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RESEARCH ON ELECTRICITY SUPPLY CHAIN STRATEGY COORDINATION
CONSIDERING PEAK-VALLEY PRICING POLICY AND SERVICE QUALITY

INVESTMENT

Wei Chen1, Haomin Wang2,* and Jingbin He3

Abstract. An electricity supply chain game model composed of electricity generation enterprise and
electricity retailer enterprise is constructed to evaluate the impact of service quality and peak-valley
pricing on electricity supply chain coordination mechanism. Decisions on electricity service quality
and peak-valley pricing are studied. Following this, the contract coordination under the electricity
supply chain is discussed. Based on the game framework, the main research results are as follows.
First, the centralized system provides a lower peak-valley price and higher electricity service quality,
electricity demand, and supply chain’s profit compared with the decentralized system. Second, with
the service quality sensitivity coefficient, the electricity service quality, electricity price, and electricity
demand increase, increasing the profit. Third, with the electricity service quality cost coefficient, the
electricity service quality, electricity price, and electricity demand decrease, reducing the profit. Fourth,
revenue sharing and an electricity service quality investment cost-sharing contract could achieve the
coordination of the supply chain.
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1. Introduction

Since the reform of the electricity system, the business model of China’s electricity market has undergone
great changes, from the original integrated sales model to the separate sales model [11]. In the integrated sales
model, both electricity generation enterprises and electricity retailer enterprises would pursue system profit max-
imization. In the sale separation model, electricity generation enterprises have electricity generation equipment
and related assets, which could carry out electricity production activities. Electricity retailer enterprises have
transmission and distribution equipment and related assets, which could carry out electricity sales activities.
These enterprises will seek to maximize their profits.
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The sale separation model greatly impacts the electricity supply chain’s decision-making, especially on the
electricity retailer enterprise. On the one hand, the electricity retailer enterprise formulates the peak-valley
pricing policy to balance the electricity consumption between the peak and valley periods. Therefore, the
electricity retailer enterprise formulates different electricity prices and transfers the electricity consumption
in the peak period to the valley period [12, 17]. For example, Hubei and Gansu have implemented the peak-
valley pricing policy1. On the other hand, the electricity retailer enterprise improves market competitiveness by
improving the electricity service quality. High-quality electricity would attract more consumers. For example,
Guangdong’s financial high-tech service zone has attracted more than 260 well-known enterprises to settle down
because it provides high-quality electricity2.

The electricity peak-valley pricing policy and electricity service quality have been applied to the electricity
market, affecting consumers’ purchasing behaviors. Therefore, this study solves the following questions:

(1) What are the impacts of the electricity peak-valley pricing policy and electricity service quality on the
electricity demand and profits?

(2) What kind of contracts could be designed to improve the profits of the electricity supply chain?

This paper constructs an electricity supply chain established by an electricity generation enterprise and an
electricity retailer enterprise to make the peak-valley pricing and service quality decision and solve the above
questions. The findings are based on the equilibrium results between the decentralized system and the centralized
system. First, the effects of the electricity service quality sensitivity, electricity service quality cost coefficient,
and electricity production cost on the equilibrium solution are analyzed. Second, the equilibrium peak-valley
pricing, electricity demand, electricity service quality, and profit are compared. Finally, a combined contract of
revenue sharing and electricity service quality cost-sharing is proposed to coordinate the supply chain.

This paper has the following contributions. First, it analyzes the research on peak-valley pricing and service
quality decision-making under the decentralized and centralized systems and designs corresponding contracts to
coordinate the electricity supply chain, further enriching the electricity market research. Second, it compares the
advantages and disadvantages of centralized and decentralized systems. It was determined that the centralized
system would provide a lower peak-valley price, higher electricity service quality, electricity demand, and supply
chain profit. Moreover, the revenue sharing and electricity service quality investment cost-sharing contract could
achieve the coordination of the supply chain. These conclusions are also helpful for the operation of the electricity
market.

2. Literature review

This paper is related to two areas: peak-valley pricing policy and service quality. These areas constitute the
focus of this paper, and the above parts are reviewed in detail.

2.1. Peak-valley pricing policy

The existing research on peak valley pricing mainly focuses on renewable energy investments and electricity
demands. Concerning the investment literature, for example, Mills et al. [21] used 15 min intervals of 24 actual
commercial photovoltaic devices to collect photovoltaic data of commercial users in California. They discussed
the impact of the peak-valley pricing policy on photovoltaic electricity generation investments. They found
that peak-valley pricing is conducive to photovoltaic electricity generation investment. Chao [4] considered the
electricity generation cost and renewable energy investment with more general peak-valley pricing (dynamic
pricing). They found that this pricing could reduce the electricity generation cost and promote the investment
of renewable energy. Kök et al. [16] studied the impact of electricity price on renewable energy investment
under a profit maximization model. They found that peak valley pricing is more conducive to renewable energy

1https://www.ty2808.com/news/2781.html.
2https://www.21ic.com/article/825829.html.
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investment than under flat pricing. The above literature notes that peak valley pricing is conducive to renewable
energy investment. Miao et al. [20] built a model of wind storage with the peak-valley pricing policy. They found
it could convert the cheap electricity price in the valley period into the peak period and reduce the loss from the
deviation of supply and demand. Han et al. [14] discussed the renewable energy between the distribution and
5G mobile networks under the peak-valley price policy and found that the collaborative optimization theory
could increase the efficiency of renewable energy. Yao et al. [27] discussed renewable energy in 2030 as the
transformation electricity systems under the peak-valley price policy and found that the photovoltaic electricity
would decrease while the wind electricity would increase before 2030 with the electric vehicles increasing.

The above literature focuses on renewable energy investment, but this paper differs from the above literature.
First, the above literature mainly adopts the optimization method. However, this paper constructs the game
theory framework and describes the electricity supply chain composed of electricity generation enterprise and
electricity retailer enterprise. Second, the above literature does not consider the electricity service quality, one
of the factors affecting consumer purchasing of electricity. This paper brings the electricity service quality into
the framework of the game theory, further enriching the electricity market research.

Further, concerning electricity demand, for example, Darghouth et al. [9] explored the impact of peak-valley
pricing on photovoltaic demands. The research found that the peak electricity price is conducive to increasing the
photovoltaic demand. Faruqui and Sergici [13] studied the impact of peak valley pricing on consumers’ electricity
consumption behavior. They found that consumers are responsive to the peak valley pricing policy and transfer
the electricity consumption in the peak period to that in the valley period. Borenstein [2] considered more
general peak-valley pricing (dynamic pricing) to study the impact of peak-valley pricing on consumers’ electricity
consumption. They found that the peak-valley pricing policy will reduce the electricity cost of low-consumption
consumers but increase the electricity cost of high-consumption consumers. Chen et al. [6] discussed the peak-
valley price policy with the low-carbon technology investment and found that the benchmarking mechanism is
better than the grandfathering mechanism in low-carbon technology investments and electricity demands.

