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Abstract

In China, a large number of islands with power demand have not developed
renewable energy, and their power supply has long been dependent on fossil
fuels. In this paper, the author assumes that the supply and demand for elec-
tricity are uncertain, and consider an island electricity supply chain consisting
of a single intermittent renewable plant and a single electricity sales company
(ESC) and introduce Stackelberg game theory into it. In this case, the author
studies how to improve the power supply efficiency and promote the devel-
opment of renewable energy under the main power generation way of re-
newable energy, also analyzes the influence of different parameters on the de-
cision-making of supply chain participants. Through comparative analysis, it
can be found that the efficiency of supply chain and the development of re-
newable energy resources are significantly improved after the introduction of
revenue sharing contract and revenue and risk sharing contract, and the ef-
fect of the latter contract is more obvious. Furthermore, the research shows
that to maintain high levels of installed capacity in renewable energy, the effi-
ciency of electricity generation equipment is not always the higher the better.
And the research also reminds governments to take full account of the con-
tractual environment of the electricity supply chain when subsidizing renew-
able energy.

Keywords

Renewable Energy Sources, Supply Chain Coordination, Random Yield and
Demand, Contract Optimization

1. Introduction

In recent years, with the traditional energy crisis and environmental pollution
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becoming more serious, the development of green and clean energy has become
the consensus of all countries in the world. As the largest carbon emitter, Chi-
na’s actions in reducing carbon emissions have received widespread attention. In
response to the emission reduction target, the government is vigorously devel-
oping and utilizing renewable energy from the mainland and inhabited islands,
mainly used for renewable energy electricity generation.

However, renewable energy generation on islands faces some problems. For
example, renewable energy generation is intermittent and the electricity demand
of customers is uncertain. In order to maintain the flexibility of renewable ener-
gy generation on islands and realize dynamic adjustment of installed capacity,
the wholesale price of electricity on the island is not fixed, while the retail price
of electricity is regulated by government guidance. In addition, the Chinese gov-
ernment issued a new electricity system reform plan in 2015. However, the reform
plan is mainly for mainland areas, and the island region has not yet formed a
perfect electricity market mechanism. In this context, this paper establishes an
island electricity supply chain optimization model based on Stackelberg game,
and analyzes how to improve the efficiency of renewable energy development
and enhance the profit level of the whole supply chain. Furthermore, this paper
also discusses the influence of some parameters on the decision variables of supply
chain members.

Compared with other papers, this paper regards renewable energy power gen-
eration as the main power generation mode in the island environment, and uses
economic theory to analyze and study. Relevant research results can provide
theoretical reference for large-scale renewable energy power generation in re-
mote island areas of China, including how to choose installed capacity of renewa-
ble energy generators and how to improve the efficiency of the power supply
chain. This research, however, is subject to several limitations. First, in order to
transform the complex reality into a mathematical model, this paper makes some
simplification when designing the model, and this treatment can ensure the re-
liability and practical significance of the research. The second limitation con-
cerns the numerical experiment, due to the lack of means to obtain real data, this
paper uses simulation data in the numerical experiment, but it is worth noting
that this will not affect the research conclusion.

The remainder of the study is organized as follows. In the next section, the
author first reviews the most relevant literature and positions the paper with re-
spect to the literature to highlight contributions. Section 3 describes the assump-
tions and notations for modeling the problem, and develops a centralized supply
chain model as the benchmark. In Section 4, the decision-making model of de-
centralized supply chain is constructed. Section 5 presents detailed numerical dis-
cussions to compare the equilibrium decisions and profits under different con-
tracts. In the last section, conclusions are given and possible future research di-

rections are outlined.
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2. Literature Review

The work is primarily related to the analytical research on the renewable elec-
tricity, which is divided into three streams of research, namely, unreliable supply
and yield uncertainty problems, Stackelberg game led by generator/manufac-
turer, and supply chain coordination. The following subsections discuss these

streams.

2.1. Supply Chain under Uncertainty

To solve the uncertainty of renewable energy, a collaborative supply chain can be
built to study the related problems (Chong & Zhou, 2014). Many scholars have
studied this kind of uncertain supply chain. Mardan et al. (2015) studied the
countless emergency order of empirical decision problem, for this reason, they
set up a cycle, product integration model of inventory and production plan, and
puts forward a flexible backup purchasing plan based on inventory reserve, and
it also shows in the uncertain environment emergency production plan decision
effectiveness. Begen et al. (2016) examined the impact of supply uncertainty,
demand uncertainty, and uncertainty reduction efforts on output and total costs.
However, the research objects of these studies are industrial products, and the
uncertainty of this supply chain is quite different from that of the electricity
supply chain. On the one hand, the uncertainty of manufacturing production
can be intervened manually. On the other hand, the supply uncertainty of the
manufacturing industry can generally be classified as the advance uncertainty,
and the uncertainty is a random fluctuation based on a certain quantity. Fortu-
nately, researchers have studied the electricity supply chain under uncertain pro-
duction and demand conditions. Xie et al. (2018) studied renewable energy elec-
tricity pricing strategies in competitive hybrid electricity markets with uncertain
supply and demand. Kong et al. (2017) designed and studied the capacity in-
vestment model in the case of low renewable energy penetration and optimized

the investment capacity.

