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INVESTIGATING THE INVESTMENT STRATEGY OF ELECTRICITY
QUALITY IN THE ELECTRICITY SUPPLY CHAIN CONSIDERING

PEAK-VALLEY PRICING POLICY

Wei Chen1,2, Mengyao Cui1,3,*, Yawen He1 and Fuying Jing4

Abstract. Several countries around the world undergo a lot of economic losses due to electricity
quality problems every year. Electricity supply chain (ESC) enterprises can effectively reduce economic
losses by investing in electricity quality (EQ). Considering the investment decision-making problem of
EQ in the ESC and the characteristics of peak-valley pricing, corresponding models for EQ invested
by electricity generators (EG) and electricity retailers (ER) were developed in this work. The following
conclusions were obtained from this study: (1) The EQ and the electricity prices during peak and
valley periods (PVP) as well as the electricity demand during PVPs decreased with the increase in the
electricity quality investment cost coefficient (EQICC); (2) When the EQICC is low, the EQ input by
the EG can provide lower electricity prices during PVP. On the contrary, when the EQICC is high,
the EQ investment of the ER provides lower electricity prices during PVP. (3) ER investing in EQ can
bring higher EQ and profits than EG.
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1. Introduction

The ESC is a complex system involving many links, such as electricity production, transmission, and sales.
In this supply chain, the EQ plays a key role. EQ refers to the stability and reliability of the electricity provided
by the electricity system to the users. With the growth of the electricity demand and the change in the energy
structure, the importance of EQ has become increasingly prominent. In 2003, Intel Corporation travelled to
China to invest and build a factory. They chose Chengdu as their largest packaging production base and chip
packaging test center in the world. This selection was based on the fact that the quality monitoring data of
Chengdu’s electricity supply were stable for three consecutive years1. It is thus apparent that the quality of
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electricity is an important consideration for enterprises when choosing cities for plant construction. Furthermore,
poor EQ can result in huge losses for any country. For instance, in 2001, the United States supported the Digital
Society Power Infrastructure Association and the American Institute of Electrical Technology. A survey of 985
enterprises in different industries and regions revealed the existence of an EQ loss of approximately 15-24 billion
US dollars in the United States on an annual basis. In 2007, the European Leonardo Power Quality Work
Association estimated that the EU (25 countries) lost approximately 151.7 billion euros per year due to poor
EQ. Furthermore, in 2011, a Chinese survey, conducted on more than 100 users in Shanghai indicated that the
annual economic losses amounted to billions2. These examples suggest that improving EQ can reduce economic
losses.

At present, the EQ is mainly improved through investments in the energy storage sector. With respect to
electricity generators, in 2024, the BlackRock Group invested $500 million in Recurrent Energy, a subsidiary of
Atlas, to develop and build energy storage plants3. Broad Reach Power, an independent electricity generator,
has invested in 15 different energy storage projects in Texas to provide a reliable EQ to the Texas grid4. With
respect to electricity retailers, Jennifer Granholm (US Secretary of Energy) announced in 2023 that the US
government would provide $3.46 billion in financial support for the first phase of the GRIP project, focusing on
the deployment of more than 35 GW of independent energy storage5. Therefore, it can be argued that in the
ESC, upstream and downstream enterprises attach great importance to the investment in energy storage.

The peak-valley pricing policy can be described as a kind of differentiated pricing policy for electricity
prices based on the different peak and valley periods (PVP) of electricity demand. Considering this policy, the
electricity price is higher during the peak period and lower during the valley period. This policy aims to guide
users to increase electricity demand during the valley period and reduce the electricity demand during the peak
period so as to balance the load of the electricity system. However, the peak-valley pricing policy also affects
investment decisions in the ESC.

Building on the aforementioned discussion, this research aims to systematically examine the investment
strategies for EQ within the ESC, considering the peakvalley pricing policy. Through the establishment of a
mathematical model, comparative analysis, sensitivity analysis, and numerical analysis, the impact of differ-
ent parameters on the enterprises of the ESC was evaluated, and corresponding optimization solutions were
proposed. In the context of peak valley pricing, the study of EQ in the ESC aims to answer the following
questions:

(1) Considering the two different EQ investment modes (EG investment and ER investment) in the ESC under
the peak-valley pricing policy, how will these modes affect the decisions and profits of the enterprises in the
ESC? Furthermore, which investment model is more beneficial?

(2) How will the EQICC, the peak electricity unit production cost coefficient (EUPC), and the valley EUPC
influence the optimal decisions of enterprises in the ESC under each mode?

More specifically, based on the peak-valley pricing characteristics of the electricity market, a two-level ESC
model composed of a single EG and a single ER was developed. Taking “no EQ investment” as the benchmark
model, two EQ investment models of EG investment and ER investment were obtained. Moreover, the equilib-
rium solution of each model was derived by inverse induction. First, given this assumption, the influence of the
EQICC, peak EUPC, and valley EUPC on the equilibrium solution was considered. Second, the EQ, electricity
price in PVP, electricity demand in PVP, and the profits of the enterprises in the ESC were compared under
different investment modes.

The principal contributions of this study are as follows: (1) Although the electricity capacity investment
has received extensive attention from the scientific community, the field of EQ investment has not yet been
completely studied. In addition, peak-valley pricing is regarded as one of the main characteristics of the electricity

2 https://news.bjx.com.cn/html/20160902/769156.shtml.
3 https://guangfu.bjx.com.cn/news/20240124/1357729.shtml.
4 https://news.bjx.com.cn/html/20200619/1082550.shtml.
5 https://mcn.solarbe.com/news/20231026/81595.html.
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market. Therefore, the EQ investment based on a peak-valley pricing scenario was studied here, which further
promotes an investigation in the area of the electricity market, especially the EQ investment. (2) Based on
the case study of EQ invested by EG and ER in the industry, a model of EQ invested by EG and a model of
EQ invested by ER was proposed. The model successfully identifies the boundaries between the EG and ER
investments in EQ. Simultaneously, it can provide an analytical framework and references for ESC enterprises to
gain insights into the critical question of who should invest in EQ. (3) In addition, in the context of peak-valley
pricing, the boundary of peak-valley prices, electricity demand, and profit of electricity enterprises under different
EQ investment models was determined. These findings are expected to provide a direction to governments and
ESC enterprises while making important decisions.

2. Literature review

Two main research areas were addressed in this work: EQ investment and peak-valley pricing. The following
text will provide an overview of each area.

2.1. EQ investment

EQ refers to the quality of electricity provided to consumers. It is related to the sustainability and stability of
electricity supply, which can be measured through voltage, frequency, and waveform indicators. Currently, the
main form of investment in EQ is investment in energy storage equipment. The investments in energy storage
equipment have been examined by several works in the literature. For example, Zhou et al. [1] compared the
influence of the investment in energy storage equipment and negative price strategy on generators’ operational
decisions. The researchers observed that negative prices could significantly alter the structure of the optimal
energy storage strategy. Furthermore, Zhou et al. [2] investigated the problem of renewable energy production
and operation when the storage and transmission capacity were constrained. Meanwhile, Qi et al. [3] studied
similar problems and demonstrated that the adoption of energy storage devices can effectively decrease the total
cost of the power system. Weibelzah and Maertz [4] examined the investment problem of the energy storage and
transmission capacity based on a two-tier electricity market model. In addition, Ossenbrink et al. [5] compared
the impact of both top-down and bottom-up policies on energy storage in California. The authors suggested
that a combination of both types of policies should be used when investing in energy storage. Wichmann et al.
[6] incorporated energy storage into a general mass production and dispatch model. They emphasized that using
this model could reduce costs by 20%. Finnah and Goensch [7] constructed an inverse approximate dynamic
planning model to study the optimization problem of the hybrid energy storage wind farm trading decisions,
pointing out that there are considerable synergistic effects between long-term storage and short-term storage.
Furthermore, Karimianfard et al. [8] proposed a two-tier stochastic optimization scheme comprising an upper-
level investor and two interrelated lower-level participants. The experimental results proved that the gas and
grid interactions modeled using this approach and the non-convexity of electricity production could significantly
affect the optimal cost and expansion plan. Papapostolou et al. [9] identified the crucial parameters for decision
– making in energy system capacity and investment planning. An optimization framework for energy capacity
and planning was introduced into the power sector. As a result, the modeling results presented the optimal
system dimensions. Specifically, the model developed offers the ideal capacity figures for each power-generating
plant and energy storage facility contributing to the system.

The majority of the above-mentioned works solve the problem of cost reduction from the perspective of
models. However, the related ESC problems have been scarcely reported. Therefore, the basic characteristics of
the ESC, namely the peak-valley pricing, were examined in this work. In addition, the investment decision of
EQ in the ESC was studied under the background of peak valley pricing. Moreover, the key issue of the kind of
investment in EQ that is more effective in the ESC was thoroughly analyzed, which enriches the research work
in the field of electricity.

Other potential methods have also been proposed to improve the EQ through other means. For example,
Esmaeili et al. [10] investigated an improved customized power device for distributed power condition controllers
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(DPCC). This approach enables various distributed generators to have high penetration in islanded and inter-
connected modes. By combining the theoretical and simulated results in this study, the improvement of the EQ
of the multimicrogrid through DPCC was successfully demonstrated. In another interesting work, Rupesh and
Vishwanath [11] proposed a novel Empyreal-supervised EQ framework and simulated it using Matlab-Simulink.
According to the reported findings, the EQ can be improved. Although significant progress has been made in
improving the EQ from a technical perspective, the investment in EQ from the perspective of the ESC has not
been yet explored.

Chen et al. [12] researched the influence of competition between channels on EQ and used reverse induction
to calculate the equilibrium solution of the model. The results showed that a larger price competition coefficient
leads to a higher EQ. Although Chen et al. examined the EQ from the perspective of the ESC, the characteristics
of peak valley pricing were not considered by the authors. To effectively address the above-mentioned issues
and based on the background of peak valley pricing, the investment strategies of enterprises in the ESC for EQ
were investigated in this work. Our approach gives the government a basis for creating policies and delivers
proposals for ESC enterprises to invest in EQ.

2.2. Peak-valley pricing

The peak-valley pricing policy is a kind of electricity price system that guides users to use off-peak electricity
by adjusting the electricity price in different time periods. The key concept of this policy is the division of 24 h
in a day into peak hours and valley hours, and setting different standards of electricity price to achieve the
optimal allocation of power resources and improve the efficiency of power grid operation. In addition, peak-
valley pricing has been extensively examined in the literature in recent years. For example, Yang et al. [13]
discussed consumers’ willingness to accept peak-valley pricing by studying 3863 samples. The results showed
that 75% of consumers were willing to accept peak-valley pricing. Furthermore, Gazijahani and Salehi [14]
used a robust optimization approach to discuss the consumers response mechanisms on the demand side of
peak-valley pricing. The authors suggested that peak-valley pricing assisted renewable energy investments. In
addition, Darghouth et al. [15] used an empirical study paradigm with a sample of 200 customers in California,
indicating that the peak-valley pricing facilitated the consumption of solar energy. Besides, Chao et al. [16]
studied a restructured electricity market considering both generation costs and renewable energy investments,
using an updated economic model with ex-ante and peak pricing policies. The results showed that ex-ante
pricing did not affect generation costs, while peak pricing can reduce generation costs. Kok et al. [17] explored
the impact of peak-valley pricing versus flat pricing on renewable energy investment decisions, proving that
peak-valley prices are more conducive to renewable energy investment. Chen et al. [18] examined the impact of
peak-valley pricing on investment in low-carbon technologies and similarly showed that peak-valley pricing is
more beneficial to investment in low-carbon technologies than flat pricing.

In addition, some works in the literature have argued that peak pricing policies are beneficial in addressing
the shortage of electricity production and investment. For example, Borenstein [19] discussed optional dynamic
pricing and its impact on consumer behavior from the consumer’s perspective. The authors argued that under
peak pricing policies, the consumers with low electricity consumption as well as the consumers with high elec-
tricity consumption reduced their electricity expenses. Faruqui and Sergici [20] investigated whether consumers
shift their electricity consumption from peak to off-peak based on peak pricing policies by analyzing 15 pilot
studies. The authors found that consumers respond to peak pricing policies, thus allowing firms to address
underinvestment. The works mentioned above in the literature mainly considered the influence of both peak
and valley pricing on the amount of electricity produced and lacked a discussion on the impact of the investment
in EQ. Along these lines, this work could significantly enrich the research related to the ESC (Tab. 1).

In the abovementioned literature, in-depth discussions related to research on EQ and peak-valley pricing were
presented. With regard to EQ, the research work mainly focuses on improving EQ by investing in energy storage
equipment. Simultaneously, effective ways to improve EQ were also analyzed from a technical perspective. With
regard to peak-valley pricing, the research work mainly concentrates on the influence of peak-valley pricing on
electricity demand, electricity dispatch, and electricity market structure. Researchers generally assume that the
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Table 1. Comparison among relevant studies within the academic literature.