The above literature considers the impact of the peak valley pricing policy on electricity demand. However,
this paper differs from the above literature. First, the above literature noted that the peak valley pricing policy
would increase the electricity demand. However, based on the peak valley pricing policy, this paper considers the
problem of contract design and notes that the electricity demand under the centralized system is higher than
that under the decentralized system. Second, this paper considers the peak-valley pricing decision between the
centralized system and decentralized system, respectively, and brings the electricity market into the contract
field.

2.2. Service quality

In recent years, research on product quality in supply chain management has become a hot topic, mainly
reflected in the product quality improvement of upstream manufacturers and the service quality improvement
of downstream retailers.

For example, Dan et al. [8] studied the extended warranty service strategy of the dual-channel supply chain
with value-added service competition concerning the improvement of upstream product quality. Manufacturers
and retailers sell homogeneous durable goods with extended warranty services produced by the manufacturer and
provide free value-added services. It is found that when the manufacturer improves the extended warranty service
level, the competition for the value-added services weakened. There will be no value-added service competition
when the quality assurance service level is high enough. Chen et al. [5] studied price and product quality
improvement decision-making in the dual-channel supply chain. They found that the addition of a new channel
can improve product quality and supply chain performance. The above literature mainly focuses on product
quality improvement at the upstream manufacturer, while this paper focuses on service quality improvement
at the downstream retailer. Sarkar et al. [23] discussed the production system with quality investment in the
supply chain. They found that flexible production could reduce defective production and improve quality. Sarkar
et al. [24] discussed the production system in a sustainable supply chain with carbon emissions and production
quality. They found that the optimal solution could be obtained, and the carbon emissions could be reduced.
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Pal et al. [22] discussed the imperfect production inventory model with production quality under different credit
mechanisms. They found that manufacturers should provide more credit to increase profits, and the quality may
harm the supply chain.

The above literature focuses on product quality. However, there are significant differences between this paper
and the above literature. First, the decision-makers are different. The above literature concerns the investment
product quality of upstream enterprises, whereas this paper concerns the investment service quality of down-
stream enterprises. Second, this paper studies the peak-valley pricing strategy in the electricity market and
describes it through the demand function. Thus, the characteristics of the electricity market are characterized
through peak-valley pricing to affect consumers’ purchase behavior.

Further, there have been studies on service quality. For example, Tsay and Agrawal [25] studied the problem
that manufacturers provide common products to two independent retailers, and the retailers compete for service
quality and price. They found that retailers will improve service quality and price competition intensity. Liu
et al. [19] constructed a supply chain composed of a logistics service provider and logistic service integrator and
considered the service quality defect commitment. They found that the quality defect commitment of logistics
service providers decreased with the increase of customer demand elasticity for quality defect assurance. Yang
and Xiao [26] discussed the coordination mechanisms in a supply chain with loss-averse consumers. They found
that the quantity discount contract with the service subsidy could coordinate the supply chain. Ertekin [10]
discussed the impact of the retailer’s service quality on returns. They found that the return probability is low
in stores with high friendliness, competitiveness, and pleasant environments. Although the above literature
considers the service quality of retailers, they do not consider peak-valley pricing, a unique phenomenon in the
electricity market. Alzaydi et al. [1] discussed the intangible service quality with retailers under COVID-19.
They found that intangible service quality could promote perceived trust. Cao and Min [3] discussed the service
quality in a dual-channel supply chain and found that increasing the service quality may harm the retailer
since the wholesale price increases. Both this paper and the above literature consider the investment service
quality of downstream enterprises. However, there are differences. First, this paper takes the electricity market
as the research background and describes the characteristics of peak valley pricing. Different pricing strategies
would affect the decision-making of the supply chain system. Second, this paper analyzes the electricity supply
chain from the perspective of the contract, and the revenue sharing and an electricity service quality investment
cost-sharing contract could achieve the coordination of the supply chain.

3. Model framework

There is an electricity generation enterprise and an electricity retailer enterprise in a certain area. The
peak-valley pricing policy and electricity service quality are considered. Specifically, the electricity generation
enterprise produces electricity, and the electricity retailer enterprise provides the electricity quality service and
is set with peak-valley pricing. This paper makes the following assumptions.

Assumption 3.1. The electricity generation enterprise produces undifferentiated electricity with the unit pro-
duction cost of 𝑐. It further sets the peak-valley wholesale electricity price (𝑤𝑑, 𝑤𝑛), where 𝑤𝑑 represents the
peak wholesale electricity price and 𝑤𝑛 represents the valley wholesale electricity price.

Assumption 3.2. The electricity retailer enterprise purchases electricity from the electricity generation enter-
prise. First, the electricity retailer enterprise invests in the electricity service quality, and the investment cost
function is as follows:

𝐺(𝑘) =
1
2
ℎ𝑘2 (3.1)

where ℎ is the investment cost coefficient of the electricity service quality. A higher ℎ means a lower investment
efficiency. 𝑘 is the electricity service quality. A higher 𝑘 means more electricity service quality investments. Such
investment cost functions are widely used, such as Li and Li [18] and Zhou et al. [28].
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Second, the electricity retailer enterprise formulates the peak valley electricity price (𝑝𝑑, 𝑝𝑛) to balance the
electricity consumption in different periods to transfer the peak electricity consumption period to the valley
period. 𝑝𝑑 represents the peak electricity price and 𝑝𝑑 represents the valley price.

Assumption 3.3. Consumers’ electricity consumption depends on the peak and valley electricity prices and
the electricity service quality. Based on the research of Kök et al. [16] and Dan et al. [8], it is assumed that the
electricity demand functions in the peak and valley periods are, respectively, as follows:{︂

𝑞𝑑 = 𝑎𝑑 − 𝑝𝑑 + 𝑏𝑝𝑛 + 𝑑𝑘
𝑞𝑛 = 𝑎𝑛 − 𝑝𝑛 + 𝑏𝑝𝑑 + 𝑑𝑘

(3.2)

where 𝑎𝑑 represents the potential market demand scale in the peak period and 𝑎𝑛 represents the potential
market demand scale in the valley period. In fact, the potential market scale in the peak period is greater than
that in the valley period 𝑎𝑑 > 𝑎𝑛. Further, 𝑏 represents the degree of price competition between the peak and
valley periods and 𝑑 is the sensitivity of consumers to the electricity service quality.

