, as competition level between two pharma-
manufacturers on the CSR effort increases, the difference between retail prices of product 1 in the coordinated
and decentralized models increases which creates the proposed model more efficient.

According to Figure 4, as τ2 increases, the difference between retail prices of product 2 in the coordinated
and decentralized structures grows demonstrating the applicability of the proposed coordination model in the
investigated PSC. As a result, in the intense level of competition between manufacturers on the CSR effort,
using the proposed CSR cost-sharing contract is of high importance.

The changes of profits of whole PSC system and its members over changing τ2 in the decentralized, central-
ized, and coordinated models are illustrated in Figures 5–8. As Figure 5 shows, as competition level between
pharma-manufacturers on the CSR effort increases, the pharma-retailer’s profit decreases in all decision-making
structures. However, the profits of pharma-retailer significantly decreases in the centralized model. Although,
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Figure 4. Retail price of product 2 over τ2 in decision-making structures.

the centralized model creates maximum profit for the pharma-retailer compared to other models, two pharma-
manufacturers incur losses in the centralized model as shown in Figures 6 and 7. As Figure 5 depicts, the
proposed CSR cost-sharing contract as a coordination model results in more profit for the pharma-retailer rel-
ative to the decentralized model which demonstrates that the proposed CSR cost-sharing contract is flexible
enough to convince the pharma-retailer to accept the coordination plan.

Figure 8 depicts the whole PSC profit as competition level between pharma-manufacturers on the CSR
effort, τ2, increases in the decentralized, centralized, and coordinated models. As Figure 8 shows, by increasing
τ2, the profit of entire PSC decreases in all decision-making structures. However, as τ2 increases, the proposed
CSR cost-sharing contract creates more profit for the entire PSC in comparison with the decentralized model.
Moreover, the proposed CSR cost-sharing contract improves the profit up to that of the centralized model for
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Figure 5. Pharma-retailer profit over τ2 in decision-making structures.
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Figure 6. Pharma-manufacturer 1 profit over τ2 in decision-making structures.

the whole PSC, indicating the proposed coordination model is capable of achieving channel coordination in the
investigated PSC.

Moreover, test problem 3 is used to investigate the effect of parameters ∅1 and ∅2 on the PSC members’
profit in the proposed coordination model. Figure 9 indicates the changes of PSC members’ profit over different
combination of coordination parameters, i.e., ∅1 and ∅2. According to Figure 9 and Table 3, the combina-
tion of (∅1 = 7.26%, ∅2 = 10.22%) creates profits of 33 638.3 and 38 835.9 for the pharma-manufacturers in the
proposed coordination plan which is not beneficial to them since their profits decrease compared to those
of the decentralized model, i.e., (34 979.99, 44 660.00). However, this combination of coordination parameters
improves the pharma-retailer’s profit compared to that of the decentralized model. In addition, combination of
(∅1 = 57.26%, ∅2 = 60.22%) incurs the pharma-retailer losses in the proposed CSR cost-sharing contract as it
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Figure 8. Whole PSC profit over τ2 in decision-making structures.

creates profit of 80 413.5 for him which is lower than that of the decentralized model, i.e., 85 155.96. Other combi-
nations of (∅1, ∅2) create more profits for all PSC members, i.e., two pharma-manufacturers and pharma-retailer
relative to the decentralized model, thus providing a win-win situation for all PSC members.

5. Managerial insights

– The proposed CSR cost-sharing contract is able to motivate pharma-manufacturers to invest more in CSR
effort compared to the decentralized model. On the other hand, the proposed CSR cost-sharing contract can
encourage pharma-retailer to decrease retail prices of two substitutable products relative to the decentralized
structure. As a result, the proposed coordination model can benefit both customers through decreasing selling
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Figure 9. Profit sharing over ∅1 and ∅2 in the CSR cost-sharing contract.

prices of substitutable products and supply chain systems through increasing CSR effort which results in
more market share for SC systems.