2.2. Stackelberg Game Led by Generator/Manufacturer

In the island environment, renewable energy is the main way to generate elec-
tricity, so the renewable energy generator will become the leader of the supply
chain. In the game model of Yu et al. (2020), manufacturers determine the
wholesale price and emission reduction level as the leader, while retailers deter-
mine the retail price as the follower. They found that consumers’ environmental
awareness and tax rate have a significant impact on emission reduction. Xu et al.
(2012) pointed out that in the single-cycle two-stage supply chain dominated by
manufacturers, manufacturers can remedy the inaccurate inventory records
through technology improvement strategies. In fact, in a two-stage supply chain
structure, the dominant member is often able to obtain higher profits, Nielsen et

al. (2019) prove this point by constructing a decision support framework that
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considers the green level, taking into account both game structures, manufac-
turers dominate and retailers dominate. The results show that when manufac-
turers dominate, they get higher profits and higher green level, while on the con-
trary, retailers get higher profits and higher green level. However, the above mod-
els are difficult to apply directly to renewable energy problems. There are few
large-scale storage phenomena in the electricity supply, and there is no shortage
of goods. In addition, due to the long investment cycle of renewable energy, it is
unable to carry out the transformation of product lines, so the research on re-
newable energy focuses more on the investment in efficiency and capacity plan-

ning.

2.3. Supply Chain Coordination

In the supply chain, “double marginalization” is a problem that cannot be ig-
nored (Li et al., 2013; Fang, 2018; Giri & Bardhan, 2017; Luo et al., 2018), and
supply chain coordination can be achieved by introducing appropriate contracts
in the supply chain (Agnolucci, 2007), this is also an important research content
of the study. Many scholars have done a lot of research on supply chain contract.
Cachon and Lariviere (2005) introduced the revenue-sharing contract common-
ly used in video rentals into the supply chain model, demonstrated that reve-
nue-sharing can coordinate the supply chain, and pointed out the limitations of
revenue-sharing to explain why the contract could not be applied to all indus-
tries. On their basis, Chinese scholar Wu et al. (2020) further studied the dual-
channel reverse supply chain with online and offline recycling channels. Through
the case analysis of the model, they found that the revenue sharing contract
could make the profit of recycling enterprises not lower than the profit under
decentralized decision-making. Besides, there are a variety of contracts including
repurchase contracts (Glock et al., 2020), risk sharing contracts (Scheller-Wolf &
Tayur, 2009) and quantitative flexible contracts (Tsay, 1999) that can be used to
coordinate the supply chain.

Different from the previous researchers, in the study of the power supply chain,
this paper pays attention to multiple decision-making behaviors of the intermit-
tent renewable plant, including the optimal investment decision of renewable
energy and the optimal wholesale price decision. In addition, this paper studies
the electricity supply chain led by the intermittent renewable plant under the
condition of double uncertainty of supply and demand. At present, most research-
ers regard renewable energy generators as followers in the electricity supply
chain, while few scholars regard renewable energy generators as dominant play-
ers in the electricity supply chain. Finally, under the research framework of this
paper, the coordination of supply chain still depends on the introduction of
contract. However, the slight difference is that the research is progressive, start-
ing with the introduction of a single contract and then adding a new contract

based on that contract.
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3. Model Setting and Benchmark

3.1. Notations and Assumptions

This paper considers a supply chain consists of an intermittent renewable plant
and an electricity sales company (ESC). In which the intermittent renewable
plant determines the installed capacity of renewable energy K and wholesale
electricity price w on the island. Due to the intermittent nature of renewable
energy, there is uncertainty about the electricity output g. ESC decides the
electricity purchased quantity Q from intermittent renewable plant and has to
sell the electricity at the government-guided retail price p. Taking the practi-
calities into consideration, consumers’ demand for electricity, X; is full of un-
certainty. In this case, the author builds a Stackelberg game model led by the
intermittent renewable plant.

In order to improve readability, some notations will be useful. By summa-

rizing the symbols used in this paper, we can get the following Table 1.

Table 1. Parameters and variables.