Assumption 3.4. It is assumed that both the electricity generation enterprise and the electricity retailer
enterprise aim to maximize their respective profits. Then, the profit functions of the electricity generation
enterprise and electricity retailer enterprise are, respectively, as follows:

𝜋𝑒
𝑟 = (𝑝𝑑 − 𝑤𝑑)𝑞𝑑 + (𝑝𝑛 − 𝑤𝑛)𝑞𝑛 −

1
2
ℎ𝑘2 (3.3)

𝜋𝑒
𝑚 = 𝑤𝑑𝑞𝑑 + 𝑤𝑛𝑞𝑛 − 𝑐(𝑞𝑑 + 𝑞𝑛). (3.4)

Based on equations (3.3) and (3.4), an electricity supply chain model is constructed, with the electricity
generation enterprise as the leader and the electricity retailer enterprise as the follower. The operation decision-
making sequence of the electricity supply chain is as follows. First, the electricity generation enterprise decides
the peak valley wholesale price (𝑤𝑑, 𝑤𝑛). Second, the electricity retailer enterprise makes decisions on the
electricity service quality and peak valley electricity price (𝑘, 𝑝𝑑, 𝑝𝑛). Finally, the parameters should meet the
following conditions: 𝑎𝑑 + 𝑎𝑛 > 2𝑐(1− 𝑏)ℎ > 2𝑑2

(1−𝑏) to ensure that the equilibrium results are greater than zero.

This paper will consider three kinds of game models: the decentralized system, the centralized system, and
the coordinated system. The above superscripts 𝑒*, 𝑐*, and 𝑠* represent the equilibrium results of the above
models to distinguish them.

4. Decentralized system

In the decentralized system, both the electricity generation and electricity retailer enterprises take their
profit maximization as the decision-making goal and choose the optimal equilibrium operation decision. First,
the peak-valley wholesale electricity price (𝑤𝑑, 𝑤𝑛) is decided by the electricity generator enterprise. Following
this, the electricity retailer enterprise would make decisions on the electricity service quality and peak-valley
electricity price (𝑘, 𝑝𝑑, 𝑝𝑛) to maximize profits (𝜋𝑒

𝑚, 𝜋𝑒
𝑟) as their respective objectives.

Using a reverse induction, we obtain the equilibrium electricity service quality and peak valley electricity
price

(︀
𝑘𝑒* , 𝑝𝑒*

𝑑 , 𝑝𝑒*

𝑛

)︀
from equation (3.3) as follows:

𝑘𝑒* =
𝑑[𝑎𝑑 + 𝑎𝑛 − (1− 𝑏)(𝑤𝑑 + 𝑤𝑛)]

2[(1− 𝑏)ℎ− 𝑑2]
(4.1)

𝑝𝑒*

𝑑 =

{︃
𝑎𝑑

(︀
2ℎ− 𝑑2

)︀
+ 𝑎𝑛

(︀
𝑑2 + 2𝑏ℎ

)︀
−(1 + 𝑏)

{︀
𝑤𝑑

[︀
3𝑑2 − 2ℎ(1− 𝑏)

]︀
+ 𝑤𝑛𝑑2

}︀}︃
4(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]

(4.2)
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𝑝𝑒*

𝑛 =

{︃ (︀
𝑑2 + 2𝑏ℎ

)︀
𝑎𝑑 +

(︀
2ℎ− 𝑑2

)︀
𝑎𝑛

−(1 + 𝑏)
{︀
𝑑2𝑤𝑑 + 𝑤𝑛

[︀
3𝑑2 − 2ℎ(1− 𝑏)

]︀}︀}︃
4(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]

· (4.3)

Substituting equations (4.1)–(4.3) for equation (3.4), the electricity generation enterprise would decide the
optimal peak-valley wholesale price (𝑤𝑑, 𝑤𝑛). We can determine the equilibrium peak-valley wholesale price(︀
𝑤𝑒*

𝑑 , 𝑤𝑒*

𝑛

)︀
as follows:

𝑤𝑒*

𝑑 =
𝑎𝑑 + 𝑏𝑎𝑛 + 𝑐− 𝑏2𝑐

2− 2𝑏2
(4.4)

𝑤𝑒*

𝑛 =
𝑐 + 𝑏𝑎𝑑 + 𝑎𝑛 − 𝑏2𝑐

2− 2𝑏2
· (4.5)

Further, by substituting equations (4.4), (4.5) for equations (4.1)–(4.3), the equilibrium electricity service
quality and peak valley electricity price

(︀
𝑘𝑒* , 𝑝𝑒*

𝑑 , 𝑝𝑒*

𝑛

)︀
can be obtained as follows:

𝑘𝑒* =
𝑑[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

4[(1− 𝑏)ℎ− 𝑑2]
(4.6)

𝑝𝑒*

𝑑 =

⎧⎪⎨⎪⎩
𝑎𝑑

[︀
6ℎ(1− 𝑏)− (5− 𝑏)𝑑2

]︀
+𝑎𝑛

[︀
(1− 5𝑏)𝑑2 + 6𝑏ℎ(1− 𝑏)

]︀
+2𝑐

(︀
1− 𝑏2

)︀[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
⎫⎪⎬⎪⎭

8(1− 𝑏2)[(1− 𝑏)ℎ− 𝑑2]
(4.7)

𝑝𝑒*

𝑛 =

⎧⎪⎨⎪⎩
𝑎𝑑

[︀
(1− 5𝑏)𝑑2 + 6𝑏ℎ(1− 𝑏)

]︀
+𝑎𝑛

[︀
6ℎ(1− 𝑏)− (5− 𝑏)𝑑2

]︀
+2𝑐

(︀
1− 𝑏2

)︀[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
⎫⎪⎬⎪⎭

8(1− 𝑏2)[ℎ(1− 𝑏)− 𝑑2]
· (4.8)

Substituting equations (4.4)–(4.8) for equations (3.2)–(3.4) can determine the optimal peak valley electricity
demand

(︀
𝑞𝑒*

𝑚 , 𝑞𝑒*

𝑟

)︀
and supply chain enterprise’s profit (𝜋𝑒*

𝑚 , 𝜋𝑒*

𝑟 ) as follows:

𝑞𝑒*

𝑑 =
2𝑐ℎ(1− 𝑏)2 + 𝑎𝑑

[︀
2ℎ(1− 𝑏)− 𝑑2

]︀
+ 𝑎𝑛𝑑2

8[(1− 𝑏)ℎ− 𝑑2]
(4.9)

𝑞𝑒*

𝑛 =
2𝑐ℎ(1− 𝑏)2 + 𝑎𝑑𝑑

2 + 𝑎𝑛

[︀
2ℎ(1− 𝑏)− 𝑑2

]︀
8[ℎ(1− 𝑏)− 𝑑2]

(4.10)

𝜋𝑒*

𝑟 =

⎧⎪⎨⎪⎩
4(1− 𝑏)2(1 + 𝑏)𝑐2ℎ +

(︀
2ℎ− 𝑑2

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
−4𝑐ℎ𝑎𝑛

(︀
1− 𝑏2

)︀
+2𝑎𝑑

[︀(︀
𝑑2 + 2𝑏ℎ

)︀
𝑎𝑛 − 2𝑐ℎ

(︀
1− 𝑏2

)︀]︀
⎫⎪⎬⎪⎭

32(1 + 𝑏)[ℎ(1− 𝑏)− 𝑑2]
(4.11)