Papers
Electricity Peak-valley Investment Energy storage Electricity
quality pricing strategy equipment industry

Zhou et al. X X X X
Qi et al. X X X
Weibelzah and Maertz X X X X
Chen et al. X X X
Gazijahani and Salehi X X X
Chen et al. X X X
Yang et al. X X
Kok et al. X X X
This paper X X X X X

peak-valley pricing policy exhibits a positive effect on alleviating the contradiction between electricity supply
and demand. However, literature that combines the two aspects for in-depth research is limited. Especially with
respect to EQ investment strategies for ESC enterprises under the peak-valley pricing policy, systematic analysis
is still lacking. Therefore, this study aimed to fill this research gap. It provides a rich theoretical foundation
and research background, delves into the core issue of Who in the ESC will invest in EQ? and analyzes the
impact of the EQICC on EQ, the prices of peak valley electricity, electricity demand, and profits. This study
can enrich research in the field of ESC and provides targeted policies and suggestions for electricity enterprises
and government departments.

3. Model assumptions

A two-level ESC consisting of a single EG and a single ER was developed herein. The EG sells the electricity
produced to the ER at wholesale prices, and subsequently, the ER sells it to the consumer after setting the
electricity prices. Three models of EQ invested by an EG and EQ invested by an ER were taken into account.
In addition, it should be noted that the electricity prices during PVP and the level of EQ will also affect the
electricity demand. Based on this, the main assumptions of this work were as follows (Figs. 1–3):

Assumption 1. When the ESC enterprises invest in EQ, the supply of electricity will be more stable, i.e.,
consumers will have access to electricity of higher quality, which will contribute to higher consumer satisfaction.
Consequently, the electricity demand will increase. Therefore, based on a study by Gurnani et al. [21], Chen
et al. [22], and Zhang et al. [23], the electricity demand functions during the peak and valley times of electricity

Figure 1. Model A framework.
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Figure 2. Model B framework.

Figure 3. Model C framework.

consumption can be defined as follows:

𝑞𝑑 = 𝑎𝑑 − 𝑝𝑑 + 𝑏𝑝𝑛 + 𝑟𝑒 (1)
𝑞𝑛 = 𝑎𝑛 − 𝑝𝑛 + 𝑏𝑝𝑑 + 𝑟𝑒 (2)

where 𝑞𝑑 represents the electricity demand of the peak period, and 𝑞𝑛 represents the electricity demand of the
valley period. 𝑎𝑑 and 𝑎𝑛 are the potential electricity demand during PVP, while 𝑝𝑑 and 𝑝𝑛 denote the electricity
prices during PVP. 𝑏 ∈ (0, 1) refers to the price competition coefficient. In general, when the electricity prices in
the peak (valley) period are higher, the electricity demand in the peak (valley) period will be decreased, while
the electricity demand in the valley (peak) period will also be affected and increased. 𝑒 represents the electricity
quality, reflecting the EQ level achieved through EQ investment. 𝑒 = 0 implies that ESC enterprises do not
invest in EQ.

On the contrary when 𝑒 > 0, the larger 𝑒 value means that a more significant improvement in EQ can be
achieved by investment in EQ and electricity supply is more secure and stable. 𝑟 ∈ (0, 1) reflects consumers’
preference for EQ. Therefore, when 𝑒 or 𝑟 are larger, the consumer demand for electricity will also increase.

Assumption 2. To improve the EQ, the ESC enterprises (EG and ER) need to enhance the stability of
the electricity supply by investing in EQ. Moreover, the existence of a higher level of EQ indicates that EQ
improvement is more significant. Moreover, the EQ investment enterprises need to pay more, which indicates
that the investment cost of EQ is positively related to the EQ. Based on the works of Cao and Yu [24] and Xu
and Fang [25], it can be assumed that the investment cost function of EQ can be expressed as follows:

𝐺(𝑒) =
1
2
ℎ𝑒2 (3)
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Table 2. Parameters notation & description.

Parameters notation Description

𝑎𝑖(𝑖 = 𝑑, 𝑛) Potential electricity demand during peak and valley periods (PVP)
𝑏 Price competition coefficient
𝑟 Consumer preference coefficient (CPC) for the electricity quality (EQ)
ℎ Electricity quality investment cost coefficien (EQICC)
𝑓𝑖(𝑖 = 𝑑, 𝑛) Electricity unit production cost (EUPC) during peak and valley periods (PVP)
𝑞𝑖(𝑖 = 𝑑, 𝑛) Electricity demand during peak and valley period (PVP)
𝜋𝑚 Profits of electricity generator (EG)
𝜋𝑟 Profits of electricity retailer (ER)
Decision variables Description
𝑒 Electricity quality (EQ)
𝑤𝑖(𝑖 = 𝑑, 𝑛) Electricity wholesale prices during PVP
𝑝𝑖(𝑖 = 𝑑, 𝑛) Electricity prices during PVP

where ℎ represents the EQICC, which reflects the efficiency of the EQ investment. After Roller’s [26] research
work was published, this type of cost function has been generally applied in the supply chain field, whereby the
incremental properties of the marginal costs can be better characterized.

Assumption 3. The production equipment for electricity already exists, and the EUPC is 𝑓𝑖(𝑖 = 𝑑, 𝑛), without
considering the electricity transmission and distribution costs, as well as the electricity loss rates. Furthermore,
the ER purchases electricity from the EG at a wholesale price 𝑤𝑖(𝑖 = 𝑑, 𝑛) and sells it to the consumer at an
electricity price 𝑝𝑖(𝑖 = 𝑑, 𝑛). In addition, to ensure that all equilibrium solutions are more than zero and that
the Hesse matrix satisfies the negative definite, we assume that 𝑎𝑑 > 𝑎𝑛, −𝑎𝑛+𝑓𝑛

𝑏 < 𝑓𝑑 < 𝑎𝑑 + 𝑏𝑓𝑛, and ℎ > 𝑟2

1−𝑏 .
Similar examples can be found in the literature from the works of Ji et al. [27] and Chen et al. [28].

4. Model solving

Three scenarios were examined in order to investigate the influence of the different EQ investment models
on the EQ and electricity demand during PVP: no investment in EQ (base Model A), investment in EQ by EG
(investment Model B) and investment in EQ by ER (investment Model C) for a two-tier supply chain dominated
by EG and followed by the ER. The upper angle symbol (*) indicates the equilibrium solution (Tab. 2).

4.1. Base Model A: no EQ investment

If the ESC enterprises do not invest in EQ, i.e. 𝑒 = 0, the function of electricity demand during PVP can be
simplified as follows:

𝑞𝐴
𝑑 = 𝑎𝑑 − 𝑝𝐴

𝑑 + 𝑏𝑝𝐴
𝑛 (4)

𝑞𝐴
𝑛 = 𝑎𝑛 − 𝑝𝐴

𝑛 + 𝑏𝑝𝐴
𝑑 . (5)

In this case, the electricity wholesale prices during PVP are first decided by the EG. Subsequently, the
electricity prices during PVP are decided by the ER, whose objective is to maximize its respective profits. In
this case, the profit functions of the EG and the ER can be expressed as follows:

𝜋𝐴
𝑚 =

(︀
𝑤𝐴

𝑑 − 𝑓𝑑

)︀
𝑞𝐴
𝑑 +

(︀
𝑤𝐴

𝑛 − 𝑓𝑛

)︀
𝑞𝐴
𝑛 (6)

𝜋𝐴
𝑟 =

(︀
𝑝𝐴

𝑑 − 𝑤𝐴
𝑑

)︀
𝑞𝐴
𝑑 +

(︀
𝑝𝐴

𝑛 − 𝑤𝐴
𝑛

)︀
𝑞𝐴
𝑛 . (7)



854 W. CHEN ET AL.

Proposition 1. In Model A, neither the EG nor the ER invests in EQ. The optimized electricity wholesale
prices during PVP (𝑤𝐴*

𝑑 , 𝑤𝐴*

𝑛 ), electricity prices during PVP (𝑝𝐴*

𝑑 , 𝑝𝐴*

𝑛 ), and electricity demand during peak
and valley periods (𝑞𝐴*

𝑑 , 𝑞𝐴*

𝑛 ), as well as the profit of EG 𝜋𝐴*

𝑚 and the profit of ER 𝜋𝐴*

𝑟 are given by equations
(A.3)–(A.10), respectively. The calculation process is shown in Appendix A.

4.2. Investment Model B: electricity generator invest in EQ

ESC enterprises (EG and ER) can invest in EQ to provide a more stable output of electricity. Due to
consumers’ preference for EQ, an increase in EQ will promote an increase in electricity demand, and equations
(1) and (2) provide the demand function. In addition, the short form can be expressed as follows: 𝐾 = (1 + 𝑏)𝑟4+
4
(︀
𝑏2 − 1

)︀
𝑟2ℎ.

When an EG invests in EQ, the EQ and the electricity wholesale prices during PVP are first decided by the
EG. Subsequently, the electricity prices during PVPs are decided by the ER. Their objective is to maximize
their respective profits. The profit functions of the EG and the ER are as follows:

𝜋𝐵
𝑚 =

(︀
𝑤𝐵

𝑑 − 𝑓𝑑

)︀
𝑞𝐵
𝑑 +

(︀
𝑤𝐵

𝑛 − 𝑓𝑛

)︀
𝑞𝐵
𝑛 −

1
2
ℎ
(︀
𝑒𝐵

)︀2
(8)

𝜋𝐵
𝑟 =

(︀
𝑝𝐵

𝑑 − 𝑤𝐵
𝑑

)︀
𝑞𝐵
𝑑 +

(︀
𝑝𝐵

𝑛 − 𝑤𝐵
𝑛

)︀
𝑞𝐵
𝑛 . (9)

Proposition 2. In Model B, the EG invests in EQ. The optimized EQ 𝑒𝐵*
, optimal electricity wholesale prices

during PVP (𝑤𝐵*

𝑑 , 𝑤𝐵*

𝑛 ), electricity prices during PVP (𝑝𝐵*

𝑑 , 𝑝𝐵*

𝑛 ), electricity demand during PVP (𝑞𝐵*

𝑑 , 𝑞𝐵*

𝑛 ),
profit of the EG 𝜋𝐵*

𝑚 , and the profit of the ER 𝜋𝐵*

𝑟 are given by equations (A.13)–(A.21), respectively. The
calculation process is shown in Appendix A.

4.3. Investment Model C: electricity retailers invest in EQ

Similarly, when the ER invests in EQ, the demand function is still given by equations (1) and (2). Firstly, the
EG decides the electricity wholesale prices during PVP. Subsequently, the ER decides the EQ and the electricity
prices during PVP, while their objective is to maximize their respective profits. The profit functions for the EG
and the ER can be estimated as follows:

𝜋𝐶
𝑚 =

(︀
𝑤𝐶

𝑑 − 𝑓𝐶
𝑑

)︀
𝑞𝐶
𝑑 +

(︀
𝑤𝐶

𝑛 − 𝑓𝐶
𝑛

)︀
𝑞𝐶
𝑛 (10)

𝜋𝐶
𝑟 =

(︀
𝑝𝐶

𝑑 − 𝑤𝐶
𝑑

)︀
𝑞𝐶
𝑑 +

(︀
𝑝𝐶

𝑛 − 𝑤𝐶
𝑛

)︀
𝑞𝐶
𝑛 −

1
2
ℎ(𝑒𝐶)

2· (11)

Proposition 3. In Model C, where the ER invests in EQ, the optimal EQ 𝑒𝐶*
, optimal electricity whole-

sale prices during PVP (𝑤𝐶*

𝑑 , 𝑤𝐶*

𝑛 ), electricity prices during PVP (𝑝𝐶*

𝑑 , 𝑝𝐶*

𝑛 ), electricity demand during PVP
(𝑞𝐶*

𝑑 , 𝑞𝐶*

𝑛 ), profit of the EG 𝜋𝐶*

𝑚 , and profit of the ER 𝜋𝐶*

𝑟 can be derived by equations (A.25)–(A.33), respec-
tively. The calculation process is shown in Appendix A.

5. Model analysis

In this section, sensitivity analysis and comparative analysis are conducted on equilibrium solutions. The
sensitivity analysis involves analyzing the impact of four key parameters, namely the EQICC, peak EUPC,
valley EUPC, and price competition coefficient on the equilibrium solution. The comparative analysis involves
comparisons among the EQ, electricity prices, electricity demand, wholesale electricity prices, and profits of EG
and ER under three models. The upper corner {𝐴, 𝐵, 𝐶} denotes the no EQ investment mode, EG investment
EQ mode, and ER investment EQ mode, respectively. Note that the upper corner is 𝑁 = {𝐵, 𝐶}.