Notation Descriptions

Parameter

The retail price of electricity determined by government guidance,

p p>w
¥ Consumers demand for electricity follows a CDF of Hx), and its PDF is
£x)
Electricity output density of renewable energy defined on the range [0, 1],
7 it follows a CDF of (), and its PDF is A(y)
Electricity output, it can be simplified as ¢ =0,yK where 0, is the
7 effective output coefficient
c Unit installation cost of renewable energy
b Share ratio of ESC to intermittent renewable plant under revenue sharing
contract
g Unit cost of emergency electricity generation
Unit compensation for unsold electricity of ESC under risk sharing
v contract, v< p(1-¢)
U Government subsidies for unit grid-connected electricity
Variable
Q Electricity purchased quantity
K Installed capacity of renewable energy
w Wholesale electricity price
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All the supply chain members are risk-neutral, have information symmetry,
and aim to maximize their own long-run expected profit. Fluctuations in re-
newable energy generation are independent of fluctuations in electricity de-
mand. For this double fluctuation, referring to Adhikari et al. (2020), this pa-
per defines two nonnegative, continuous functions to represent them. Due to
the particularity of electricity and the geographical attribute of the island, re-
sidual value income in supply chain is not considered in this paper. Emer-
gency electricity generation can be generated by consuming fossil fuels when
the intermittent renewable plant fails to meet the electricity purchased quan-
tity of ESC (Frydrychowicz-Jastrzebska, 2018), but this will require additional
costs. On the other hand, when the electricity output is greater than the elec-
tricity purchased quantity of ESC, the intermittent renewable plant can ab-
andon electricity by closing some units.

I,, II,, Tl represents the expected profits of intermittent renewable plant,
ESC and the whole supply chain respectively. In order to better represent the
supply chain under different contracts, the paper uses the superscript “I” to
represent the supply chain under the wholesale price contract; the supply chain
under revenue sharing contract is represented by the superscript “S”; the super-
script “DS” denotes the supply chain under the revenue sharing-demand risk
sharing contract.

Based on the motivations discussed in introduction, the author analyzes the

following three scenarios, which are illustrated in Figure 1.

3.2. Benchmark: Centralized Supply Chain

In this benchmark case, the intermittent renewable plant and ESC in the elec-
tricity supply chain can be integrated as one enterprise, and the enterprise seeks
to maximize the expected profits of the whole supply chain. The decision-mak-

ing function with the goal of maximizing total profit is:
M, (Q,K) = pE(min{X,Q})+uE (min{Q,0,yK})—cK —gE(Q—-0,yK)" (1)

In Equation (1), the first two items represent the income of the electricity
supply chain from selling electricity and receiving government subsidies, the last

two indicate the cost of electricity production.

Intermittent Government Intermittent Government Intermittent Gs:besrir:irigm
renewable plant subsidies renewable plant subsidies renewable plant ‘—I
w Revenue W Revenue w Risk
sharing sharing sharing
ESC Q» ESC L> ESC <—J
p p P
Customers Customers Customers
Mode T Mode S Mode DS
Figure 1. Illustration of three different scenarios.
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Proposition 1: Under the centralized supply chain, there is a set of optimal
solutions (Q",K") to maximize the expected profit of the whole supply chain
and satisfy:

p+u—(9+u)H( Q**j

. 0,K
Q=F" )
p
Q. c
f yh(y)yh(y)dy=m (3)

as the order lev-

For the remainder of this study, the paper denotes z =
0

el of the ESC, then it can be got LZ yh(y)dy = ,and 7' can be de-

0, (g + P—)
termined according to the parameters ¢, 0,, gand . Similarly, according to the
relevant parameters and Ax)and H(y), Q" can be determined. By combining
z" and Q", K" will be got. At the same time, it can be easily proved that the
installed capacity of renewable energy K is positively correlated with the elec-
tricity purchased quantity when other parameters are fixed, which shows that in
the electricity supply chain system under centralized decision-making, with the
increase of electricity purchased quantity of the ESC, the intermittent renewable
plant will also increase the installed capacity of renewable energy. This provides
a theoretical basis for large-scale development of renewable energy electricity
generation on the island, and also brings practical significance for the study of
this paper.

In order to express the results more clearly and intuitively, according to Xie
et al. (2019), the paper assumes that X ~U(m,n), y~U(0,1), then it can be
got:

\/§(m—n)(g+u)+eO gcgu(pn+un—mu)
Q*: 0

g+u
0
PPy co, (4)

+
2(m=n)(g + )+ /20, |9 (pn+pn—mp)

K™= 0
2po,

Proposition 2: Under the centralized supply chain, the expected profit of the
electricity supply chain I (Q,K) is a jointly concave function of the electric-
ity purchased quantity Qand the installed capacity K.

After obtaining the optimal electricity purchased quantity Q" and the op-
timal installed capacity K, then the maximum expected profit of the electricity

supply chain under centralized decision-making can be obtained.
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4. Design and Analyze Supply Chain Contracts

Under the background of the new electricity reform, the marketization reform of
plant network separation and transmission and distribution separation is im-
plemented, so the intermittent renewable plant and the ESC on the island con-
stitute a decentralized supply chain. In this section the paper will introduce the
wholesale price contract, revenue sharing contract and revenue and risk sharing
contract respectively to analyze the strategic behavior of supply chain partici-
pants. In addition, under each contract, this paper will pay attention to the in-
fluence of a certain parameter on the decision variable. So to better illustrate this
work, similar to the benchmark model, specific distribution functions will be in-
troduced after the general results. The supply chain structure under three con-

tracts has been shown in Figure 1.