𝜋𝑒*

𝑚 =

⎧⎪⎨⎪⎩
4ℎ𝑐2(1 + 𝑏)(1− 𝑏)2 +

(︀
2ℎ− 𝑑2

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
−4𝑐ℎ𝑎𝑛

(︀
1− 𝑏2

)︀
+2𝑎𝑑

[︀(︀
𝑑2 + 2𝑏ℎ

)︀
𝑎𝑛 − 2𝑐ℎ

(︀
1− 𝑏2

)︀]︀
⎫⎪⎬⎪⎭

16(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]
· (4.12)
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Proposition 4.1. In the decentralized system, the optimal peak-valley wholesale price
(︀
𝑤𝑒*

𝑑 , 𝑤𝑒*

𝑛

)︀
, electricity

service quality 𝑘𝑒* , peak-valley electricity price
(︀
𝑝𝑒*

𝑑 , 𝑝𝑒*

𝑛

)︀
peak valley electricity demand

(︀
𝑞𝑒*

𝑚 , 𝑞𝑒*

𝑟

)︀
, and electricity

supply chain enterprise profit
(︀
𝜋𝑒*

𝑚 , 𝜋𝑒*

𝑟

)︀
can be given by equations (4.3)–(4.12), respectively.

Proposition 4.2. (1) Comparing the equilibrium peak electricity demand and valley electricity demand, there
is 𝑞𝑒*

𝑛 < 𝑞𝑒*

𝑑 .
(2) Comparing the profits of supply chain enterprises, there is 𝜋𝑒*

𝑟 < 𝜋𝑒*

𝑚 .

Proposition 4.2 compares the optimal peak valley electricity supply and demand chain enterprise profits.
The peak potential electricity market demand is higher than that in the valley period. Therefore, the peak
electricity demand is greater than in the valley period. The electricity generation enterprise as a leader has the
“first-mover advantage” and would give priority to making decisions in line with their profits. Meanwhile, the
electricity retailer enterprise makes decisions later. Therefore, the profits of the electricity generation enterprise
are greater than the profits of the electricity retailer enterprise. This explains the reason why supply chain
enterprises compete for the “voice.”

Proposition 4.3. With the increasing sensitivity coefficient of electricity service quality, we have (1) 𝜕𝑘𝑒*

𝜕𝑑 > 0;

(2) 𝜕𝑝𝑒*
𝑑

𝜕𝑑 > 0,
𝜕𝑝𝑒*

𝑛

𝜕𝑑 > 0; (3) 𝜕𝑞𝑒*
𝑑

𝜕𝑑 > 0,
𝜕𝑞𝑒*

𝑛

𝜕𝑑 > 0.

Proposition 4.3 shows that with the increasing sensitivity coefficient of the electricity service quality, the opti-
mal electricity service quality, peak-valley price, and peak valley electricity demand would increase. Consumers
pay more attention to the level of the electricity service quality due to the increasing sensitivity coefficient of the
electricity service quality. This would improve the enthusiasm of the electricity generator enterprise to invest in
electricity service quality and promote its improvement. Moreover, the sensitivity of electricity service quality
would promote the increase of consumers’ electricity consumption. On the one hand, the electricity service
quality sensitivity coefficient would encourage the electricity retailer enterprise to invest in electricity service
quality. On the other hand, it would encourage consumers to use more electricity. The electricity retailer enter-
prise would adopt the strategy of increasing the electricity price to pursue higher profits. Therefore, improving
consumers’ sensitivity to electricity quality would encourage the electricity retailer enterprise to improve the
electricity service quality and improve consumers’ electricity consumption.

Proposition 4.4. With the cost coefficient of electricity service quality, we have (1) 𝜕𝑘𝑒*

𝜕ℎ < 0; (2) 𝜕𝑝𝑒*
𝑑

𝜕ℎ < 0,
𝜕𝑝𝑒*

𝑛

𝜕ℎ < 0; (3) 𝜕𝑞𝑒*
𝑑

𝜕ℎ < 0,
𝜕𝑞𝑒*

𝑛

𝜕ℎ < 0.

Proposition 4.4 shows that with the cost coefficient of electricity service quality, the optimal electricity service
quality, peak-valley electricity price, and peak-valley electricity demand all decrease. The increase of the cost
coefficient of electricity service quality would reduce the efficiency of investing in electricity service quality,
leading to an increase in the cost of electricity service quality. Therefore, the electricity retailer enterprise
would reduce electricity service quality. The reduction of electricity service quality would reduce consumers’
consumption under this service quality level. The electricity retailer enterprise would adopt the strategy of
reducing the electricity price to slow the electricity demand reduction. Therefore, reducing the cost coefficient
of electricity service quality is conducive to the investment in electricity service quality and improving the
electricity demand.

Proposition 4.5. With the electricity production cost, we have (1) 𝜕𝑘𝑒*

𝜕𝑐 < 0; (2) 𝜕𝑝𝑒*
𝑑

𝜕𝑐 > 0, 𝜕𝑝𝑒*
𝑛

𝜕𝑐 > 0; (3)
𝜕𝑞𝑒*

𝑑

𝜕𝑐 < 0, 𝜕𝑞𝑒*
𝑛

𝜕𝑐 < 0.

Proposition 4.5 shows that with the electricity production cost, the optimal electricity service quality, peak-
valley price, and peak-valley electricity demand all increase. The production efficiency of electricity generation
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enterprises would decrease due to the electricity production cost, resulting in the increase of the electricity
production cost. This would lead to an electricity retailer enterprise increasing the electricity price and reducing
the electricity service quality and demand. Therefore, reducing the production cost is conducive to increasing
electricity service quality and improving consumers’ electricity demand.