Proposition 4. As the EQICC increased, the following relations are obtained: (1) 𝜕𝑒𝑁*

𝜕ℎ < 0; (2) 𝜕𝑝𝑁*
𝑑

𝜕ℎ < 0,
𝜕𝑝𝑁*

𝑛

𝜕ℎ < 0; (3) 𝜕𝑞𝑁*
𝑑

𝜕ℎ < 0, 𝜕𝑞𝑁*
𝑛

𝜕ℎ < 0.
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Proposition 4 reveals the influence of the EQICC on EQ, electricity prices during PVP and electricity demand
during PVP. The results suggest that with an increase in EQICC, there is a decrease in the EQ, electricity prices
during PVP and electricity demand during PVP. This trend occurs because an increase in EQICC weakens the
motivation of the ESC enterprises to invest in EQ, which is not conducive to improving the stability of electricity
supply. Therefore, to compensate for the impact of declining EQ, ER may reduce the electricity prices during
PVP.

From the above-mentioned analysis, it can be inferred that although the electricity prices during PVP will
decrease with the increase in the EQICC, due to the sensitivity of consumers to price in general, consumers
may increase the electricity demand at this time. However, the overall demand will decrease with the increase
in the EQICC. This effect occurs because with the increase in EQICC, EQ will decline. The latter phenomenon
will inevitably prompt consumers to reduce electricity consumption, and the overall electricity demand will also
decline. Therefore, first, the government should encourage the ESC enterprises to increase investment in EQ
research and development and provide incentives for the ESC enterprises that have made major technological
breakthroughs to reduce the investment cost of EQ. Second, the government should introduce preferential tax
policies, provide a certain proportion of financial support according to the actual investment of enterprises in
EQ improvement, and encourage enterprises to increase investment in EQ. In fact, the improvement of EQ will
promote an increase in the electricity demand, especially in attracting more large commercial enterprises to
purchase high quality electricity. For example, the Guangdong Financial High-tech Service Zone in Foshan’s
Nanhai District has attracted companies such as American International Assurance Co. Ltd. (AIA) by providing
high-quality electricity, a move that has also contributed to local economic development6.

Proposition 5. As the peak and valley of EUPC increase, the following relations are obtained: (1) 𝜕𝑒𝑁*

𝜕𝑓𝑑
< 0,

𝜕𝑒𝑁*

𝜕𝑓𝑛
< 0; (2) 𝜕𝑝𝐴*

𝑑

𝜕𝑓𝑑
> 0, 𝜕𝑝𝐴*

𝑛

𝜕𝑓𝑛
> 0, 𝜕𝑝𝐴*

𝑛

𝜕𝑓𝑑
= 0, 𝜕𝑝𝐴*

𝑑

𝜕𝑓𝑛
= 0, 𝜕𝑝𝑁*

𝑛

𝜕𝑓𝑑
< 0, 𝜕𝑝𝑁*

𝑑

𝜕𝑓𝑛
< 0; (3) if ℎ ≤ 5𝑟2

4−4𝑏 ,
𝜕𝑝𝑁*

𝑑

𝜕𝑓𝑑
< 0,

𝜕𝑝𝑁*
𝑛

𝜕𝑓𝑛
< 0; if 5𝑟2

4−4𝑏 < ℎ < 3𝑟2

2−2𝑏 ,
𝜕𝑝𝐵*

𝑑

𝜕𝑓𝑑
> 0, 𝜕𝑝𝐵*

𝑛

𝜕𝑓𝑛
> 0, 𝜕𝑝𝐶*

𝑑

𝜕𝑓𝑑
< 0, 𝜕𝑝𝐶*

𝑛

𝜕𝑓𝑛
< 0; if ℎ ≥ 3𝑟2

2−2𝑏 ,
𝜕𝑝𝑁*

𝑑

𝜕𝑓𝑑
> 0, 𝜕𝑝𝑁*

𝑛

𝜕𝑓𝑛
> 0.

Proposition 5 reveals the impact of EUPC on EQ and electricity prices during PVPs. The results indicate
that: (1) In both investment models, regardless of the period, an increase in EUPC leads to a decreasing trend
in EQ. (2) Under the model without EQ investment, an increase in EUPC during a particular period results
in an increase in the electricity price during the same period, while the electricity price in the other period
remains unchanged. In the two models where the EG and ER invest in EQ, an increase in EUPC during one
period leads to a reduction in the electricity price during the other period. (3) In the models where both EG
and ER invest in EQ, when EQICC is low, an increase in EUPC during a given period results in a decrease in
electricity prices during the same period. When EQICC is moderate, an increase in EUPC during a particular
period leads to an increase in electricity prices during the same period under the EG investment model, whereas
an increase in EUPC leads to a decrease in electricity prices under the ER investment model. When EQICC is
high, an increase in EUPC during a given period leads to an increase in the electricity price in the same period
in both investment models.

First, the increase in the EUPC during PVPs implies that the EG needs to bear higher production costs.
When the EG invests in EQ, the EG will reduce the investment in EQ. When the ER invests in EQ, owing to
the increase in the EUPC during PVPs, the EG is incentivized to raise electricity wholesale prices. Given that
the ER purchases electricity from the EG at these wholesale prices, to alleviate financial pressure, the ER also
has the incentive to reduce investment in EQ.

Second, regarding the impact of the EUPC on electricity prices during the PVPs, the results reveal that for a
model without EQ investment (Model A), the increase in EUPC during the corresponding period will inevitably
be reflected in the form of higher electricity prices. In addition, from the conclusion, in Model A, the electricity
prices during the peak or valley period are unaffected by EUPC at another period, but the corresponding
electricity prices in Models B and C decreased. Notably, this is attributed to additional investment in B and C.

6 https://www.thepaper.cn/newsDetail_forward_8212493.

https://www.thepaper.cn/newsDetail_forward_8212493
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In addition, the increase in EUPC in one period reduces the overall investment level, which ultimately reduces
the electricity price in other periods.

When ESC enterprises (EG and ER) invest in EQ, the impact of the peak EUPC on the peak and valley
electricity price is related to the range of EQICC. Specifically, when the EQICC is low (ℎ ≤ 5𝑟2

4−4𝑏 ), an increase
in EUPC during a given period results in a decrease in electricity prices during the same period. In this case, a
lower EQICC will motivate the ESC enterprises to increase investment in EQ. Thus, the ER sets relatively low
electricity prices to attract consumers to increase electricity demand. When the EQICC is moderate ( 5𝑟2

4−4𝑏 <

ℎ < 3𝑟2

2−2𝑏 ), an increase in EUPC during a particular period leads to an increase in electricity price during the
same period under the EG investment model, whereas an increase in EUPC leads to a decrease in electricity
price during the same period under the ER investment model. Given that the EG invests in the EQ model, the
EG bears the cost of electricity production and the cost of EQ investment. Therefore, the EG will set higher
electricity wholesale prices. Meanwhile, the ER will inevitably transfer the higher electricity purchase costs to
consumers by raising electricity prices. If the ER invests in EQ, the EG only needs to bear the cost of electricity
production and the investment cost of EQ is borne by the ER. Thus, the EQICC is not very high at this
time. Consequently, the ER has the incentive to reduce electricity prices to attract greater electricity demand.
When the EQICC is large (ℎ ≥ 3𝑟2

2−2𝑏 ), an increase in EUPC during a given period results in an increase in the
electricity price in the same period in both investment models. This effect indicates that a higher EQICC will
eventually lead to a higher electricity price.

According to the analysis, the impact of the EQICC on the peak and valley electricity prices is different in
the various EQ investment models. Therefore, ESC enterprises should set reasonable electricity prices based on
the EQICC and the selected EQ investment model.

Proposition 6. As the price competition coefficient increases, the following relations are obtained: (1) 𝜕𝑝𝐴*
𝑖

𝜕𝑏 >

0, 𝜕𝑝𝐵*
𝑖

𝜕𝑏 > 0, 𝜕𝑝𝐶*
𝑖

𝜕𝑏 > 0; (2) 𝜕𝑤𝐴*
𝑖

𝜕𝑏 > 0, 𝜕𝑤𝐵*
𝑖

𝜕𝑏 > 0, 𝜕𝑤𝐶*
𝑖

𝜕𝑏 = 0.

Proposition 6 reveals the impact of the price competition coefficient on wholesale electricity prices and
electricity prices during PVPs. The results indicate that both wholesale electricity prices and electricity prices
under the three models increase with the increase of the price competition coefficient, regardless of peak or
valley period.

The price competition coefficient is the degree to which the electricity price of one period affects the electricity
demand of another period. The higher the price competition coefficient, the more intense the peak and valley
electricity price competition and the higher the positive impact of electricity prices in one period on the electricity
demand in another period. Thus, as the price competition coefficient increases, the demand for electricity
during PVPs will also increase. After observing an increase in consumer demand for both periods, retailers and
generators will increase peak and valley electricity prices and wholesale electricity prices respectively to obtain
higher profits. The price competition coefficient is also a reflection of the degree of market competition in the
price dimension. The larger the value 𝑏, the more market participants (electricity generators and retailers) need
to consider not only the cost and demand of a single period but also the interaction between prices in different
periods when pricing.

Proposition 7. Compares the equilibrium level of EQ in different models, there is: 𝑒𝐶*
> 𝑒𝐵*

> 𝑒𝐴*
.

Proposition 7 compares the equilibrium EQ levels under different investment models. The results showed that
the ER investment in EQ would be more beneficial to the EQ than the EG investment model. It is also worth
stating that in the no EQ investment model, its EQ investment is zero. As a result, its EQ is the smallest. The
main reason is that, first, the EG needs to bear the production cost of electricity while investing in EQ.

In contrast, the ER is able to relieve the cost pressure of the EG to a certain extent when investing in EQ. The
latter will help to improve the level of investment in EQ in the ESC and thus obtain more significant improvement
in EQ. Second, improving EQ will further improve the consumers demand for electricity. Therefore, from the
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point of view of improving EQ level, the government should encourage ER to invest in EQ more to provide more
stable and higher quality electricity to the market. In fact, the improvement of benefits brought by investing
in the EQ will be multi-dimensional. Particularly, on one hand, for enterprises, several downstream industries
use electricity as a raw material (e.g., steel industry). The high quality and stable electricity provided by high-
quality electricity will be beneficial to improve the conformity rate of the products and other indicators. On the
other hand, it is also beneficial for consumers, because high-quality electricity will help to improve the life of
consumer products. For instance, several appliances are limited by the frequency of electricity. Therefore, for the
consumer as a whole, investing in the EQ will indirectly provide consumers with security through high-quality
products.

Therefore, the government should formulate relevant policies to encourage the ER to increase investment in
EQ improvement. This can be achieved by providing economic incentives such as tax breaks, subsidies, and loan
concessions, while clarifying EQ standards and establishing reward and punishment mechanisms to ensure the
effective implementation of policies. For the ER, investment in EQ can enhance corporate image and enhance
market competitiveness; the ER should take the initiative to increase investment in EQ improvement, including
technology upgrading, equipment updating, personnel training, and so on.

Proposition 8. By comparing the equilibrium electricity prices during PVP and electricity demand during PVP
under different investment models, the following relation can be deduced: (1) If ℎ ≤ 2𝑟2

1−𝑏 , 𝑝𝐶*

𝑖 > 𝑝𝐵*

𝑖 > 𝑝𝐴*

𝑖 ; if

ℎ > 2𝑟2

1−𝑏 , 𝑝𝐵*

𝑖 > 𝑝𝐶*

𝑖 > 𝑝𝐴*

𝑖 ; (2) 𝑞𝐶*

𝑖 > 𝑞𝐵*

𝑖 > 𝑞𝐴*

𝑖 ; 𝑖 = {𝑑, 𝑛}.

Proposition 8 compares the equilibrium electricity prices during PVP and electricity demand during PVP
under different investment models. Firstly, regarding the relationship between the electricity prices during PVP,
it was indicated that when the EQICC is at a low level (ℎ ≤ 2𝑟2

1−𝑏 ), the electricity prices during PVP are the
highest for the ER investment mode, followed by the EG investment mode, while the electricity prices during
PVP are at the lowest level for the no EQ investment; In striking contrast, when the EQICC is high (ℎ > 2𝑟2

1−𝑏 ),
the electricity prices during PVP are the highest for the EG investment mode, followed in order by the ER
investment mode, and no investment mode. As can be observed, the electricity prices during PVP are the
lowest when there is no EQ investment, mainly because consumers have a preference for EQ. In addition, if the
ESC enterprises do not invest in EQ, they do not have the comparative advantage of high-quality electricity.
Therefore, they will maintain the electricity demand by reducing electricity prices during PVP. Furthermore,
the electricity prices during PVP for both the EG and ER investment models depend on the EQICC. More
specifically, when the EQICC is low (ℎ ≤ 2𝑟2

1−𝑏 ), the ER can set higher electricity prices during PVP to obtain
more revenue because it can provide a higher level of EQ when investing. On the contrary, when the EQICC
is high (ℎ > 2𝑟2

1−𝑏 ), the cost pressure is highlighted due to the higher investment cost and electricity production
cost of the EG. Therefore, eliminating this effect using price transmission is critical, resulting in a higher
electricity-price level than the investment mode of the ER.