– Considering the impact of CSR effort invested by manufacturers on the retail prices of substitutable products
of retailer and the effect of retailer’s prices on the profits of manufacturers, SC managers can achieve more
benefit from a CSR cost-sharing contract as it is capable of coordinating the chain members’ decisions on
the retail prices and CSR effort simultaneously.

– The proposed CSR cost-sharing contract can increase profits of all PSC members (i.e., pharma-manufacturers
and pharma-retailer) compared to the decentralized model in addition to improve the whole PSC profit up to
that of the centralized structure; thus providing a win-win situation for all PSC participants and achieving
channel coordination in the investigated PSC.

– Regarding competitive situation between pharma-manufacturers on the CSR investment, the proposed CSR
cost-sharing contract can make higher CSR level for the pharma-manufacturers relative to the decentralized
model. It can be concluded that under intense competition between manufacturers in the business market,
implementing the proposed CSR cost-sharing contract is of high applicability and efficiency. In addition,
the proposed CSR cost-sharing contract can significantly decrease retail prices of substitutable products
compared to the decentralized model. Moreover, as competition level between two pharma-manufacturers on
the CSR effort grows, the difference between retail prices of products in the coordinated and decentralized
structures increases which creates the proposed CSR cost-sharing contract more efficient. As a result, under
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the proposed CSR cost-sharing contract, SC managers can achieve more market share through increasing
their CSR efforts and decreasing retail prices of substitutable products.

6. Conclusion

This paper addresses corporate social responsibility (CSR) effort under competitive situation and supply
chain coordination model for a two-echelon pharmaceutical supply chain (PSC) with two substitutable products.
The PSC under consideration consists of two pharma-manufacturers, competitively investing in the CSR effort
to produce a new herbal medicine, and one pharma-retailer, selling the substitutable products of pharma-
manufacturers to consumers. The pharma-retailer decides on the retail prices of two products. Thus, the market
demand is dependent on both CSR efforts of the pharma-manufacturers and retail prices of the pharma-retailer.
The investigated PSC is modeled in three decision-making structures, i.e., (1) decentralized, (2) centralized, and
(3) coordinated models. In the decentralized model considering the pharma-manufacturers–Stackelberg game
structure, the pricing and CSR decisions are individually determined by each PSC member such that each PSC
member’s profit is optimized. Although in the centralized model as a benchmark, the maximum profit of whole
PSC system is obtained, it is not necessarily beneficial for all PSC members as it may decrease the profits of
some PSC members. Thus, a CSR cost-sharing contract as a coordination model is proposed to improve all PSC
members’ profits and create profit up to that of the centralized model for whole PSC system. Moreover, in the
proposed coordination scheme, the fractions of the CSR investments of two pharma-manufacturers shared by the
pharma-retailer are determined in a way that the proposed coordination plan is acceptable for all PSC members,
thus providing a win-win situation for all PSC participants. Our results demonstrate that the proposed CSR
cost-sharing contract is able to simultaneously coordinate the CSR and pricing decisions under competitive
situation. Moreover, the proposed CSR cost-sharing contract is able to achieve channel coordination under
various combinations of fractions of the CSR investments shared by the pharma-retailer. In addition, under
intense competition between two pharma-manufacturers on the CSR effort, the proposed coordination model
creates more profit for the entire PSC system and its members compared to the decentralized model. Moreover,
in competitive environment, the proposed CSR cost-sharing contract is capable of increasing market demand of
the PSC system through significantly decreasing retail prices of two substitutable products along with increasing
the pharma-manufacturers’ level of the CSR efforts.