5. Centralized system

In the centralized system, the electricity generation enterprise and electricity retailer enterprise would take
the profit maximization of the supply chain system. The electricity retailer enterprise does not need to pay
the peak-valley wholesale price to the electricity generation enterprise. Therefore, the profit function of the
electricity supply chain system is as follows:

𝜋𝑐 = 𝑝𝑑𝑞𝑑 + 𝑝𝑛𝑞𝑛 −
1
2
ℎ𝑘2 − 𝑐(𝑞𝑑 + 𝑞𝑛). (5.1)

Under the centralized system, the supply chain enterprise would make the service quality and peak valley
electricity price decision (𝑘, 𝑝𝑑, 𝑝𝑛). The optimal service quality and peak valley electricity prices

(︀
𝑘𝑐* , 𝑝𝑐*

𝑑 , 𝑝𝑐*

𝑛

)︀
are as follows:

𝑘𝑐* =
𝑑[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

2[ℎ(1− 𝑏)− 𝑑2]
(5.2)

𝑝𝑐*

𝑑 =

{︃
2𝑐(1 + 𝑏)

[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
+𝑎𝑑

(︀
2ℎ− 𝑑2

)︀
+ 𝑎𝑛

(︀
𝑑2 + 2𝑏ℎ

)︀}︃
4(1 + 𝑏)[ℎ(1− 𝑏)− 𝑑2]

(5.3)

𝑝𝑐*

𝑛 =

{︃
2𝑐(1 + 𝑏)

[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
+𝑎𝑑

(︀
𝑑2 + 2𝑏ℎ

)︀
+ 𝑎𝑛

(︀
2ℎ− 𝑑2

)︀}︃
4(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]

· (5.4)

When substituting equations (5.2)–(5.4) for equations (3.1) and (4.12), the optimal peak-valley electricity
demand (𝑞𝑐*

𝑑 , 𝑞𝑐*

𝑛 ) and the optimal profit of the supply chain system (𝜋𝑐*) are as follows:

𝑞𝑐*

𝑑 =
2𝑐ℎ(1− 𝑏)2 + 𝑎𝑑

[︀
2(1− 𝑏)ℎ− 𝑑2

]︀
+ 𝑎𝑛𝑑2

4[(1− 𝑏)ℎ− 𝑑2]
(5.5)

𝑞𝑐*

𝑛 =
𝑎𝑑𝑑

2 + 𝑎𝑛

[︀
2(1− 𝑏)ℎ− 𝑑2

]︀
− 2𝑐ℎ(1− 𝑏)2

4[(1− 𝑏)ℎ− 𝑑2]
(5.6)

𝜋𝑐* =

⎧⎪⎨⎪⎩
4ℎ𝑐2(1− 𝑏)2(1 + 𝑏) +

(︀
2ℎ− 𝑑2

)︀
𝑎2

𝑑

−4𝑐ℎ𝑎𝑛

(︀
1− 𝑏2

)︀
+

(︀
2ℎ− 𝑑2

)︀
𝑎2

𝑛

+2𝑎𝑑

[︀(︀
𝑑2 + 2𝑏ℎ

)︀
𝑎𝑛 − 2𝑐ℎ

(︀
1− 𝑏2

)︀]︀
⎫⎪⎬⎪⎭

8(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]
· (5.7)

Proposition 5.1. In the centralized system, the optimal electricity service quality 𝑘𝑒* and electricity price(︀
𝑝𝑒*

𝑑 , 𝑝𝑒*

𝑛

)︀
, electricity demand

(︀
𝑞𝑒*

𝑚 , 𝑞𝑒*

𝑟

)︀
, and electricity supply chain enterprise profit

(︀
𝜋𝑒*

𝑚 , 𝜋𝑒*

𝑟

)︀
can be given by

equations (5.2)–(5.7).

Proposition 5.2. Comparing the optimal solution of the centralized and decentralized system, we have (1)
𝑘𝑐* > 𝑘𝑒* ; (2) 𝑝𝑐*

𝑑 < 𝑝𝑒*

𝑑 , 𝑝𝑐*

𝑛 < 𝑝𝑒*

𝑛 ; (3) 𝑞𝑐*

𝑑 > 𝑞𝑒*

𝑑 , 𝑞𝑐*

𝑛 > 𝑞𝑒*

𝑛 ; (4) 𝜋𝑐* > 𝜋𝑒*

𝑟 + 𝜋𝑒*

𝑚 .
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Proposition 5.2 shows that the supply chain enterprise would provide higher electricity service quality in
the centralized system and set a lower electricity price to obtain a higher electricity demand and supply chain
enterprise profits. In the centralized system, supply chain enterprises avoid internal transactions (expressed as the
wholesale electricity price) and invest more in the electricity service quality to provide higher quality electricity
service, reducing the cost of the electricity generator enterprise and the peak-valley electricity price. Therefore,
the electricity demand and the profits of supply chain enterprises would increase. In the decentralized system,
the electricity generation and electricity retailer enterprises pursue profit maximization. The existence of an
internal transaction cost increases the electricity purchase cost of the electricity retailer enterprise, reducing the
electricity service quality investment and increasing the peak-valley electricity price. It is necessary to design
a coordination contract to improve the profit of the supply chain in the decentralized system. The contract
coordination decision is analyzed.

6. Coordinating system

The result of Proposition 5.2 shows that compared with the centralized system, the equilibrium operation
decision of the decentralized system is not optimal. Therefore, it is necessary to design contracts to coordinate
the electricity supply chain. We set up a portfolio contract composed of electricity service quality investment
cost-sharing and revenue sharing (𝛾, 𝜃), which was implemented into the electricity supply chain. On the one
hand, the electricity generation enterprise accepts the electricity service quality investment cost-sharing contract
and bears 1

2 (1− 𝛾)ℎ𝑘2 to improve the electricity service quality of the electricity retailer enterprise. On the other
hand, the electricity retailer enterprise provides profits for the electricity generation enterprises that obtained
(1− 𝜃)[(𝑝𝑑 − 𝑤𝑑)𝑞𝑑 + (𝑝𝑛 − 𝑤𝑛)𝑞𝑛] to reduce the peak-valley wholesale price from the electricity generation
enterprise. Therefore, the profit functions of the electricity retailer enterprise and electricity generation enterprise
in the coordinated system are as follows:

𝜋𝑠*

𝑟 = 𝜃[(𝑝𝑑 − 𝑤𝑑)𝑞𝑑 + (𝑝𝑛 − 𝑤𝑛)𝑞𝑛]− 1
2
𝛾ℎ𝑘2 (6.1)

𝜋𝑠*

𝑚 =

⎧⎪⎨⎪⎩
𝑤𝑑𝑞𝑑 + 𝑤𝑛𝑞𝑛 − 𝑐(𝑞𝑑 + 𝑞𝑛)

−1/2(1− 𝛾)ℎ𝑘2

+(1− 𝜃)[(𝑝𝑑 − 𝑤𝑑)𝑞𝑑 + (𝑝𝑛 − 𝑤𝑛)𝑞𝑛]

⎫⎪⎬⎪⎭. (6.2)

First, the electricity retailer enterprise decides on the optimal electricity price to maximize profits. We have
an optimal peak-valley electricity price

(︀
𝑝𝑠*

𝑑 , 𝑝𝑠*

𝑛

)︀
as follows:

𝑝𝑠*

𝑑 =

{︃
2𝑐(1 + 𝑏)

[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
+𝑎𝑑

(︀
2ℎ− 𝑑2

)︀
+ 𝑎𝑛

(︀
𝑑2 + 2𝑏ℎ

)︀}︃
4(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]

(6.3)

𝑝𝑠*

𝑛 =

{︃
2𝑐(1 + 𝑏)