In addition, Proposition 8 reveals the relationship between the electricity demand under different investment
models. From the results, it can be inferred that the electricity demand is the highest when the ER invests,
followed by the EG investment. There are no EQ investment models in that order. The main reason for this trend
is that, as shown in Proposition 6, the highest EQ is available under the ER investment model, which will greatly
contribute to the electricity demand. In contrast, the lowest electricity demand is inevitably available when there
is no EQ investment as an advantage. Based on the positive impact of EQ on electricity demand improvement,
the ER should re-examine its investment strategy; increase technological innovation in EQ improvement; explore
the application of new technologies, new materials, and new processes; and constantly improve their technical
strength and market competitiveness. In short, the ER should increase its investment in EQ.

Proposition 9. By comparing the equilibrium electricity wholesale prices during PVP under different invest-
ment models, the following relation can be deduced: 𝑤𝐵*

𝑖 > 𝑤𝐴*

𝑖 = 𝑤𝐶*

𝑖 .

Proposition 9 compares the equilibrium electricity wholesale prices during PVP under different investment
models. The results revealed that when the EG invests in EQ, the electricity wholesale price is the highest. It
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is worth mentioning that the electricity wholesale price for the investment of ER in EQ is the same as when
there is no EQ investment.

The main reason for the abovementioned results is that investing in EQ requires a certain cost. When the
EG invests in EQ, due to the higher total cost of electricity, the EG will increase the electricity wholesale price
in order to maximize its own profits and obtain higher profits. Secondly, when the ER invests in EQ or during
no EQ investment, the cost of the EG will not change, which also leads to no change in the electricity wholesale
price. At this time, the EG does not need to bear additional investment costs, and therefore, the electricity
wholesale price at this time is slightly lower than that during investment of EG in EQ.

Therefore, when the ER invests in EQ, there will be no double marginalization, that is, it will not cause a
second price increase, which is more conducive to consumers buying electricity. Further, the lower wholesale
electricity price at this time is more conducive to the ER’s profits. The government should encourage the ER
to invest in EQ.

Proposition 10. By comparing the equilibrium profits of the EG and the ER under different investment models,
the following expressions apply: (1) 𝜋𝐶*

𝑚 > 𝜋𝐵*

𝑚 > 𝜋𝐴*

𝑚 ; (2) 𝜋𝐶*

𝑟 > 𝜋𝐵*

𝑟 > 𝜋𝐴*

𝑟 .

Proposition 10 compares the equilibrium profits of the EG and the ER under different investment modes.
The results reveal that both the EG and the ER demonstrate the highest profit when the ER invests in EQ,
followed by the EG investment. The lowest profit is obtained when no EQ is invested. This is because as per
Propositions 7 and 8, when the ER invests, they provide the highest level of EQ and the electricity demand
remains the highest. Propositions 7 and 8 also point out that when the EG invests, the EQ and electricity
demand remain higher than those without investment. In addition, Proposition 10 can further explain that
investing in EQ is conducive to increasing the profits of the ESC enterprises. For the ER, the profit remains
maximum when ER invests in EQ. For the EG, the profit remains highest when ER invests in EQ. The ER
investment in EQ is not only beneficial to both upstream and downstream enterprises in the ESC, but can also
provide higher EQ and electricity demand. Therefore, the government should strongly encourage ER investment
in EQ.

6. Numerical analysis

The influence of some parameters on the equilibrium solution was further analyzed. This section was elab-
orated using numerical analysis to represent the influence of the different EQ investment patterns on the
decision-making of ESC enterprises more effectively. More specifically, the following aspects were studied: (1)
the impact of EQICC on electricity prices during PVP, electricity demand during PVP, and profits of ESC
enterprises. (2) the impact of CPC for the EQ on electricity prices during PVP. According to data released by
the China Electricity Council, the country’s total electricity consumption in 2023 will be 92.2 × 1011 KWH7.
The electricity consumption in peak period and valley period accounted for approximately 5:3, respectively8.
Therefore, we assume 𝑎𝑑 = 58×1011 KWH and 𝑎𝑛 = 35×1011 KWH. The EUPC during peak periods is typically
higher than the EUPC during valley periods. For example, the EUPC during peak periods can reach about three
times the EUPC during valley periods in some areas9 and hence, we can assume 𝑓𝑑 = 0.9 and 𝑓𝑛 = 0.3. For
the parameter 𝑏, we refer to the research of Zhang et al. [23]. Under the condition that all equilibrium solutions
are more than zero, the Hesse matrix satisfies the negative definite. The parameter values in this section are
mentioned in the Table 3.

6.1. Impact of the EQICC on the equilibrium solution

To investigate the impact of the EQICC (ℎ) on the electricity prices during PVP 𝑝𝑀*

𝑖 (𝑖 = 𝑑, 𝑛; 𝑀 = 𝐴, 𝐵,𝐶),
electricity demand during PVP 𝑞𝑀*

𝑖 (𝑖 = 𝑑, 𝑛; 𝑀 = 𝐴, 𝐵, 𝐶), and profits of ESC enterprises 𝜋𝑀*

𝑗 (𝑗 = 𝑚, 𝑟; 𝑀 =

7 https://baijiahao.baidu.com/s?id=1789742176926447858&wfr=spider&for=pc.
8 https://m.bjx.com.cn/mnews/20240104/1354034.shtml.
9 https://zhuanlan.zhihu.com/p/390519897.

https://baijiahao.baidu.com/s?id=1789742176926447858&wfr=spider&for=pc
https://m.bjx.com.cn/mnews/20240104/1354034.shtml
https://zhuanlan.zhihu.com/p/390519897
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Table 3. Parameter values.

Parameter 𝑎𝑑 𝑎𝑛 𝑓𝑑 𝑓𝑛

Value 58 35 0.9 0.3

Figure 4. Impact of electricity quality investment cost coefficient (ℎ) on electricity demand
𝑞𝑀*

𝑑 (𝑀 = 𝐴, 𝐵,𝐶) in the peak period.

Figure 5. Impact of electricity quality investment cost coefficient (ℎ) on electricity demand
𝑞𝑀*

𝑛 (𝑀 = 𝐴, 𝐵,𝐶) in the valley period.

𝐴, 𝐵,𝐶), the fixed parameters were set as follows: 𝑟 = 0.5, 𝑏 = 0.1, and ℎ ∈ [0.5, 1]. All the above-mentioned
values are within the dynamic interval of the numerical analysis in the later section. Accordingly, the static
comparative analysis of the EQ under the two investment models of EQ investment by the EG and EQ investment
by the ER was carried out, and the following conclusions were obtained. Accordingly, a static comparative
analysis of equilibrium solutions under different models can be obtained as follows.

Figures 4 and 5 illustrate that as the EQICC rises, the electricity demand in both the PVP decreases as
the EG or ER invests in the EQ model. The increase in the EQICC implied a decrease in the investment of
the EQ and a decrease in EQ. When consumers observe a decrease in electricity stability, the consumption of
electricity will be reduced. However, despite these negative impacts, the electricity demand after investing in
EQ is always higher than without EQ, and the ER will be best served to promote electricity when they invest
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Figure 6. Impact of electricity quality investment cost coefficient (ℎ) on peak period electricity
price 𝑝𝑀*

𝑑 (𝑀 = 𝐴, 𝐵,𝐶).

Figure 7. Impact of electricity quality investment cost coefficient (ℎ) on valley electricity price
𝑝𝑀*

𝑛 (𝑀 = 𝐴, 𝐵,𝐶).

in EQ. In addition, after the investment in EQ, electricity demand will be significantly affected by the EQICC.
This effect is even more pronounced when the ER invests in EQ. To a certain extent, this effect reflects the key
role of reducing EQ investment costs and improving EQ to boost the sustainable and healthy development of
the electricity industry.

Figures 6 and 7 depict that as the EQICC rose, the electricity prices during PVP under the investment in
the EQ model of the EG or the ER decreased. When the EQICC increased, to reduce the negative impact on
electricity demand caused by low EQ (as shown in Figs. 4 and 5), the ER will make concessions in electricity
prices, i.e., lower electricity prices. This is done to enhance the market competitiveness of electricity. In addition,
further observation also revealed that when the EQICC fluctuated in the lower-level range (ℎ ≤ 2𝑐2

1−𝑏 ≈ 0.56),
the electricity price in the peak or valley section was the highest when the ER invested in EQ. The price that
was second to highest was the one when the EG invested. On the contrary, when the EQICC fluctuated in the
higher-level range (ℎ > 2𝑐2

1−𝑏 ≈ 0.56), the electricity price when the EG invested in EQ will be higher than the
ER investment model, which is consistent with the conclusion of Proposition 8. As evident, the electricity price
when no EQ is deployed is not affected by the change in the EQICC and is always lower than the electricity
price after investing in EQ.
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Figure 8. Impact of electricity quality investment cost coefficient ℎ on electricity generator
profits 𝜋𝑀*

𝑚 (𝑀 = 𝐴, 𝐵,𝐶).

Figure 9. Impact of electricity quality investment cost coefficient ℎ on electricity retailer
profits 𝜋𝑀*

𝑟 (𝑀 = 𝐴, 𝐵,𝐶).

Figures 8 and 9 show that with the increase in the EQICC, the profits of the ESC enterprises in the model of
the investment of EG or the ER in EQ decreased. Nonetheless, these profits are always higher than the profit
level when the EQ is not configured, which is consistent with the conclusion of Proposition 10. The increase
in the EQICC implies that the investment cost of EQ will rise. Based on the results of Figures 4–7, it can be
implied that the electricity demand and electricity prices will also be affected by this increase at this time,
which causes the profits of both the EG and the ER to decrease. Among them, although the profits of the
enterprises under the EQ investment model of the ER are most sensitive to the fluctuation of the EQICC, the
profit level of the enterprises was always higher than that of the EG investment model in this model. In other
words, maximizing the profits of ESC enterprises is most beneficial. Therefore, combined with the analysis in
Section 6.1, whether catering to consumer demand for higher levels of EQ, EQ or maximizing the profits of the
ESC enterprises, the allocation of EQ by the ER would be a more advantageous investment model.

6.2. Impact of the CPC for the EQ on electricity prices during PVP

To explore the impact of the CPC on electricity prices, the parameters were set as follows: ℎ = 0.8, 𝑏 = 0.1,
and 𝑟 ∈ [0.1, 0.7]. All the above-mentioned values are within the dynamic interval of the numerical analysis in
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Figure 10. Impact of consumer preference coefficient for electricity quality (𝑟) on electricity
prices during peak period 𝑝𝑀*

𝑑 (𝑀 = 𝐴, 𝐵,𝐶).

Figure 11. Impact of consumer preference coefficient for electricity quality (𝑟) on electricity
prices during valley period 𝑝𝑀*

𝑛 (𝑀 = 𝐴, 𝐵,𝐶).

the later section. Accordingly, the static comparative analysis of the electricity prices during PVP under the
two investment models of EQ investment by the EG and EQ investment by the ER was carried out, and the
following conclusions were obtained.

The impact of the CPC on the electricity prices during PVP was analyzed, as shown in Figures 10 and 11.
As the CPC for the EQ increases, the electricity prices during PVP in both the EG and the ER investment
modes will also increase. The peak electricity price when the EG invests in EQ is always higher than the peak
electricity price when the ER invests in EQ. In contrast, for valley electricity prices, when the CPC for the EQ
is low, the valley electricity price when the EG invests in EQ is higher than that when the ER invests in EQ.
When the CPC for the EQ is large, the conclusion is exactly the opposite.

The main reason for these observations is that, firstly, when the CPC for the EQ is higher, the ESC companies
are more motivated to increase the EQ investment after observing this phenomenon. When the EG invests in
EQ, the EG bears more costs and sets higher electricity wholesale prices, which also leads to the setting of higher
electricity prices by the ER. When the ER invests in EQ, the electricity price will not be affected by higher
electricity wholesale prices, and the electricity price is relatively low at this time. It is worth noting that when
the CPC for the EQ is high to a certain extent, the valley electricity price when the ER invests in EQ is higher
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Figure 12. Impact of price competition coefficient (𝑏) on electricity wholesale prices during
peak period.