4.1. Wholesale Price Contract

For the island electricity supply chain, according to the expanded newsvendor
model, the intermittent renewable plant decides its optimal installed capacity
and wholesale price according to the profit maximization goal. Therefore, the

profit function of the intermittent renewable plant can be expressed as:
I (K™.w' ) =w'Q" + pE(min {QT,0,yK” })—cKT ~gE(Q"-0,yK™) (5)

According to Equation (5), the profit of the intermittent renewable plant is
mainly composed of four parts. The first part represents the sales revenue of re-
newable energy electricity generated by the intermittent renewable plant; the
second part represents the total amount of government subsidies to the inter-
mittent renewable plant; the third part represents the installed cost of the inter-
mittent renewable plant, since the cost of renewable energy electricity generation
is mainly composed of fixed costs such as initial equipment investment, variable
costs are negligible compared to fixed costs; the fourth part shows the cost of
emergency electricity generation when renewable energy generation is insuffi-
cient.

According to the installed capacity and wholesale price of the intermittent re-
newable plant, combined with the demand of the electricity market, the ESC de-
cides the optimal electricity purchased quantity, and sells the electricity to the
customers through a series of operations such as voltage transformation and

transmission. The expected profit function of ESC is as follows:
M7 (Q") = pE(min{X,Q" })-w'Q" (©)

The profit function of the ESC mainly includes two parts: electricity sales reve-
nue and electricity purchase costs.

Proposition 3: Under the wholesale price contract, there is a set of optimal
solutions (Q'*,w'",K"™") to maximize the expected profit of the intermittent

renewable plant and ESC and satisfy:
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T
QT*=F1(p‘pW J )
el c
BKT* _
[ yh(y)dy——eo(gw) (8)
W' =(g+p)H (OQKT*J—M €)
0

By observing Equations (3) and (8), we can know that , that is

0,K"  6,K™"
z* =7, which means the wholesale price contract will not affect the order level
of the ESC. However, comparing Equations (2) and (7), it can be found that un-
der the wholesale price contract, the optimal electricity purchased quantity Q"
of the retailer has changed, and Q" will be affected by the wholesale electricity
price W'*, and negatively correlated with w'*. That is, the increase in the
wholesale electricity price will reduce the purchasing enthusiasm of the ESC.
Therefore, this requires that when the intermittent renewable plant has the right
to determine the wholesale price, a reasonable wholesale electricity price should
be established, which can basically guarantee the benign supply of electricity on
the island.
The expected profit function of the intermittent renewable plant and the ESC
can be expressed as:
QT
I (K™ w' ) =w'Q" +p '|'1Q;QTdy+_|'OeoKT 0,yK"dy
0ok " (10)
QT
_eKT = gj‘oeoKT (QT —OOyKT )dy

I (QT)=DUQTﬁdX+L§T Q dxj—wTQT (11)

m n-m
Therefore, we can get:

m| n—~/2¢ /M +n| p—p++/2¢ /M
. co, co,

w =

2(n—m)
2(m—n)(g+p)+~2(np—mu+nu)6, g+u
KT c, (12)
4p8,
~mu++/2c(m-n) g+“+n(p+p)
T Ceo
Q™ =

2p

Proposition 4: Under the wholesale price contract, the expected profit of the

intermittent renewable plant, H; (KT ,WT> is a jointly concave function of the
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wholesale electricity price w” and the installed capacity K7, the expected profit of
the ESC, TI] (QT) is a concave function of the electricity purchased quantity
Q.

Property 1: If the parameter c satisfies the condition ¢<26,(g+p), W'
has a negative correlation with i, Q"" has a positive correlation with .

Property 1 indicates that under the wholesale price contract, the optimal
wholesale price of the intermittent renewable plant and the optimal electricity
purchased quantity of the ESC will be affected by government subsidies. Taking
wholesale price as an example, under certain conditions, wholesale price will de-
crease with the increase of subsidy intensity. It can be seen from Equation (5)
that the increase of government subsidy will increase this part of income of the
intermittent renewable plant, which gives it an incentive to lower the price when
making the optimal wholesale price decision. But when certain conditions are
not met, the correlation may change. For example, when ¢>20,(g+p), W'
and p will lose the negative correlation, the practical significance is that the cost
of investing in renewable energy electricity generation at this time is too high,
which will make the intermittent renewable plant lack the motivation to invest
in renewable energy. From this point of view, the development of renewable
energy in the island environment cannot rely solely on government subsidies,
the most fundamental thing is to improve the existing technical means to reduce
the cost of electricity generation equipment.

Property 2: When the parameters satisfy the condition
JZ(n-m)p, [, Zmun(Prk)

€O, \/EC\/Q'*‘H

o,

> 2(n—m) , K hasa positive correla-

tion with p.