[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
+𝑎𝑑

(︀
𝑑2 + 2𝑏ℎ

)︀
+ 𝑎𝑛

(︀
2ℎ− 𝑑2

)︀}︃
4(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]

· (6.4)

Further, when substituting equations (6.3) and (6.4) for equation (6.2), the optimal electricity service quality(︀
𝑘𝑒*

)︀
can be obtained as follows:

𝑘𝑠* =
𝑑[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

2[(1− 𝑏)ℎ− 𝑑2]
· (6.5)

Let 𝑘𝑠* = 𝑘𝑐* , 𝑝𝑠*

𝑚 = 𝑝𝑐*

𝑚 and 𝑝𝑠*

𝑟 = 𝑝𝑐*

𝑟 , we have

𝑤𝑠*

𝑑 = 𝑐 (6.6)
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𝑤𝑠*

𝑛 = 𝑐 (6.7)

𝛾𝑠* = 𝜃𝑠* . (6.8)

When substituting equations (6.6)–(6.8) for equations (6.1) and (6.2), the optimal supply chain enterprise’s
profit

(︀
𝜋𝑠*

𝑟 , 𝜋𝑠*

𝑚

)︀
and the total supply chain profit (𝜋sc*) can be obtained as follows:

𝜋𝑠*

𝑟 =

𝜃

⎧⎪⎨⎪⎩
4ℎ𝑐2(1 + 𝑏)(1− 𝑏)2 +

(︀
𝑑2 − 2ℎ

)︀
𝑎2

𝑛

+𝑎𝑑

[︀(︀
2ℎ− 𝑑2

)︀
𝑎𝑑 − 4𝑐ℎ

(︀
1− 𝑏2

)︀]︀
+2𝑎𝑛

[︀(︀
𝑑2 + 2𝑏ℎ

)︀
𝑎𝑑 − 2𝑐ℎ

(︀
1− 𝑏2

)︀]︀
⎫⎪⎬⎪⎭

8(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]
(6.9)

𝜋𝑠*

𝑚 =

(1− 𝜃)

⎧⎪⎨⎪⎩
4ℎ𝑐2(1 + 𝑏)(1− 𝑏)2 +

(︀
𝑑2 − 2ℎ

)︀
𝑎2

𝑛

+𝑎𝑑

[︀(︀
2ℎ− 𝑑2

)︀
𝑎𝑑 − 4𝑐ℎ

(︀
1− 𝑏2

)︀]︀
+2𝑎𝑛

[︀(︀
𝑑2 + 2𝑏ℎ

)︀
𝑎𝑑 − 2𝑐ℎ

(︀
1− 𝑏2

)︀]︀
⎫⎪⎬⎪⎭

8(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]
(6.10)

𝜋sc* = 𝜋𝑐* =

⎧⎪⎨⎪⎩
4ℎ𝑐2(1− 𝑏)2(1 + 𝑏) +

(︀
2ℎ− 𝑑2

)︀
𝑎2

𝑑

−4𝑐ℎ𝑎𝑛

(︀
1− 𝑏2

)︀
+

(︀
2ℎ− 𝑑2

)︀
𝑎2

𝑛

+2𝑎𝑑

[︀(︀
𝑑2 + 2𝑏ℎ

)︀
𝑎𝑛 − 2𝑐ℎ

(︀
1− 𝑏2

)︀]︀
⎫⎪⎬⎪⎭

8(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]
· (6.11)

Proposition 6.1. (1) When adjusting the proportion of the income sharing 𝜃, the electricity generation enter-
prise and electricity enterprise can distribute the profits of the supply chain;

(2) When 1
4 ≤ 𝜃 ≤ 1

2 , the electricity generation enterprise sells electricity to the electricity retailer enterprise at
a cost that promotes the portfolio contract to be implemented

(︀
𝛾𝑠* , 𝜃𝑠*

)︀
.

Proposition 6.1 shows that when observing equations (6.9) and (6.10), we can see that the proportion of
revenue sharing 𝜃 would affect the profit distribution of the electricity generation enterprise and electricity
sales electricity retailer enterprise in the coordination contract. Specifically, the profit of electricity retailer
enterprise would increase (𝜕𝜋𝑠*

𝑟 /𝜕𝜃 > 0). Meanwhile, the profit of electricity generation enterprises would
decrease (𝜕𝜋𝑠*

𝑚 /𝜕𝜃 < 0). Therefore, the supply chain’s system profit could be distributed by setting the revenue
sharing proportion. According to equation (6.11), the system profit in the coordinated decision is equal to
the centralized decision, indicating that the contract is effective. Further, the electricity generation enterprise
sells electricity to electricity retailer enterprises at a cost price. The profits of supply chain enterprises in the
coordinated system are greater than those in the decentralized system, which shows that this contract is feasible.

7. Numerical analysis

The following will be analyzed via a numerical analysis method to describe the influence of exogenous parame-
ters on the optimal profit of supply chain enterprises. Specifically, we will analyze (1) the impact of the electricity
service quality sensitivity coefficient on the profits, (2) the impact of the electricity service quality cost coeffi-
cient on the profit, and (3) the impact of electricity production cost on the profit. According to the conditions
of the theoretical solution, it is assumed that the parameter is as follows: 𝑎𝑑 = 25, 𝑎𝑛 = 10, 𝑏 = 0.5, 𝜃 = 0.3.

7.1. Influence of electricity service quality sensitivity coefficient

The influence of the electricity service quality sensitivity coefficient on the optimal profit will be analyzed
in detail. First, the fixed exogenous parameters ℎ = 5, 𝑐 = 1 will be in the range of the electricity service
quality sensitivity coefficient 𝑑 ∈ [0, 1]. Second, comparative static results describe the electricity service quality
sensitivity coefficient. The following conclusions are drawn from Figure 1:
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Figure 1. Impact of the electricity service quality sensitivity coefficient on the profit.

(1) Profits increase with the electricity service quality sensitivity coefficient. The increase of consumers’ sensi-
tivity to electricity service quality means that consumers are willing to buy more electricity with this quality
service, increasing the profits of supply chain enterprises. It suggests that supply chain enterprises should
improve the electricity quality and increase publicity on electricity quality so that consumers can gain more
information about the electricity quality. Reducing the information asymmetry between consumers and
supply chain enterprises will improve social welfare.

(2) The total profit of the centralized system
(︀
𝜋𝑐*

)︀
is greater than that of the decentralized system (𝜋𝑒*

𝑚 +𝜋𝑒*

𝑟 ).
This shows that the coordination contract is effective. The centralized system eliminates the internal trans-
action cost and improves the profits of power supply chain enterprises. It suggests that internal transaction
costs should be consumed as much as possible from the perspective of the system profit. Further, the
cooperation between the electricity generation enterprise and the electricity retailer enterprise should be
strengthened.