For future research study, this study can be extended in several directions. In this study, deterministic price-
CSR dependent demand is assumed. This model can be extended by incorporating uncertainty into market
demand. Moreover, this paper investigates competitive situation only between manufacturers. However, in prac-
tice, retailers usually compete on providing selling prices. Therefore, this study can be developed by considering
simultaneous competitive situations in both manufacturers and retailers sides. In this study, it is considered
that only manufacturers invest in CSR efforts. However, in practice, retailer can also corporate in CSR effort.
As another future research, this model could be extended by investigating CSR efforts of both manufacturers
and retailer. Moreover, this study considers the effect of CSR efforts made by competing manufacturers in the
market demand. One can extend the model, investigating CSR competition between manufacturers in the form
of consumer surplus. In this study, CSR investment cost and production cost are considered to be known to
both manufacturers and retailer. However, in practice, manufacturers usually have private information about
their CSR investment cost and production cost and such costs may not be known to other channel members.
As another future research, it will be challenging to investigate this model under asymmetric CSR investment
information or asymmetric production cost information. Finally, this study proposes CSR cost-sharing contract
to coordinate manufacturers-retailer SC. This model can be extended by investigating other SC coordination
schemes such as two-part tariff, revenue-sharing, and collaborative models.

Appendix A. Proof of Proposition 3.1

To prove the concavity of pharma-retailer’s profit function w.r.t. p1 and p2, the Hessian matrix of πr (p1, p2)
w.r.t. p1 and p2 is calculated as follows. If the Hessian matrix is negative definite, then πr (p1, p2) is concave
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w.r.t. p1 and p2.

H (πr) =


∂2πr

∂p21

∂2πr

∂p1∂p2

∂2πr

∂p2∂p1
∂2πr

∂p22

 . (A.1)

The second-order partial derivatives of the profit of pharma-retailer w.r.t. p1 and p2 can be calculated as:

H11 =
∂2πr
∂p2

1

=
∂2πr
∂p2

2

= −2µ1 < 0, (A.2)

∂2πr
∂p1∂p2

=
∂2πr
∂p1∂p2

= 2µ2 > 0, (A.3)

The second principle minor is always positive, because of the assumption µ1 > µ2

H22 = 4
(
µ2

1 − µ2
2

)
> 0, (A.4)

Thus, the hessian matrix of H (πr) is negative definite. So, πr (p1, p2) is concave w.r.t. p1 and p2.

Appendix B. Proof of Proposition 3.3

To prove the concavity of the entire PSC profit function with respect to p1, p2,CSR1, and CSR2, the Hessian
matrix of the entire PSC profit function, πSC (p1, p2,CSR1,CSR2) w.r.t. p1, p2,CSR1, and CSR2 should be
calculated. If the Hessian matrix is negative definite, then p1, p2,CSR1, and CSR2 is concave w.r.t. p1, p2,CSR1,
and CSR2. The associated Hessian matrix of πSC (p1, p2,CSR1,CSR2) is as follows:

H (πsc(p1, p2,CSR1,CSR2)) =


∂2πSC
∂CSR2

1

∂2πSC
∂CSR1∂CSR2

∂2πSC
∂CSR1∂p

∂2πSC
∂CSR1∂p2

∂2πSC
∂p1∂CSR1

∂2πSC
∂p1∂CSR2

∂2πSC
∂p1

∂2πSC
∂p1∂p2

∂2πSC
∂p2∂CSR1

∂2πSC
∂p2∂CSR2

∂2πSC
∂p2∂p1

∂2πSC
∂p22

 (B.1)

in which,

H11 =
∂2πSC
∂CSR2

1

= −β1 < 0 (B.2)

H22 =
∂2πSC
∂CSR2

1

×
∂2πSC
∂CSR2

2

−
(

∂2πSC
∂CSR1∂CSR2

)2

= β1β2 > 0 (B.3)

The third principle minor is negative if the following condition is satisfied:

β2τ
2
1 < β1 (2µ1β2 + τ2) (B.4)

The forth principle minor is positive if the following condition is satisfied:

2µ1β1

(
τ2
1 − τ2

2

)
+ 4β1β2

(
µ2

1 − µ2
2

)
+ 4β2µ2τ1τ2 > 2µ1β2

(
τ2
1 + τ2

2

)
(B.5)
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