Properties 1 and 2 show that under reasonable conditions, government subsi-
dies have an important impact on the supply chain. Through government subsi-
dies, the intermittent renewable plant has the space to reduce the wholesale
price, and the reduction in wholesale electricity prices means cost reductions for
ESC, therefore, it is willing to purchase more electricity, which in turn will cause
the intermittent renewable plant to increase the installed capacity of renewable
energy and ensure a larger-scale electricity supply. From this perspective, al-
though government subsidies are aimed at the intermittent renewable plant, they
will also benefit the ESC. To a certain extent, the government has played the role
of risk transfer, it has assumed part of the risks of the intermittent renewable
plant and ESC. The final result is that the island’s electricity supply chain has
become more reliable and stable. In fact, in China, the development of renewable
energy electricity generation in the early stage is often inseparable from the
strong support of the government. Government subsidies have guaranteed in-
termittent renewable plant gain a foothold in the electricity market. From this
perspective, it is necessary and reasonable to consider government subsidies in

the study of this paper.
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Comparing the strategies of wholesale price contract with the benchmark, we
can easily get that IT, #IT,, K™ #K", Q" #Q". Therefore, under the
wholesale price contract, the supply chain has a double marginalization, and it
can continue to be optimized. Consequently, in the next section the paper con-

siders introducing a contract mechanism to optimize the supply chain.

4.2. Revenue Sharing Contract

In this part, the paper considers the revenue sharing contract that is common in
supply chain. In this supply chain, the intermittent renewable plant and the ESC
sign a revenue-sharing contract, and the ESC will give the proportion ¢ of its
electricity sales income to the intermittent renewable plant, and the intermittent
renewable plant will lower the wholesale electricity price. As the leader of the
Stackelberg game, the intermittent renewable plant is able to request the ESC to
share revenue, but the specific value of ¢ needs to be negotiated and deter-
mined by both parties. Under the revenue sharing contract, the Stackelberg model
of the intermittent renewable plant and the ESC can be expressed as:

I (K w) =w'Q® +pE(min{Qs,90st})—cKs

. (13)
~gE(Q° -6,yK*) +¢pE(min{X,QS})

SLTIF (Q°) = (1-¢) pE(min{X,Q%})-w*Q® (14)

The last term in Equation (13) is the revenue sharing part that the intermit-
tent renewable plant obtains from the ESC, and the first item in Equation (14)
represents the actual electricity sales revenue of the ESC after revenue sharing.

Proposition 5: Under the revenue sharing contract, there is a set of optimal
solutions (Q**,w**, K**) to maximize the expected profit of the intermittent re-
newable plant and ESC and satisfy:

Q¥ =F* (t=¢)pw? (15)
p(1-¢)
Q>
60K S* c
o yh(y)dy=——— 16
B0 G "
1 . S
[gjws =(g +M)H(9QKS*J_M (17)
0
S*
According to 75" = Q s+ and Equation (16) we can know, =" =7,
K

0
which means under the revenue sharing contract, the order level of the ESC will
not change. However, Equation (15) tells us that compared with the wholesale
price contract, the optimal purchase quantity Q°* of the ESC under the reve-
nue sharing contract will also be affected by the revenue sharing ratio ¢, and is
positively correlated with ¢ . Then we know that K** is also positively corre-

lated with ¢, which means that the revenue sharing contract can improve the
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S#

purchasing enthusiasm of the ESC and the investment enthusiasm of the inter-
* 1
T y T > l >

1-¢

so after comparing Equation (17) and Equation (9) we can obtain ws <w'™ in

mittent renewable plant to a certain extent. Besides, due to z°* =z

other words, W*" has a negative correlation with ¢ .

The above information shows that under the revenue sharing contract, as the
revenue sharing ratio increases, the intermittent renewable plant will have suffi-
cient incentives to reduce the wholesale electricity price; and the purchase of
electricity by the ESC will also increase. This is because of under the high reve-
nue sharing ratio, lower wholesale electricity price means cost reductions for the
ESC, which also increase its ability to resist risks under the condition of uncer-
tain electricity demand. Therefore, the ESC will increase the purchases of elec-
tricity. While when the ESC’ purchase of electricity increasing, the intermittent
renewable plant will increase the installed capacity investment to increase elec-
tricity generation in order to increase revenue and reduce the cost of emergency
electricity generation.

After substituting in the specific distribution, the optimal solution under the

revenue sharing contract (Q®*,w®*,K**) can be expressed as:

co, co, co,

[29(m—n)—m;{—2+x/§60 g+“]+n(u[—2+\/§90 g+“}+(—1+¢)x/§p60 g+”j](—l+¢)

KS* =

V2(m-n)e, [TEE (-2+9)

0

_ [9FH
.. 2(m n)(g+p)+\/§60 6, (np—mu+ny) (18)

4p6, —2p¢d,
ﬁg(—m+n)+mu(—ﬁ+90 gcg”}n[ﬁu—(pw)@o g“‘j

o,

0

pGoJ gcgou (-2+¢)

Proposition 6: Under the revenue sharing contract, the expected profit of the
intermittent renewable plant, HZ (KS ,WS) is a jointly concave function of the
wholesale electricity price w* and the installed capacity K, the expected profit of
the ESC, IT° (QS ) is a concave function of the electricity purchased quantity Q.