Figure 13. Impact of price competition coefficient (𝑏) on electricity wholesale prices during
valley period.

than that when the EG invests in EQ. This is because at this time, due to consumers’ immense preference for
EQ, the ER is strongly incentivized to invest in EQ. Because ER does not need to bear production costs, more
funds are invested in EQ, and as evident, the high investment costs will be reflected in the electricity price.

6.3. Impact of the price competition coefficient on electricity wholesale prices and
electricity prices during PVP

To explore the impact of the price competition coefficient on the electricity wholesale prices and electricity
prices, the parameters were set as follows: ℎ = 0.8, 𝑟 = 0.5, and 𝑏 ∈ [0.1, 0.4].

The impact of the price competition coefficient on wholesale electricity prices during PVPs is analyzed
(Figs. 12 and 13). The wholesale electricity prices in all three models increase as the price competition coefficient
increases. Notably, under the no EQ investment model and the EQ investment model of the ER, the wholesale
electricity price is equal. The wholesale electricity price of EG investing in EQ mode is always higher than that
of the other two modes. This is because the investment model of EG increases input costs. Thus, wholesale
electricity prices will inevitably be raised to alleviate cost pressures. This conclusion validates Proposition 9.
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Figure 14. Impact of price competition coefficient (𝑏) on electricity prices during peak period.

Figure 15. Impact of price competition coefficient (𝑏) on electricity prices during valley period.

The impact of the price competition coefficient on electricity prices during PVP is analyzed (Figs. 14 and 15).
Electricity prices under each of the three models increase as the price competition coefficient increases. This is
because the more intense the competition between peak and valley electricity prices, the greater the increase
in market demand. To obtain more profits, the ER increases electricity prices. For example, on January 14,
2025, the next day’s base load electricity price in Germany soared to 226 Euro/MWh, owing to the substantial
increase in the demand for heating and electricity in winter, which pushed up electricity prices10. In addition,
when the EQICC is small, the investment of EG is higher than that of ER under the investment model of
electricity prices. In contrast, under the ER investment model, electricity prices are higher. Under the model of
no EQ investment, the electricity price is the lowest. These conclusions validate Propositions 6 and 8.

7. Conclusion

Based on the characteristics of the peak valley pricing, the question of who should invest in EQ in the ESC
was thoroughly analyzed, i.e., whether the investment in EQ should be done by EG or ER. Based on this,
we constructed a two-tier ESC formed by an EG and ER. The following main conclusions could be drawn by
comparing and analyzing the no-EQ investment model and the two investment models of EG in the EQ and ER.

10 https://m.sohu.com/a/848882041_122066678/.

https://m.sohu.com/a/848882041_122066678/


INVESTMENT STRATEGY OF ELECTRICITY QUALITY IN THE ESC 865

(1) With the increase in the EQICC, the EQ, electricity prices during PVP and electricity demand during PVP
decreased. The government should encourage enterprises to develop technologies that reduce the investment cost
of the EQ. (2) When the EQICC is low, the EG can provide a lower electricity price by investing in EQ. When
the EQICC is high, the ER can provide lower electricity prices during PVP by investing in EQ. (3) When the
EG invests in EQ, the electricity wholesale price remains the highest. The electricity wholesale price without
EQ investment remains the same as that for the investment of ER in EQ. (4) Among the three models, the
ER ’s investment mode has the largest electricity demand. (5) Investing in EQ could help increase the profits
of both the EG and the ER, especially when ER invests in EQ as compared to EGs investment in EQ. The
profits of EG and ER are the highest. This is because the ESC in this paper is constructed by a single upstream
EG and a single downstream ER. A case of double marginalization might be present. This means that both
upstream and downstream enterprises might hike the price of the entire ESC on two occasions to maximize their
respective gains. Meanwhile, downstream buyers, striving to maximize their profits, tend to buy electricity in a
manner that is not ideal for the upstream. Therefore, when ER invests in EQ, there could be higher electricity
demand and higher profits. The government should motivate the ER to invest in EQ, whether in improving EQ
and electricity demand, or in increasing profits for electricity supply enterprises.

In this work, the impact of the EQ investment model on EQ around the peak-valley pricing characteristics
of the electricity market was considered. Although it expanded the research content of the electricity market to
some extent, following limitations still exist. (1) This work only considered the feature of the peak valley pricing
policy in the ESC. In fact, there are numerous types of pricing policies in the electricity market, such as ladder
pricing. The EQ investment in this area needs to be further studied. (2) Only the case where the EG invests
in EQ and the ER invests in EQ was examined. However, the case where the third party invests in EQ can
be further explored. Thus, researchers should further delve into the question of “who will invest in EQ among
ESC enterprises and third parties”. (3) The case where an EG and an ER form an ESC was only explored till
now. However, future studies need to be performed on cases with multiple electricity generators and multiple
electricity retailers.
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Proof Appendix

Note: The following proofs are performed under the premise that the equilibrium solution is non-negative
and the relevant assumptions of the parameters are satisfied.

Appendix A.

(1) The calculation process of Model A

In virtue of the backward induction method, the ER first decides on the electricity prices during the PVP.
Considering that 𝜕𝜋𝐴

𝑟

𝜕𝑝𝐴
𝑑

= 0 and 𝜕𝜋𝐴
𝑟

𝜕𝑝𝐴
𝑛

= 0, we solve for:

𝑝𝑑
𝐴 =

𝑎𝑑 + 𝑤𝑑
𝐴 + 𝑏

(︀
𝑎𝑛 − 𝑏𝑤𝑑

𝐴
)︀

2− 2𝑏2
(A.1)

𝑝𝑛
𝐴 =

𝑎𝑛 + 𝑤𝑛
𝐴 + 𝑏

(︀
𝑎𝑑 − 𝑏𝑤𝑛

𝐴
)︀

2− 2𝑏2
· (A.2)

Substituting equations (A.1) and (A.2) into equations (4)–(7), the optimized electricity wholesale prices can
be obtained based on the decisions on electricity wholesale prices made by the electricity generator, such that
𝜕𝜋𝐵

𝑚

𝜕𝑤𝐵
𝑑

= 0, and 𝜕𝜋𝐵
𝑚

𝜕𝑤𝐵
𝑛

= 0, respectively:

𝑤𝐴*

𝑑 =
𝑎𝑑 + 𝑓𝑑 + 𝑏(𝑎𝑛 − 𝑏𝑓𝑑)

2− 2𝑏2
(A.3)

𝑤𝐴*

𝑛 =
𝑎𝑛 + 𝑓𝑛 + 𝑏(𝑎𝑑 − 𝑏𝑓𝑛)

2− 2𝑏2
· (A.4)

Substituting equations (A.3) and (A.4) into equations (4)–(7) and equations (A.1), (A.2), the optimization
results in the following equilibrium electricity prices during PVP (𝑝𝐴*

𝑑 , 𝑝𝐴*

𝑛 ), electricity demand during PVP
(𝑞𝐴*

𝑑 , 𝑞𝐴*

𝑛 ), and profits of the ESC enterprises in the PVP (𝜋𝐴*

𝑚 , 𝜋𝐴*

𝑟 ), respectively, are as follows:

𝑝𝐴*

𝑑 =
3𝑎𝑑 + 3𝑏𝑎𝑛 + 𝑓𝑑 − 𝑏2𝑓𝑑

4− 4𝑏2
(A.5)

𝑝𝐴*

𝑛 =
3𝑏𝑎𝑑 + 3𝑎𝑛 + 𝑓𝑛 − 𝑏2𝑓𝑛

4− 4𝑏2
(A.6)

𝑞𝐴*

𝑑 =
1
4

(𝑎𝑑 − 𝑓𝑑 + 𝑏𝑓𝑛) (A.7)

𝑞𝐴*

𝑛 =
1
4

(𝑎𝑛 + 𝑏𝑓𝑑 − 𝑓𝑛) (A.8)

mailto:subscribers@edpsciences.org
https://edpsciences.org/en/subscribe-to-open-s2o
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𝜋𝐴*

𝑚 =

{︃
𝑎2

𝑑 + 𝑎2
𝑛 + 2𝑎𝑑

[︀
𝑏𝑎𝑛 +

(︀
𝑏2 − 1

)︀
𝑓𝑑

]︀
+ 2

(︀
𝑏2 − 1

)︀
𝑎𝑛𝑓𝑛

−
(︀
𝑏2 − 1

)︀(︀
𝑓2

𝑑 − 2𝑏𝑓𝑑𝑓𝑛 + 𝑓2
𝑛

)︀ }︃
8(1− 𝑏2)

(A.9)

𝜋𝐴*

𝑟 =

{︃
𝑎2

𝑑 + 𝑎2
𝑛 + 2𝑎𝑑

[︀
𝑏𝑎𝑛 +

(︀
𝑏2 − 1

)︀
𝑓𝑑

]︀
+ 2

(︀
𝑏2 − 1

)︀
𝑎𝑛𝑓𝑛

−
(︀
𝑏2 − 1

)︀(︀
𝑓2

𝑑 − 2𝑏𝑓𝑑𝑓𝑛 + 𝑓2
𝑛

)︀ }︃
16(1− 𝑏2)

· (A.10)

(2) The calculation process of Model B

According to the backward induction method, the electricity retailer first makes a decision on the electricity
prices during PVP. Considering that 𝜕𝜋𝐵

𝑟

𝜕𝑝𝐵
𝑑

= 0 and 𝜕𝜋𝐵
𝑟

𝜕𝑝𝐵
𝑛

= 0, we solve for:

𝑝𝐵
𝑑 =

(1 + 𝑏)𝑟𝑒𝐵 + 𝑎𝑑 + 𝑤𝑑
𝐵 + 𝑏

(︀
𝑎𝑛 − 𝑏𝑤𝑑

𝐵
)︀

2− 2𝑏2
(A.11)

𝑝𝐵
𝑛 =

(1 + 𝑏)𝑟𝑒𝐵 + 𝑎𝑛 + 𝑤𝑛
𝐵 + 𝑏

(︀
𝑎𝑑 − 𝑏𝑤𝑛

𝐵
)︀

2− 2𝑏2
· (A.12)

Substituting equations (A.11), (A.12) into equations (1), (2) and (8), (9), the equilibrium EQ and electricity
wholesale price during PVP can be obtained by the decisions made by EG on EQ and electricity wholesale
price, such that 𝜕𝜋𝐵

𝑚

𝜕𝑒𝐵 = 0, 𝜕𝜋𝐵
𝑚

𝜕𝑤𝐵
𝑑

= 0, and 𝜕𝜋𝐵
𝑚

𝜕𝑤𝐵
𝑛

= 0, respectively:

𝑒𝐵*
=

𝑟[𝑎𝑑 + 𝑎𝑛 + (−1 + 𝑏)(𝑓𝑑 + 𝑓𝑛)]
2[2(1− 𝑏)ℎ− 𝑟2]

(A.13)

𝑤𝐵*

𝑑 =

(︀
𝑟2 − 4ℎ

)︀
𝑎𝑑 −

(︀
𝑟2 + 4𝑏ℎ

)︀
𝑎𝑛 + (1 + 𝑏)

[︀(︀
3𝑟2 + 4(𝑏− 1)ℎ

)︀
𝑓𝑑 + 𝑟2𝑓𝑛

]︀
4(1 + 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]

(A.14)

𝑤𝐵*

𝑛 =

(︀
𝑟2 − 4ℎ

)︀
𝑎𝑛 −

(︀
𝑟2 + 4𝑏ℎ

)︀
𝑎𝑑 + (1 + 𝑏)

[︀
𝑟2𝑓𝑑 +

(︀
3𝑟2 + 4(𝑏− 1)ℎ

)︀
𝑓𝑛

]︀
4(1 + 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]

· (A.15)

Substituting equations (A.13)–(A.15) into equations (1), (2) and (8), (9) and (A.11), (A.12), the optimization
results in the following equilibrium electricity prices during PVP (𝑝𝐵*

𝑑 , 𝑝𝐵*

𝑛 ), electricity demand during PVP
(𝑞𝐵*

𝑑 , 𝑞𝐵*

𝑛 ), and profits of the ESC enterprises in the PVP (𝜋𝐵*

𝑚 , 𝜋𝐵*

𝑟 ), respectively, are as follows:

𝑝𝐵*

𝑑 =

{︃
3
(︀
𝑟2 − 4ℎ

)︀
𝑎𝑑 − 3

(︀
𝑟2 + 4𝑏ℎ

)︀
𝑎𝑛

+ (1 + 𝑏)
[︀(︀

5𝑟2 + 4(𝑏− 1)ℎ
)︀
𝑓𝑑 + 3𝑟2𝑓𝑛

]︀}︃
8(1 + 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]