(3) Whether in the decentralized or coordinated system, the profit of electricity generation enterprises (𝜋𝑠*

𝑚 , 𝜋𝑒*

𝑚 )
is greater than the profit of the electricity retailer enterprise (𝜋𝑠*

𝑟 , 𝜋𝑒*

𝑟 ). The electricity generation enterprises
have the first-mover advantage. Therefore, they can prioritize making decisions conducive to their own
profit. Meanwhile, the electricity retailer enterprise is a follower of the electricity supply chain. It can
only optimize its profits according to the decision by the electricity generation enterprise. It suggests that
electricity generation enterprises as leaders can gain more benefits, whereas electricity retailer enterprises
as followers receive fewer benefits. From the perspective of profit, enterprises should gain leadership.

(4) The profits of the coordinated supply chain enterprises are always greater than those of the decentralized
system. This shows that the coordination contract is feasible. The most important aspect in designing a
contract is to improve the profits of supply chain enterprises. The effectiveness of the contract can only be
proved if the profits of supply chain enterprises are improved. Meanwhile, it also shows that the contract
can reduce the internal cost among supply chain enterprises.

7.2. Influence of electricity service quality cost coefficient

The influence of the electricity service quality cost coefficient on the optimal profit will be analyzed in detail.
First, the fixed exogenous parameters 𝑑 = 0.1, 𝑐 = 1 will be in the range of the electricity service quality cost
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Figure 2. Impact of the electricity service quality cost coefficient on the profit.

coefficient ℎ ∈ [0, 1]. Second, comparative static results describe the electricity service quality cost coefficient.
The following conclusions are drawn from Figure 2:

(1) The profits decrease with the electricity service quality cost coefficient. The increase of the electricity service
quality cost coefficient means that the electricity retailer enterprise investing in electricity service quality
would increase, weakening the motivation of the electricity retailer enterprise to invest in electricity service
quality and reduce the profits of the supply chain enterprises. Furthermore, reducing the electricity service
quality cost coefficient would help improve the profit of electricity retailer enterprise profit, reduce the
pressure of production enterprises, and release more economic vitality. For example, in 2021, Baotou City,
with an average electricity connection time limit of 2.8 working days, saved 68.94 million yuan of customer
electricity consumption cost, 99.92% of customer satisfaction rate3.

(2) The profit of the centralized system is higher than that of the decentralized system, indicating that the elec-
tricity supply chain needs coordination. After the coordination system, the enterprise’s profit is higher than
in the decentralized system, verifying the effectiveness and feasibility of the coordination contract. The prof-
its of the electricity generation enterprise are higher than that of the electricity retailer enterprise, showing
that enterprises have the first-mover advantage in the supply chain. It suggests that designing appropriate
contracts can stimulate the vitality among supply chain enterprises and improve profits. Therefore, the
government should encourage supply chain enterprises to strengthen cooperation via contracts.

7.3. Influence of electricity production cost

The influence of the electricity production cost on the optimal profit will be analyzed in this section. First,
the fixed exogenous parameters ℎ = 5, 𝑑 = 0.1 will be in the range of the electricity production cost coefficient
𝑐 ∈ [0, 1]. Second, the comparative static results describe the electricity production cost coefficient. The following
conclusions are drawn from Figure 3:

(1) The profits decrease with the electricity production cost. The increase in the electricity production cost
means that the electricity generation enterprise’s electricity production cost would increase. This would
weaken the motivation of the electricity generation enterprise to produce electricity and reduce the profits

3http://www.cpnn.com.cn/qiye/guanli/202111/t20211122_1456996_wap.html.

http://www.cpnn.com.cn/qiye/guanli/202111/t20211122_ 1456996_wap.html
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Figure 3. Impact of the electricity production cost on the profit.

of supply chain enterprises. Moreover, reducing electricity production costs improves the profits of supply
chain enterprises and reduces the pressure on consumers. For example, Changsha achieved zero certificate
electricity handling, and the average electricity receiving time of high-voltage customers and low-voltage
small and micro enterprises decreased by 22.36% and 45.16%, respectively, year-on-year, saving customers’
electricity handling costs of about 1.41 billion yuan4. Therefore, the government should encourage supply
chain enterprises to invest in electricity production to reduce production costs.

(2) It also shows that the centralized system’s decision-making profit is higher than that of the decentralized
system, indicating that the electricity supply chain needs coordination. After adopting the cost-sharing and
revenue-sharing contract, the enterprise’s profit after coordination is higher than that in the decentralized
system, further verifying the effectiveness and feasibility of the coordination contract. Moreover, it shows
that the contract can increase the profits of the electricity generation enterprise more, whereas the profits
of the electricity retailer enterprise increase less. Thus, the electricity generation enterprise should increase
the profits of the 𝑝 electricity retailer enterprise more so that the contract can be carried out better.

8. Conclusion

Although many papers have studied the problems of service quality decision-making and contract coordination
of supply chain enterprises, there is a lack of research considering electricity peak-valley pricing in the electricity
market. Therefore, this paper builds an electricity supply chain composed of the electricity generation enterprise
and the electricity retailer enterprise. The electricity generation enterprise first decides the wholesale electricity
price. The electricity retailer enterprise then decides the electricity service quality and peak-valley pricing. Based
on this, this paper considers three game models: decentralization, centralization, and coordination. This paper
compares the equilibrium electricity service quality, peak-valley price, demand, and supply chain enterprise’s
profit among different models. It further analyzes the influence of the electricity service quality sensitivity
coefficient, electricity service quality cost coefficient, and electricity production cost on the above equilibrium
solution.

4https://baijiahao.baidu.com/s?id=1690560199966420004&wfr=spider&for=pc.

https://baijiahao.baidu.com/s?id=1690560199966420004&wfr=spider&for=pc
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The main conclusions are obtained as follows. First, compared with the decentralized system, the central-
ized system provides a lower peak-valley price, higher electricity service quality, electricity demand, and supply
chain’s profit. Second, the profits of the electricity generation enterprise are higher than those under the elec-
tricity retailer enterprise. Third, with the service quality sensitivity coefficient, the electricity service quality,
electricity price, and electricity demand would increase, increasing the profit. Fourth, with the electricity service
quality cost coefficient, the electricity service quality, electricity price, and electricity demand would decrease,
reducing the profit. Fifth, the revenue sharing and electricity service quality investment cost-sharing contract
could achieve the coordination of the supply chain.

Although this paper studies the background of the electricity supply chain and investigates the electricity
service quality, peak-valley electricity pricing, and contract coordination, future research can be expanded from
the following aspects. First, this paper only studies the game between single subjects, which could be further
extended to the game between multiple subjects. Second, this paper only studies the investment in electricity
service quality. The investment of energy storage equipment in the electricity generation enterprise is also worth
studying. Finally, the peak-valley pricing considered in this paper could be extended to the field of dynamic
pricing [15].