Property 3: W°* has a positive correlation with g, Q°* has a negative cor-
relation with g

Property 3 shows that under the revenue sharing contract, the optimal whole-
sale electricity price of the intermittent renewable plant will be affected by the
unit cost of emergency generation g If the force majeure causes g to increase,
the intermittent renewable plant will tend to increase the wholesale electricity
price when making optimal decisions. It can be seen from Equation (13) that af-
ter g is increased, when renewable energy generation is insufficient and emer-

gency electricity generation is required, the generator will bear higher electricity
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costs. Therefore, in order to balance this part of the loss, the intermittent re-
newable plant will increase the wholesale electricity price to protect its interests.
On the other hand, for the ESC, the increase of wholesale electricity price means
the increase of purchasing cost, and its instinct of avoiding risks makes it reduce

purchasing electricity when making decisions.
Property 4: When the parameters satisfy the condition
—mp+np+np

J2¢ g+tu
co,

2(m-n)+ >0, K*' hasa negative correlation with g

Generally, we think that when the unit cost of emergency electricity genera-
tion rises, the intermittent renewable plant will increase the installed capacity to
reduce the risk of electricity shortage so that it can reduce or even avoid the high
loss caused by insufficient electricity generation. However, this situation is not
static. When making a decision, the intermittent renewable plant considers its
final profit, not the profit or loss of a certain part of it. According to Equation
(13), it can be found that increasing investment capacity will bring about new
installation costs. If the risk stop loss caused by this increase in investment can-
not be higher than the new installation cost, then the intermittent renewable
plant will have a tendency to reduce installed capacity, so under certain condi-
tions, K*" has a negative correlation with g. Satisfying this condition is harsh,
but it is possible. Therefore, when investigating the feasibility of renewable
energy electricity generation on an island, it is necessary to fully consider various
aspects such as policy, environment, and electricity demand, so as to ensure the

smooth development and application of renewable energy.

4.3. Revenue and Risk Sharing Contract

In the previous part, this paper designed a revenue sharing contract. Through
the revenue sharing contract, the intermittent renewable plant share part of the
revenue of the ESC, so it will reduce wholesale electricity prices, while the in-
creased purchase of ESC will stimulate intermittent renewable plant to increase
the installed capacity. In this section, the author conducts further research on
the basis of the revenue sharing contract. Trying to incorporate the risk sharing
contract, and analyze the electricity supply chain under the revenue and risk
sharing contract. Under the revenue and risk sharing contract, the intermittent
renewable plant will not only bear all the uncertain output risks, but also the
uncertain demand risks faced by ESC. The realization mechanism of risk sharing
is that the intermittent renewable plan will compensate the unsold parts of the
ESC.
Therefore, under the revenue and risk sharing contract, the expected profit
function of the intermittent renewable plant and the ESC can be expressed as:
Hgs (KDS,WDS ) _ WDSQDS +pE(min{QDs,60yKDs})—cK DS
19
—gE(Q™ —0,yK™ )’ +¢pE(min{X,QDS})—vE(QDS -x) 1)
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st TP (Q) = (1-¢) pE(min{X,Q™ })-w™Q™ +VvE(Q™ -X )  (20)

The last part of Equation (19) represents the risk cost borne by the intermit-
tent renewable plant for the ESC, and the last part of Equation (20) represents
the risk compensation that the ESC obtains from the intermittent renewable
plant.

Proposition 7: Under the revenue and risk sharing contract, there is a set of

DS

optimal solutions (Q®**,w* K ") to maximize the expected profit of the in-

termittent renewable plant and ESC and satisfy:

DS* _ -1 (1_¢)p_WDS*

v { p(1-0)-v @

Q% c

eOKDS* _

W rr @)
p(v—wP* DS+
M:(gﬁ_u)H[eQKDS*J_M (23)

0

DS

According to %5 = 0 and Equation (22) we know,

DS*
K

D!

7 S :ZS* :ZT*

=7", this shows that the revenue and risk sharing contract will
not affect the order level of the ESC. However, compared with the revenue shar-
ing contract, the optimal purchase quantity Q°* of the ESC under the revenue
and risk sharing contract will also be affected by the unit compensation v; and is

positively correlated with v. Besides, K™ is also positively correlated with v.
DS+

The paper denotes d =(g+p)H [%J —u,and
0

D(v)= p(V—WDS*)—d[v—p(l—q))], then we know 8D(V): p-d, due to
Z?V(D:\i):—p<0, so when p—-d >0, thatis p>(g+u)H(ZDS*)—u,sowe

can get the wholesale electricity price W™" is also positively correlated with v.

This shows that a higher proportion of risk sharing reduces the losses that
ESC face due to excessive purchases, and in a sense reduces the risks of ESC.
Combining with the lower wholesale price brought about by revenue sharing,
under the revenue and risk sharing contract, as the risk share ratio increases, the
ESC will increase its electricity purchased quantity, and when the electricity
purchased quantity of the ESC increases, in order to ensure revenue, the inter-
mittent renewable plant will increase the installed capacity of renewable energy.
However, it is worth noting that, as the intermittent renewable plant that shares
part of the risk, it may increase the wholesale price of electricity to deal with this
contract.