(A.16)

𝑝𝐵*

𝑛 =

{︃
3
(︀
𝑟2 − 4ℎ

)︀
𝑎𝑛 − 3

(︀
𝑟2 + 4𝑏ℎ

)︀
𝑎𝑑

+ (1 + 𝑏)
[︀
3𝑟2𝑓𝑑 +

(︀
5𝑟2 + 4(𝑏− 1)ℎ

)︀
𝑓𝑛

]︀}︃
8(1 + 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]

(A.17)

𝑞𝐵*

𝑑 =

{︃ [︀
𝑟2 + 4(𝑏− 1)ℎ

]︀
𝑎𝑑 − 𝑟2𝑎𝑛 − 𝑟2𝑓𝑑 − 𝑏𝑐2𝑓𝑑

+ 4ℎ𝑓𝑑 − 4𝑏ℎ𝑓𝑑 + 𝑟2𝑓𝑛 + 𝑏𝑟2𝑓𝑛 − 4𝑏ℎ𝑓𝑛 + 4𝑏2ℎ𝑓𝑛

}︃
8[𝑟2 + 2(𝑏− 1)ℎ]

(A.18)

𝑞𝐵*

𝑛 =

{︃ [︀
𝑟2 + 4(𝑏− 1)ℎ

]︀
𝑎𝑛 − 𝑟2𝑎𝑑 + 𝑟2𝑓𝑑 + 𝑏𝑟2𝑓𝑑

− 4𝑏ℎ𝑓𝑑 + 4𝑏2ℎ𝑓𝑑 − 𝑟2𝑓𝑛 − 𝑏𝑟2𝑓𝑛 + 4ℎ𝑓𝑛 − 4𝑏ℎ𝑓𝑛

}︃
8[𝑟2 + 2(𝑏− 1)ℎ]

(A.19)
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𝜋𝐵*

𝑚 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(︀
𝑟2 − 4ℎ

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
+ 2(1 + 𝑏)𝑎𝑛[︀

𝑟2𝑓𝑑 −
(︀
𝑟2 + 4(𝑏− 1)ℎ

)︀
𝑓𝑛

]︀
+ (1 + 𝑏)[︃ (︀

(1 + 𝑏)𝑟2 + 4(𝑏− 1)ℎ
)︀(︀

𝑓2
𝑑 + 𝑓2

𝑛

)︀
− 2

(︀
(1 + 𝑏)𝑟2 + 4(𝑏− 1)𝑏ℎ

)︀
𝑓𝑑𝑓𝑛

]︃

− 2𝑎𝑑

[︃ (︀
𝑟2 + 4𝑏ℎ

)︀
𝑎𝑛 + (1 + 𝑏)(︀(︀

𝑟2 + 4(𝑏− 1)ℎ
)︀
𝑓𝑑 − 𝑟2𝑓𝑛

)︀]︃

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
16(1 + 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]

(A.20)

𝜋𝐵*

𝑟 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[︀
𝑟4 + 4(𝑏− 1)𝑟2ℎ− 8(𝑏− 1)ℎ2

]︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
− 2(1 + 𝑏)𝑎𝑛

⎡⎣ (︁
𝑟4 + 4(𝑏− 1)𝑟2ℎ + 8(𝑏− 1)2ℎ2

)︁
𝑓𝑛

−
(︀(︀

𝑟4 + 4(𝑏− 1)𝑟2ℎ
)︀
𝑓𝑑

)︀
⎤⎦

+ (1 + 𝑏)

⎡⎢⎣
(︁
𝐾 + 8(𝑏− 1)2ℎ2

)︁(︀
𝑓2

𝑑 + 𝑓2
𝑛

)︀
−

2
(︁
𝐾 + 8(𝑏− 1)2𝑏ℎ2

)︁
𝑓𝑑𝑓𝑛

⎤⎥⎦

− 2𝑎𝑑

⎡⎢⎢⎣
(︀
𝑟4 + 4(𝑏− 1)𝑟2ℎ + 8(𝑏− 1)𝑏ℎ2

)︀
𝑎𝑛+

(1 + 𝑏)

⎛⎝ (︁
𝑟4 + 4(𝑏− 1)𝑟2ℎ + 8(𝑏− 1)2ℎ2

)︁
𝑓𝑑

− 𝑟2
(︀
𝑟2 + 4(𝑏− 1)ℎ

)︀
𝑓𝑛

⎞⎠
⎤⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
32(1 + 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]2

· (A.21)

(3) The calculation process of Model C

In virtue of the backwards induction method, the ER first makes a decision on the EQ and the electricity
prices during PVP, such that 𝜕𝜋𝐶

𝑟

𝜕𝑒𝐶 = 0, 𝜕𝜋𝐶
𝑟

𝜕𝑝𝐶
𝑑

= 0 and 𝜕𝜋𝐶
𝑟

𝜕𝑝𝐶
𝑛

= 0. The solution is as follows:

𝑒𝐶 =
𝑟
[︀
𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)

(︀
𝑤𝑑

𝐶 + 𝑤𝑛
𝐶

)︀]︀
2[(1− 𝑏)ℎ− 𝑟2]

(A.22)

𝑝𝐶
𝑑 =

(︀
𝑟2 − 2ℎ

)︀
𝑎𝑑 −

(︀
𝑟2 + 2𝑏ℎ

)︀
𝑎𝑛 + (1 + 𝑏)

[︀(︀
3𝑟2 + 2(𝑏− 1)ℎ

)︀
𝑤𝑑

𝐶 + 𝑟2𝑤𝑛
𝐶

]︀
4(1 + 𝑏)[𝑟2 + (𝑏− 1)ℎ]

(A.23)

𝑝𝐶
𝑛 =

(︀
𝑟2 − 2ℎ

)︀
𝑎𝑛 −

(︀
𝑟2 + 2𝑏ℎ

)︀
𝑎𝑑 + (1 + 𝑏)

[︀
𝑟2𝑤𝑑

𝐶 +
(︀
3𝑟2 + 2(𝑏− 1)ℎ

)︀
𝑤𝑛

𝐶
]︀

4(1 + 𝑏)[𝑟2 + (𝑏− 1)ℎ]
· (A.24)

By substituting equations (A.22)–(A.24) into equations (1), (2) and (10), (11), the decision on the electricity
wholesale prices during PVP is taken by the EG. As a result, 𝜕𝜋𝐶

𝑚

𝜕𝑤𝐶
𝑑

= 0 and 𝜕𝜋𝐶
𝑚

𝜕𝑤𝐶
𝑛

= 0 can be derived. The
equilibrium electricity wholesale prices during PVP can be obtained as follows:

𝑤𝐶*

𝑑 =
𝑎𝑑 + 𝑓𝑑 + 𝑏(𝑎𝑛 − 𝑏𝑓𝑑)

2− 2𝑏2
(A.25)

𝑤𝐶*

𝑛 =
𝑎𝑛 + 𝑓𝑛 + 𝑏(𝑎𝑑 − 𝑏𝑓𝑛)

2− 2𝑏2
· (A.26)

By substituting equations (A.25), (A.26) into equations (1), (2) and equations (A.22)–(A.24), the collation
leads to the optimal EQ 𝑒𝐶*

, the optimal electricity prices during PVP (𝑝𝐶*

𝑑 , 𝑝𝐶*

𝑛 ), the electricity demand during
PVP (𝑞𝐶*

𝑑 , 𝑞𝐶*

𝑛 ), and the profits of the ESC enterprises (𝜋𝐶*

𝑚 , 𝜋𝐶*

𝑟 ), respectively:

𝑒𝐶*
=

𝑟[𝑎𝑑 + 𝑎𝑛 − (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
4[(1− 𝑏)ℎ− 𝑟2]

(A.27)
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𝑝𝐶*

𝑑 =

{︃ [︀
(−5 + 𝑏)𝑟2 + 6(1− 𝑏)ℎ

]︀
𝑎𝑑 +

[︀
(1− 5𝑏)𝑟2 − 6(𝑏− 1)𝑏ℎ

]︀
𝑎𝑛

+
(︀
𝑏2 − 1

)︀[︀(︀
3𝑟2 + 2(𝑏− 1)ℎ

)︀
𝑓𝑑 + 𝑟2𝑓𝑛

]︀ }︃
8(𝑏2 − 1)[𝑟2 + (𝑏− 1)ℎ]

(A.28)

𝑝𝐶*

𝑛 =

{︃ [︀
(1− 5𝑏)𝑟2 − 6(𝑏− 1)𝑏ℎ

]︀
𝑎𝑑 +

[︀
(−5 + 𝑏)𝑟2 + 6(1− 𝑏)ℎ

]︀
𝑎𝑛

+
(︀
−1 + 𝑏2

)︀(︀
𝑟2𝑓𝑛 +

(︀
3𝑟2 + 2(−1 + 𝑏)ℎ

)︀
𝑓𝑑

)︀ }︃
8(𝑏2 − 1)[𝑟2 + (𝑏− 1)ℎ]

(A.29)

𝑞𝐶*

𝑑 =

{︃ [︀
𝑟2 + 2(𝑏− 1)ℎ

]︀
𝑎𝑑 − 𝑟2𝑎𝑛 − 𝑟2𝑓𝑑 − 𝑏𝑟2𝑓𝑑

+ 2ℎ𝑓𝑑 − 2𝑏ℎ𝑓𝑑 + 𝑟2𝑓𝑛 + 𝑏𝑟2𝑓𝑛 − 2𝑏ℎ𝑓𝑛 + 2𝑏2ℎ𝑓𝑛

}︃
8[𝑟2 + (𝑏− 1)ℎ]

(A.30)

𝑞𝐶*

𝑛 =

{︃ [︀
𝑟2 + 2(𝑏− 1)ℎ

]︀
𝑎𝑛 − 𝑟2𝑎𝑑 + 𝑟2𝑓𝑑 + 𝑏𝑟2𝑓𝑑

− 2𝑏ℎ𝑓𝑑 + 2𝑏2ℎ𝑓𝑑 − 𝑟2𝑓𝑛 − 𝑏𝑟2𝑓𝑛 + 2ℎ𝑓𝑛 − 2𝑏ℎ𝑓𝑛

}︃
8[𝑟2 + (𝑏− 1)ℎ]

(A.31)

𝜋𝐶*

𝑚 =

⎧⎪⎪⎨⎪⎪⎩
(︀
𝑟2 − 2ℎ

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
+ 2(1 + 𝑏)𝑎𝑛

[︀
𝑟2𝑓𝑑 −

(︀
𝑟2 + 2(𝑏− 1)ℎ

)︀
𝑓𝑛

]︀
+(1 + 𝑏)

[︂ (︀
(1 + 𝑏)𝑟2 + 2(𝑏− 1)ℎ

)︀(︀
𝑓2

𝑑 + 𝑓2
𝑛

)︀
− 2

(︀
(1 + 𝑏)𝑟2 + 2(𝑏− 1)𝑏ℎ

)︀
𝑓𝑑𝑓𝑛

]︂
−

2𝑎𝑑

[︀(︀
𝑟2 + 2𝑏ℎ

)︀
𝑎𝑛 + (1 + 𝑏)

(︀(︀
𝑟2 + 2(𝑏− 1)ℎ

)︀
𝑓𝑑 − 𝑟2𝑓𝑛

)︀]︀
⎫⎪⎪⎬⎪⎪⎭

16(1 + 𝑏)[𝑟2 + (𝑏− 1)ℎ]
(A.32)

𝜋𝐶*

𝑟 =

⎧⎪⎪⎨⎪⎪⎩
(︀
𝑟2 − 2ℎ

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
+ 2(1 + 𝑏)𝑎𝑛

[︀
𝑟2𝑓𝑑 −

(︀
𝑟2 + 2(𝑏− 1)ℎ

)︀
𝑓𝑛

]︀
+(1 + 𝑏)

[︂ (︀
(1 + 𝑏)𝑟2 + 2(𝑏− 1)ℎ

)︀(︀
𝑓2

𝑑 + 𝑓2
𝑛

)︀
− 2

(︀
(1 + 𝑏)𝑟2 + 2(𝑏− 1)𝑏ℎ

)︀
𝑓𝑑𝑓𝑛

]︂
−

2𝑎𝑑

[︀(︀
𝑟2 + 2𝑏ℎ

)︀
𝑎𝑛 + (1 + 𝑏)

(︀(︀
𝑟2 + 2(𝑏− 1)ℎ

)︀
𝑓𝑑 − 𝑟2𝑓𝑛

)︀]︀
⎫⎪⎪⎬⎪⎪⎭

32(1 + 𝑏)[𝑟2 + (𝑏− 1)ℎ]
· (A.33)

Appendix B.