Appendix A.

Proof of Proposition 4.2. Using Proposition 4.1, we have the following:

𝑞𝑒*

𝑑 − 𝑞𝑒*

𝑛 =
1
4

(𝑎𝑑 − 𝑎𝑛) > 0

𝜋𝑒*

𝑟 − 𝜋𝑒*

𝑚 = −

⎧⎪⎨⎪⎩
4ℎ𝑐2(1 + 𝑏)(1− 𝑏)2 +

(︀
2ℎ− 𝑑2

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
−4𝑐ℎ𝑎𝑛

(︀
1− 𝑏2

)︀
+2𝑎𝑑

[︀
𝑎𝑛

(︀
𝑑2 + 2𝑏ℎ

)︀
− 2𝑐ℎ

(︀
1− 𝑏2

)︀]︀
⎫⎪⎬⎪⎭

32(1 + 𝑏)[(1− 𝑏)ℎ− 𝑑2]
< 0.

�

Proof of Proposition 4.3. Using Proposition 4.1, we have the following:

𝜕𝑝𝑒*

𝑑

𝜕𝑑
=

𝑑ℎ[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]
4[𝑑2 − (1− 𝑏)ℎ]2

> 0

𝜕𝑝𝑒*

𝑛

𝜕𝑑
=

𝑑ℎ[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]
4[𝑑2 − (1− 𝑏)ℎ]2

> 0

𝜕𝑘𝑒*

𝜕𝑑
=

(︀
𝑑2 + ℎ− 𝑏ℎ

)︀
[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

4[𝑑2 − (1− 𝑏)ℎ]2
> 0

𝜕𝑞𝑒*

𝑑

𝜕𝑑
=

𝑑ℎ(1− 𝑏)[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]
4[𝑑2 − (1− 𝑏)ℎ]2

> 0

𝜕𝑞𝑒*

𝑛

𝜕𝑑
=

𝑑ℎ(1− 𝑏)[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]
4[𝑑2 − (1− 𝑏)ℎ]2

> 0.

�

Proof of Proposition 4.4. Using Proposition 4.1, we have the following:

𝜕𝑝𝑒*

𝑑

𝜕ℎ
= −𝑑2[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

8[𝑑2 − (1− 𝑏)ℎ]2
< 0
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𝜕𝑝𝑒*

𝑛

𝜕ℎ
= −𝑑2[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

8[𝑑2 − (1− 𝑏)ℎ]2
< 0

𝜕𝑘𝑒*

𝜕ℎ
= −𝑑(1− 𝑏)[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

4[𝑑2 − (1− 𝑏)ℎ]2
< 0

𝜕𝑞𝑒*

𝑑

𝜕ℎ
= − (1− 𝑏)𝑓2[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

8[𝑑2 − (1− 𝑏)ℎ]2
< 0

𝜕𝑞𝑒*

𝑛

𝜕ℎ
= − (1− 𝑏)𝑑2[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

8[𝑑2 − (1− 𝑏)ℎ]2
< 0.

�

Proof of Proposition 4.5. Using Proposition 4.1, we have the following:

𝜕𝑝𝑒*

𝑑

𝜕𝑐
=

(1− 𝑏)ℎ− 2𝑑2

4𝑑2
> 0

𝜕𝑝𝑒*

𝑛

𝜕𝑐
=

(1− 𝑏)ℎ− 2𝑑2

4𝑑2
> 0

𝜕𝑘𝑒*

𝜕𝑐
= − (1− 𝑏)𝑑

2[(1− 𝑏)ℎ− 𝑑2]
< 0

𝜕𝑞𝑒*

𝑑

𝜕𝑐
= − ℎ(1− 𝑏)2

4[(1− 𝑏)ℎ− 𝑑2]
< 0

𝜕𝑞𝑒*

𝑛

𝜕𝑐
= − ℎ(1− 𝑏)2

4[(1− 𝑏)ℎ− 𝑑2]
< 0.

�

Proof of Proposition 5.2. Using Propositions 4.1 and 5.1, we have the following:

𝑘𝑐* − 𝑘𝑒* =
𝑑[𝑎𝑑 + 𝑎𝑛 − 2𝑐(1− 𝑏)]

4[(1− 𝑏)ℎ− 𝑑2]
> 0

𝑝𝑐*

𝑑 − 𝑝𝑒*

𝑑 =

⎧⎪⎨⎪⎩2𝑐
(︀
1− 𝑏2

)︀[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
+ 𝑎𝑑

[︃
(3 + 𝑏)𝑑2

−2ℎ(1− 𝑏)

]︃
+𝑎𝑛

[︀
(1 + 3𝑏)𝑑2 − 2𝑏ℎ(1− 𝑏)

]︀
⎫⎪⎬⎪⎭

8(1− 𝑏2)[(1− 𝑏)ℎ− 𝑑2]
< 0

𝑝𝑐*

𝑛 − 𝑝𝑒*

𝑛 =

⎧⎪⎨⎪⎩2𝑐
(︀
1− 𝑏2

)︀[︀
(1− 𝑏)ℎ− 2𝑑2

]︀
+ 𝑎𝑑

[︃
(1 + 3𝑏)𝑑2

−2𝑏ℎ(1− 𝑏)

]︃
+𝑎𝑛

[︀
(3 + 𝑏)𝑑2 − 2ℎ(1− 𝑏)

]︀
⎫⎪⎬⎪⎭

8(1− 𝑏2)[(1− 𝑏)ℎ− 𝑑2]
< 0

𝑞𝑐*

𝑑 − 𝑞𝑒*

𝑑 =
𝑎𝑑

[︀
2ℎ(1− 𝑏)− 𝑑2

]︀
+ 𝑎𝑛𝑑2 − 2𝑐ℎ(1− 𝑏)2

8[(1− 𝑏)ℎ− 𝑑2]
> 0

𝑞𝑐*

𝑛 − 𝑞𝑒*

𝑛 =
𝑎𝑑𝑑

2 + 𝑎𝑛

[︀
2ℎ(1− 𝑏)− 𝑑2

]︀
− 2𝑐ℎ(1− 𝑏)2

8[(1− 𝑏)ℎ− 𝑑2]
> 0
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𝜋𝑐* − (𝜋𝑒*

𝑟 + 𝜋𝑒*

𝑚 ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

4ℎ(1 + 𝑏)𝑐2(1− 𝑏)2

+
(︀
2ℎ− 𝑑2

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
−4𝑐ℎ𝑎𝑛

(︀
1− 𝑏2

)︀
+2𝑎𝑑

[︃
𝑎𝑛

(︀
𝑑2 + 2𝑏ℎ

)︀
−2𝑐ℎ

(︀
1− 𝑏2

)︀]︃

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
32(1 + 𝑏)[ℎ(1− 𝑏)− 𝑑2]

> 0.

�
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