The optimal solution under the revenue and risk sharing contract

(Q™,wP*, KP*) can be expressed as:
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(U (V068 + 1 (=2+0,8)) + P(VOLE(-2+6)-+(-2+ 0,E) (~L+ 6)n))
+2g(m-n)(p(-1+¢)+v)
o D ( 1(=2+0,8)+ e, (~1+ ) + p(p (—2+eog)(—1+¢)+vgeo¢))
wPs* = (M=n)0p&(v+ p(-2+9)) (24)
KDS*:Z(m—n)(g+u)+90§(—mu+np+nu)
20,(p(2-¢)-v)
2g(m—n)—mu(-2+6,E)—n(n(2-£6,) - pOyt)
§60(2p—v—p¢)

QDS* —

where &= V2 gy
¢y

Proposition 8: Under the revenue and risk sharing contract, the expected
profit of the intermittent renewable plant, HgDS (KDS ,WDS) is a jointly concave
function of the wholesale electricity price w” and the installed capacity K™, the
expected profit of the ESC, TI™° (QDS) is a concave function of the electricity
purchased quantity Q™.

Property 5: W™ has a negative correlation with 0,, Q™" has a positive
correlation with 6.

According to q=0,yK, the increase in the effective output coefficient 6,
means that the installed capacity required to achieve the same output electricity
can be reduced, which will reduce the cost of the intermittent renewable plant.
Therefore, the intermittent renewable plant has the incentive to reduce the
wholesale electricity price. Similar to the previous part, the reduction of whole-
sale electricity prices will make the ESC more motivated to increase electricity
purchased quantity.
80(m—n)2(g +1)
(-np+mp— np)2

K" increases in 6,, when 6, smaller than the threshold value, and vice

such that,

Property 6: There exists a threshold 6, =

versa.

Property 6 shows that the effective output coefficient of renewable energy
electricity generation equipment will have an impact on the investment decision
of intermittent renewable plant. Specifically, when the effective output coeffi-
cient of equipment is lower than the critical value, increasing the effective output
coefficient will promote the intermittent renewable plant to increase the installed
capacity; when the effective output coefficient of the equipment exceeds the crit-
ical value, increasing the effective output coefficient will reduce the installed ca-
pacity of the intermittent renewable plant. It can be seen from Property 5 that
when 6, increases, the ESC will increase the amount of electricity purchase,
because the effective output coefficient has not reached a high level at this time,
and the intermittent renewable plant will actively increase the installed capacity

to meet the purchase demand of the ESC. When the effective output coefficient
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reaches a high level, it can be considered that renewable energy can guarantee
the electricity output, so with the increase of the effective output coefficient, in
order to reduce the cost, the intermittent renewable plant will reduce the in-
stalled capacity. This change actually reflects the risky decision of the intermit-

tent renewable plant when facing the balance of electricity supply and demand.

5. Discussions and Extensions

In this section, the author carries out numerical experiments on the basis of the
theoretical models in the previous sections. In the numerical experiments, the
input data values have the best effect of multiple experiments, the relevant pa-
rameters can be set as follows: p=1, c=0.1, u=0.15, g=0.8, X ~U (0,104),
y~U(01), 6,=05.

5.1. Sensitivity Analysis

In the fourth section of this article, the author has analyzed the changes of equi-
librium decision-making with different parameters under different contracts.
Some of the conclusions are worthy of in-depth study. Therefore, in this section
the author extends the discussion of some properties to multiple contracts, and
combined with the image for specific analysis.

Numerical experiments have obtained the variation of optimal installed ca-
pacity K of intermediate renewable power plants with effective output coefficient
0, under the benchmark model and three contract conditions, as shown in
Figure 2 below. It can be seen that the optimal installed capacity under the
benchmark model and the three contracts shows a change situation of first in-
creasing and then decreasing with the increase of the effective output coefficient,
and the initial increase rate is much higher than the subsequent decrease rate. In
reality, this effective output coefficient reflects the electricity generation effi-

ciency of renewable energy electricity generation equipment, indicating that for

x10* .
1.8 d
14+ < 7

12 v ]

0.6 [

04

Figure 2. Changes of Kand 0, under different contracts.
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island renewable energy electricity generation, to maintain a high investment
capacity, it is not necessary to have equipment with higher electricity generation
efficiency. In addition, according to Figure 2, under the same conditions, the in-
stalled capacity of the intermittent renewable plant under the benchmark model
is always the highest, while the installed capacity of the generator under the
wholesale price contract is always the lowest, and the revenue sharing contract
and revenue and risk sharing contract is in the middle, and the revenue and risk
sharing contract has a higher installed capacity than the revenue sharing con-
tract. This demonstrates the effectiveness of the contract on the other hand, in-
dicating that in an island environment, it is possible to increase the installed ca-
pacity of intermittent renewable plant and promote the development of renewa-
ble energy by introducing revenue and risk sharing contracts in the electricity
supply chain.