Proof of Proposition 4.

(1)
𝜕𝑒𝐵*

𝜕ℎ
=

(𝑏− 1)𝑟[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
[𝑟2 + 2(𝑏− 1)ℎ]2

< 0;

𝜕𝑒𝐶*

𝜕ℎ
=

(𝑏− 1)𝑟[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
4[𝑟2 + (𝑏− 1)ℎ]2

< 0.

(2)
𝜕𝑝𝐵*

𝑑

𝜕ℎ
= −3𝑟2(𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛))

4(𝑟2 + 2(𝑏− 1)ℎ)2
< 0;

𝜕𝑝𝐵*

𝑛

𝜕ℎ
= −3𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]

4[𝑟2 + 2(𝑏− 1)ℎ]2
< 0;

𝜕𝑝𝐶*

𝑑

𝜕ℎ
= −𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]

8[𝑟2 + (𝑏− 1)ℎ]2
< 0;

𝜕𝑝𝐶*

𝑛

𝜕ℎ
= −𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]

8[𝑟2 + (𝑏− 1)ℎ]2
< 0.

(3)
𝜕𝑞𝐵*

𝑑

𝜕ℎ
=

(𝑏− 1)𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
4[𝑟2 + 2(𝑏− 1)ℎ]2

< 0;
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𝜕𝑞𝐵*

𝑛

𝜕ℎ
=

(𝑏− 1)𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
4[𝑟2 + 2(𝑏− 1)ℎ]2

< 0;

𝜕𝑞𝐶*

𝑑

𝜕ℎ
=

(𝑏− 1)𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
8[𝑟2 + (𝑏− 1)ℎ]2

< 0;

𝜕𝑞𝐶*

𝑛

𝜕ℎ
=

(𝑏− 1)𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
8[𝑟2 + (𝑏− 1)ℎ]2

< 0.

�

Proof of Proposition 5. (1)

𝜕𝑒𝐵*

𝜕𝑓𝑛
= − (𝑏− 1)𝑟

2[𝑟2 + 2(𝑏− 1)ℎ]
< 0;

𝜕𝑒𝐶*

𝜕𝑓𝑛
= − (𝑏− 1)𝑟

4[𝑟2 + (𝑏− 1)ℎ]
< 0;

𝜕𝑒𝐵*

𝜕𝑓𝑑
= − (𝑏− 1)𝑟

2[𝑟2 + 2(𝑏− 1)ℎ]
< 0;

𝜕𝑒𝐶*

𝜕𝑓𝑑
= − (𝑏− 1)𝑟

4[𝑟2 + (𝑏− 1)ℎ]
< 0.

(2)

𝜕𝑝𝐴*

𝑛

𝜕𝑓𝑛
=

1
4

> 0;

𝜕𝑝𝐴*

𝑑

𝜕𝑓𝑑
=

1
4

> 0;

𝜕𝑝𝐴*

𝑑

𝜕𝑓𝑛
= 0;

𝜕𝑝𝐴*

𝑛

𝜕𝑓𝑑
= 0;

𝜕𝑝𝐵*

𝑑

𝜕𝑓𝑛
=

3𝑟2

8[𝑟2 + 2(𝑏− 1)ℎ]
< 0;

𝜕𝑝𝐶*

𝑑

𝜕𝑓𝑛
=

𝑟2

8[𝑟2 + (𝑏− 1)ℎ]
< 0;

𝜕𝑝𝐵*

𝑛

𝜕𝑓𝑑
=

3𝑟2

8[𝑟2 + 2(𝑏− 1)ℎ]
< 0;

𝜕𝑝𝐶*

𝑛

𝜕𝑓𝑑
=

𝑟2

8[𝑟2 + (𝑏− 1)ℎ]
< 0.

(3) For 𝜕𝑝𝐵*
𝑛

𝜕𝑓𝑛
= 5𝑟2+4(𝑏−1)ℎ

8[𝑟2+2(𝑏−1)ℎ] , since the denominator is a constant-positive value, it is sufficient to focus on the
sign of the numerator. The numerator is 𝐿𝐵 = 5𝑟2 − 4ℎ + 4𝑏ℎ. Since 𝜕𝐿𝐵

𝜕ℎ = −4(1− 𝑏) < 0 holds constant

and solving for 𝐿𝐵(ℎ) = 0 yields a unique zero, ℎ𝐵 = 5𝑟2

4−4𝑏 > 0. When ℎ < ℎ𝐵 , 𝐿𝐵 > 0, that is, 𝜕𝑝𝐵*
𝑛

𝜕𝑓𝑛
< 0,

and when ℎ > ℎ𝐵 , 𝐿𝐵 < 0, that is, 𝜕𝑝𝐵*
𝑛

𝜕𝑓𝑛
> 0.

Similarly, for 𝜕𝑝𝐶*
𝑛

𝜕𝑓𝑛
= 3𝑟2+2(𝑏−1)ℎ

8[𝑟2+(𝑏−1)ℎ] , since the denominator is a constant-positive value, it is sufficient to focus
on the sign of the numerator. The numerator is 𝐿𝐶 = 3𝑟2 − 2ℎ + 2𝑏ℎ. Since 𝜕𝐿𝐶

𝜕ℎ = −2(1− 𝑏) < 0 is constant
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and solving for 𝐿𝐵(ℎ) = 0 gives the only zero, ℎ𝐶 = 3𝑟2

2−2𝑏 > 0. When ℎ < ℎ𝐶 , 𝐿𝐶 > 0, that is, 𝜕𝑝𝐶*
𝑛

𝜕𝑓𝑛
< 0, and

when ℎ > ℎ𝐶 , 𝐿𝐶 < 0, that is, ℎ𝐶 > ℎ𝐵 .
Therefore, the proposition is verified to be correct. �

Proof. For 𝜕𝑝𝐵*
𝑑

𝜕𝑓𝑑
= 5𝑟2+4(𝑏−1)ℎ

8[𝑟2+2(𝑏−1)ℎ] , since the denominator is a constant-positive value, it is sufficient to focus on
the sign of the numerator. The numerator is 𝐿𝐵 = 5𝑟2 − 4ℎ + 4𝑏ℎ. Since 𝜕𝐿𝐵

𝜕ℎ = −4(1− 𝑏) < 0 holds constant

and solving for 𝐿𝐵(ℎ) = 0 yields a unique zero, ℎ𝐵 = 5𝑟2

4−4𝑏 > 0. When ℎ < ℎ𝐵 , 𝐿𝐵 > 0, 𝜕𝑝𝐵*
𝑑

𝜕𝑓𝑑
< 0, and when

ℎ > ℎ𝐵 , 𝐿𝐵 < 0, 𝜕𝑝𝐵*
𝑑

𝜕𝑓𝑑
> 0.

Similarly, for 𝜕𝑝𝐶*
𝑑

𝜕𝑓𝑑
= 3𝑟2+2(𝑏−1)ℎ

8[𝑟2+(𝑏−1)ℎ] , since the denominator is a constant-positive value, it is sufficient to focus
on the sign of the numerator. The numerator is 𝐿𝐶 = 3𝑟2−2ℎ+2𝑏ℎ. Since 𝜕𝐿𝐶

𝜕ℎ = −2(1− 𝑏) < 0 is constant and

solving for 𝐿𝐵(ℎ) = 0 gives the only zero, ℎ𝐶 = 3𝑟2

2−2𝑏 > 0. Therefore, when ℎ < ℎ𝐶 , 𝐿𝐶 > 0, that is, 𝜕𝑝𝐶*
𝑑

𝜕𝑓𝑑
< 0,

and when ℎ > ℎ𝐶 , 𝐿𝐶 < 0, that is, ℎ𝐶 > ℎ𝐵 .
Therefore, the proposition is verified to be correct. �

Proof of Proposition 6.

𝜕𝑝𝐴*

𝑑

𝜕𝑏
=

3
(︀
2𝑏𝑎𝑑 +

(︀
1 + 𝑏2

)︀
𝑎𝑛

)︀
4(−1 + 𝑏2)2

> 0;

𝜕𝑝𝐵*

𝑑

𝜕𝑏
=

{︃
3
(︀
𝑐4 + 4(−1 + 𝑏)𝑐2ℎ + 8

(︀
1 + 𝑏2

)︀
ℎ2

)︀
𝑎𝑛

− 6(1 + 𝑏)2𝑐2ℎ(𝑓𝑑 + 𝑓𝑛)− 3
(︀
𝑐2 − 4ℎ

)︀(︀
𝑐2 + 4𝑏ℎ

)︀
𝑎𝑑

}︃
8(1 + 𝑏)2(𝑐2 + 2(−1 + 𝑏)ℎ)2

> 0;

𝜕𝑝𝐶*

𝑑

𝜕𝑏
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(︁(︀

5− 2𝑏 + 5𝑏2
)︀
𝑐4 + 2

(︀
−5 + 7𝑏− 7𝑏2 + 5𝑏3

)︀
𝑐2ℎ + 6(−1 + 𝑏)2(︀

1 + 𝑏2
)︀
ℎ2

)︀
𝑎𝑛 −

(︀(︀
1− 10𝑏 + 𝑏2

)︀
𝑐4 + 2

(︀
−1 + 11𝑏− 11𝑏2 + 𝑏3

)︀
𝑐2ℎ− 12(−1 + 𝑏)2𝑏ℎ2

)︁
𝑎𝑑 −

(︀
−1 + 𝑏2

)︀2
𝑐2ℎ(𝑓𝑑 + 𝑓𝑛)

⎫⎪⎪⎪⎬⎪⎪⎪⎭
8(1 + 𝑏)2(𝑐2 + 2(−1 + 𝑏)ℎ)2

> 0;

𝜕𝑝𝐴*

𝑛

𝜕𝑏
=

3
(︀(︀

1 + 𝑏2
)︀
𝑎𝑑 + 2𝑏𝑎𝑛

)︀
4(−1 + 𝑏2)2

> 0;

𝜕𝑝𝐵*

𝑛

𝜕𝑏
=

{︃
3
(︀
𝑐4 + 4(−1 + 𝑏)𝑐2ℎ + 8

(︀
1 + 𝑏2

)︀
ℎ2

)︀
𝑎𝑑

− 6(1 + 𝑏)2𝑐2ℎ(𝑓𝑑 + 𝑓𝑛)− 3
(︀
𝑐2 − 4ℎ

)︀(︀
𝑐2 + 4𝑏ℎ

)︀
𝑎𝑛

}︃
8(1 + 𝑏)2(𝑐2 + 2(−1 + 𝑏)ℎ)2

> 0;

𝜕𝑝𝐶*

𝑛

𝜕𝑏
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(︁(︀

5− 2𝑏 + 5𝑏2
)︀
𝑐4 + 2

(︀
−5 + 7𝑏− 7𝑏2 + 5𝑏3

)︀
𝑐2ℎ + 6(−1 + 𝑏)2(︀

1 + 𝑏2
)︀
ℎ2

)︀
𝑎𝑑 −

(︀(︀
1− 10𝑏 + 𝑏2

)︀
𝑐4 + 2

(︀
−1 + 11𝑏− 11𝑏2 + 𝑏3

)︀
𝑐2ℎ− 12(−1 + 𝑏)2𝑏ℎ2

)︁
𝑎𝑛 −

(︀
−1 + 𝑏2

)︀2
𝑐2ℎ(𝑓𝑑 + 𝑓𝑛)

⎫⎪⎪⎪⎬⎪⎪⎪⎭
8(1 + 𝑏)2(𝑐2 + 2(−1 + 𝑏)ℎ)2

> 0;

𝜕𝑤𝐴*

𝑑

𝜕𝑏
=

2𝑏𝑎𝑑 +
(︀
1 + 𝑏2

)︀
𝑎𝑛

2(−1 + 𝑏2)2
> 0;

𝜕𝑤𝐵*

𝑑

𝜕𝑏
=

{︃ (︀
𝑐4 + 4(−1 + 𝑏)𝑐2ℎ + 8

(︀
1 + 𝑏2

)︀
ℎ2

)︀
𝑎𝑛

− 2(1 + 𝑏)2𝑐2ℎ(𝑓𝑑 + 𝑓𝑛)−
(︀
𝑐2 − 4ℎ

)︀(︀
𝑐2 + 4𝑏ℎ

)︀
𝑎𝑑

}︃
4(1 + 𝑏)2(𝑐2 + 2(−1 + 𝑏)ℎ)2

> 0;
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𝜕𝑤𝐶*

𝑑

𝜕𝑏
=

2𝑏𝑎𝑑 +
(︀
1 + 𝑏2

)︀
𝑎𝑛

2(−1 + 𝑏2)2
> 0;

𝜕𝑤𝐴*

𝑛

𝜕𝑏
=

(︀
1 + 𝑏2

)︀
𝑎𝑑 + 2𝑏𝑎𝑛

2(−1 + 𝑏2)2
> 0;

𝜕𝑤𝐵*

𝑛

𝜕𝑏
=

{︃ (︀
𝑐4 + 4(−1 + 𝑏)𝑐2ℎ + 8

(︀
1 + 𝑏2

)︀
ℎ2

)︀
𝑎𝑑

− 2(1 + 𝑏)2𝑐2ℎ(𝑓𝑑 + 𝑓𝑛)−
(︀
𝑐2 − 4ℎ

)︀(︀
𝑐2 + 4𝑏ℎ

)︀
𝑎𝑛

}︃
4(1 + 𝑏)2(𝑐2 + 2(−1 + 𝑏)ℎ)2

> 0;

𝜕𝑤𝐶*

𝑛

𝜕𝑏
=

(︀
1 + 𝑏2

)︀
𝑎𝑑 + 2𝑏𝑎𝑛

2(−1 + 𝑏2)2
> 0.

�

Proof of Proposition 7.

𝑒𝐶*
− 𝑒𝐵*

=
𝑟3[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
4[(𝑏− 1)ℎ− 𝑟2][𝑟2 + 2(𝑏− 1)ℎ]

;

Furthermore, since 𝑒𝐴*
= 0, 𝑒𝐵* − 𝑒𝐴*

= 𝑒𝐵*
> 0. �

Proof of Proposition 8. (1) Consider the peak segment electricity price:
𝑝𝐶*

𝑑 − 𝑝𝐵*

𝑑 = 𝑟2[𝑎𝑑+𝑎𝑛+(𝑏−1)(𝑓𝑑+𝑓𝑛)]
8(𝑏−1)[𝑟2+(𝑏−1)ℎ][𝑟2+2(𝑏−1)ℎ]𝑅, where, 𝑅 =

[︀
2𝑟2 + (𝑏− 1)ℎ

]︀
. Since the rest of the results of

making the difference is constant positive, considering the positive and negative of 𝑅 is necessary. Since
𝜕𝑅
𝜕ℎ = −1 + 𝑏 < 0, and 𝑅(ℎ) = 0 has a unique zero-point, ℎ1 = 2𝑟2

1−𝑏 > 0. Therefore, when ℎ < ℎ1,

𝑅 > 0, 𝑝𝐶*

𝑑 > 𝑝𝐵*

𝑑 ; and when ℎ > ℎ1, 𝑅 < 0, 𝑝𝐵*

𝑑 > 𝑝𝐶*

𝑑 . Because 𝑝𝐶*

𝑑 − 𝑝𝐴*

𝑑 = 𝑟2[2𝑎+(𝑏−1)𝑓𝑑+(𝑏−1)𝑓𝑛]
8(1−𝑏)[(𝑏−1)ℎ−𝑟2] > 0,

𝑝𝐵*

𝑑 − 𝑝𝐴*

𝑑 = 3𝑟2[2𝑎+(𝑏−1)𝑓𝑑+(𝑏−1)𝑓𝑛]
8(1−𝑏)[2(𝑏−1)ℎ−𝑟2] > 0 is constant, in summary, the following relation can be obtained: if

ℎ ≤ 2𝑟2

1−𝑏 , 𝑝𝐶*

𝑑 > 𝑝𝐵*

𝑑 > 𝑝𝐴*

𝑑 ; if ℎ > 2𝑟2

1−𝑏 , 𝑝𝐵*

𝑑 > 𝑝𝐶*

𝑑 > 𝑝𝐴*

𝑑 .
Considering the valley electricity price, the following relation is obtained:
Considering 𝑝𝐶*

𝑛 − 𝑝𝐵*

𝑛 = 𝑟2[𝑎𝑑+𝑎𝑛+(𝑏−1)(𝑓𝑑+𝑓𝑛)]
8(𝑏−1)[𝑟2+(𝑏−1)ℎ][𝑟2+2(𝑏−1)ℎ]𝑅, because the rest of the results of making a difference

is constant positive, we only need to consider the positive and negative of 𝑅. From the abovementioned
analysis, it can be observed that when ℎ < ℎ1, 𝑅 > 0, 𝑝𝐶*

𝑛 > 𝑝𝐵*

𝑛 , and when ℎ > ℎ1, 𝑅 < 0, 𝑝𝐵*

𝑛 > 𝑝𝐶*

𝑛 .
Because 𝑝𝐶*

𝑛 − 𝑝𝐴*

𝑛 = 𝑟2[2𝑎+(𝑏−1)𝑓𝑑+(𝑏−1)𝑓𝑛]
8(1−𝑏)[(1−𝑏)ℎ−𝑟2] > 0,

Considering that 𝑝𝐵*

𝑛 − 𝑝𝐴*

𝑛 = 3𝑟2[2𝑎+(𝑏−1)𝑓𝑑+(𝑏−1)𝑓𝑛]
8(1−𝑏)[2(1−𝑏)ℎ−𝑟2] > 0 is constant, in summary, the following relation can

be obtained: if ℎ ≤ 2𝑟2

1−𝑏 , 𝑝𝐶*

𝑛 > 𝑝𝐵*

𝑛 > 𝑝𝐴*

𝑛 ; if ℎ > 2𝑟2

1−𝑏 , 𝑝𝐵*

𝑛 > 𝑝𝐶*

𝑛 > 𝑝𝐴*

𝑛 .
(2) Considering the peak electricity demand, the following relation is obtained:

𝑞𝐶*

𝑑 − 𝑞𝐵*

𝑑 =
(𝑏− 1)𝑟2ℎ[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]

8[(1− 𝑏)ℎ− 𝑟2][𝑟2 + 2(𝑏− 1)ℎ]
> 0;

𝑞𝐵*

𝑑 − 𝑞𝐴*

𝑑 =
𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]

8[2(1− 𝑏)ℎ− 𝑟2]
> 0.

Considering the valley electricity demand, the following relation is obtained:

𝑞𝐶*

𝑛 − 𝑞𝐵*

𝑛 =
(𝑏− 1)𝑟2ℎ[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]

8[(1− 𝑏)ℎ− 𝑟2][𝑟2 + 2(𝑏− 1)ℎ]
> 0;

𝑞𝐵*

𝑛 − 𝑞𝐴*

𝑛 =
𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]

8[2(1− 𝑏)ℎ− 𝑟2]
> 0.

�
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Proof of Proposition 9.

(1)

𝑤𝐴*

𝑑 − 𝑤𝐵*

𝑑 = −𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
4(𝑏− 1)[𝑟2 + 2(𝑏− 1)ℎ]

< 0;

Furthermore, since 𝑤𝐴*

𝑑 = 𝑤𝐶*

𝑑 , 𝑤𝐵*

𝑑 > 𝑤𝐴*

𝑑 = 𝑤𝐶*

𝑑 .
(2)

𝑤𝐴*

𝑛 − 𝑤𝐵*

𝑛 = −𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]
4(𝑏− 1)[𝑟2 + 2(𝑏− 1)ℎ]

< 0;

Furthermore, since 𝑤𝐴*

𝑛 = 𝑤𝐶*

𝑛 , 𝑤𝐵*

𝑛 > 𝑤𝐴*

𝑛 = 𝑤𝐶*

𝑛 .

�

Proof of Proposition 10.

(1) 𝜋𝐶*

𝑚 − 𝜋𝐵*

𝑚 =
𝑟2ℎ[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]2

16[𝑟2 + (𝑏− 1)ℎ][𝑟2 + 2(𝑏− 1)ℎ]
> 0;

𝜋𝐵*

𝑚 − 𝜋𝐴*

𝑚 =
𝑟2[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]2

16(𝑏− 1)[𝑟2 + 2(𝑏− 1)ℎ]
> 0.

(2) 𝜋𝐶*

𝑟 − 𝜋𝐵*

𝑟 =
𝑟4ℎ[𝑎𝑑 + 𝑎𝑛 + (𝑏− 1)(𝑓𝑑 + 𝑓𝑛)]2

32[(1− 𝑏)ℎ− 𝑟2][𝑟2 + 2(𝑏− 1)ℎ]2
> 0;

𝜋𝐵*

𝑟 − 𝜋𝐴*

𝑟 =
𝑟2

[︀
4(1− 𝑏)ℎ− 𝑟2

]︀
[2𝑎 + (𝑏− 1)𝑓𝑑 + (𝑏− 1)𝑓𝑛]2

32(1− 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]2
> 0.

�

Proof of K. Assuming that 𝐾 = (1 + 𝑏)𝑟4 + 4
(︀
𝑏2 − 1

)︀
𝑟2ℎ,under the EQ investment model of the electricity

generator, the profit of electricity retailer is as follows:

𝜋𝐵*

𝑟 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(︀
𝑟4 + 4(−1 + 𝑏)𝑟2ℎ− 8(−1 + 𝑏)ℎ2

)︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
− 2(1 + 𝑏)𝑎𝑛

⎛⎝ −
(︀(︀

𝑟4 + 4(−1 + 𝑏)𝑟2ℎ
)︀
𝑓𝑑

)︀
+

(︁
𝑟4 + 4(−1 + 𝑏)𝑟2ℎ + 8(−1 + 𝑏)2ℎ2

)︁
𝑓𝑛

⎞⎠

+ (1 + 𝑏)

⎛⎜⎜⎜⎜⎝
(︁

(1 + 𝑏)𝑟4 + 4
(︀
−1 + 𝑏2

)︀
𝑟2ℎ + 8(−1 + 𝑏)2ℎ2

)︁
𝑓2

𝑑

− 2
(︁

(1 + 𝑏)𝑟4 + 4
(︀
−1 + 𝑏2

)︀
𝑟2ℎ + 8(−1 + 𝑏)2𝑏ℎ2

)︁
𝑓𝑑𝑓𝑛

+
(︁

(1 + 𝑏)𝑟4 + 4
(︀
−1 + 𝑏2

)︀
𝑟2ℎ + 8(−1 + 𝑏)2ℎ2

)︁
𝑓2

𝑛

⎞⎟⎟⎟⎟⎠

− 2𝑎𝑑

⎛⎜⎜⎝
(︀
𝑐4 + 4(−1 + 𝑏)𝑟2ℎ + 8(−1 + 𝑏)𝑏ℎ2

)︀
𝑎𝑛

+ (1 + 𝑏)

⎛⎝ (︁
𝑟4 + 4(−1 + 𝑏)𝑟2ℎ + 8(−1 + 𝑏)2ℎ2

)︁
𝑓𝑑

− 𝑟2
(︀
𝑟2 + 4(−1 + 𝑏)ℎ

)︀
𝑓𝑛

⎞⎠
⎞⎟⎟⎠

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
32(1 + 𝑏)(𝑟2 + 2(−1 + 𝑏)ℎ)2

·
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To simplify the formula, we replace (1 + 𝑏)𝑟4 +4
(︀
−1 + 𝑏2

)︀
𝑟2ℎ with 𝐾, and the profit of the electricity retailer

is as follows:

𝜋𝐵*

𝑟 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[︀
𝑟4 + 4(𝑏− 1)𝑟2ℎ− 8(𝑏− 1)ℎ2

]︀(︀
𝑎2

𝑑 + 𝑎2
𝑛

)︀
− 2(1 + 𝑏)𝑎𝑛

⎡⎣ (︁
𝑟4 + 4(𝑏− 1)𝑟2ℎ + 8(𝑏− 1)2ℎ2

)︁
𝑓𝑛

−
(︀(︀

𝑟4 + 4(𝑏− 1)𝑟2ℎ
)︀
𝑓𝑑

)︀
⎤⎦

+ (1 + 𝑏)

⎡⎢⎣
(︁
𝐾 + 8(𝑏− 1)2ℎ2

)︁(︀
𝑓2

𝑑 + 𝑓2
𝑛

)︀
− 2

(︁
𝐾 + 8(𝑏− 1)2𝑏ℎ2

)︁
𝑓𝑑𝑓𝑛

⎤⎥⎦

− 2𝑎𝑑

⎡⎢⎢⎣
(︀
𝑟4 + 4(𝑏− 1)𝑟2ℎ + 8(𝑏− 1)𝑏ℎ2

)︀
𝑎𝑛

+ (1 + 𝑏)

⎛⎝ (︁
𝑟4 + 4(𝑏− 1)𝑟2ℎ + 8(𝑏− 1)2ℎ2

)︁
𝑓𝑑

− 𝑟2
(︀
𝑟2 + 4(𝑏− 1)ℎ

)︀
𝑓𝑛

⎞⎠
⎤⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
32(1 + 𝑏)[𝑟2 + 2(𝑏− 1)ℎ]2

·

�
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