Figure 3, obtained by mathematical software, shows the influence of the rev-
enue sharing contract coefficient ¢ on the optimal purchase electricity Q of the
ESC under different contracts. Compared with the wholesale price contract, un-
der the revenue sharing contract and the revenue and risk sharing contract, the
optimal electricity purchased quantity of the ESC will increase, but it is still low-
er than the benchmark model. In addition, it can be seen that with the increase
of ¢, the optimal electricity purchased quantity of ESC under the revenue
sharing contract and the revenue and risk sharing contract is increasing. Al-
though on the surface it seems that the higher the proportion of revenue that
ESC give to intermittent renewable plant, the more revenue it will distribute,
ESC make decisions based on its profits. Revenue sharing contracts can reduce
the wholesale electricity prices, and for ESC, this means cost reduction, and as
long as ESC sells electricity, there will be a price difference that can be earned, so
ESC will increase purchases. Besides, it is not difficult to find that the growth
rate of electricity purchased quantity under the two contracts is different, and
the growth rate of the latter is higher than the former.

At the end of this section, this paper focuses on the impact of government
subsidies on wholesale electricity prices under different contract conditions.
Keeping other parameters unchanged, Figure 4 can be obtained by changing
government subsidies. As shown in Figure 4, it can be found that with the in-
crease of government subsidies, the optimal wholesale electricity prices of inter-
mittent renewable plant under the three kinds of contracts show a downward
trend. Among them, the decline trend under price wholesale contract and reve-
nue sharing contract is close, while the downward trend under revenue and risk
sharing contract is relatively gentle. This shows that under the same conditions,
the impact of government subsidies on wholesale electricity price under the
revenue and risk sharing contract is relatively small. This reminds the govern-
ment to fully consider the contract environment of electricity supply chain and

make targeted subsidies according to different contract environment.
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Figure 4. Changes of w with p under different contracts.

5.2. Profit Analysis

Using the three-dimensional drawing function of mathematical software, the
expected profit change of supply chain under the benchmark model can be ob-
tained, as shown in Figure 5. It can be found that there is indeed a unique op-
timal solution (Q*, K" ) that maximizes the expected profit of the whole supply
chain.

The optimal decision (Q*, K*) = (5336,16445) , and under this optimal deci-
sion, the optimal profit of the electricity supply chain reaches 1423. This deci-
sion-making method integrates the upstream and downstream of the supply
chain, so the wholesale price no longer has an impact on the supply chain, which
can make the expected profit of the whole supply chain reach a higher level. But

in reality, few companies are willing to do so.
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Figure 5. The expected profit change of the supply chain
under the benchmark model.

In reality, the wholesale price contract is usually adopted between the up-
stream and downstream of the supply chain, and the wholesale price will have an
important impact on the expected profits of both parties in the supply chain.
Through numerical calculation, it can be obtained that the optimal solution
(WT*, KT, QT*) = (0.73, 8223, 2668) and the maximum expected profit

(ML, T3, 117 ) = (1067,703,364)..

s

By comparing with the benchmark model, it can be found that the efficiency
of the supply chain under the wholesale price contract has dropped significantly,
so more effective contracts need to be designed to improve the efficiency of the
supply chain.

Therefore, this paper designs the revenue sharing contract and the revenue
and risk sharing contract. Without loss of generality, the author takes the reve-
nue sharing coefficient ¢ =0.2, and the risk sharing coefficient v= 0.1. There-
fore, through numerical calculation, we can get the optimal decision value and
the optimal expected profit of the intermittent renewable plant and ESC and the
maximum expected profit of the whole supply chain under the two contracts.
Since the revenue and risk sharing contract is proposed on the basis of revenue
sharing contract, after introducing the numerical value, by comparing the ex-
pected profit changes of intermittent renewable power plants under the two
contracts, Figure 6 can be obtained:

According to Figure 6, it can be found that the expected profit of the inter-
mittent renewable plant under the two contracts is a joint concave function of
the wholesale electricity price wand the installed capacity K; and under the same
parameters, the expected profit of the intermittent renewable plant under the
revenue and risk sharing contract is higher. In addition, it can be found that un-
der the two contracts in Figure 6, the optimal decision of the intermittent re-
newable plant is similar in numerical value, which shows that the progressive ef-

fect of the progressive contract is different.
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Table 2. The equilibrium solution of the supply chain under different contracts.

Symbol sC T N DS
Q 5336 2668 2964 3139
w’ - 0.73 0.56 0.58
K* 16,445 8223 9136 9674
I, 1423 1067 1142 1182
I, - 703 782 832
I, - 364 360 350

In order to more intuitively show the equilibrium solution of the supply chain
under each contract, this paper summarizes the results of the previous numerical
calculation, as shown in Table 2.

It can be seen from the table that under centralized decision-making, the ex-
pected profit of the whole supply chain is the largest, and the electricity pur-
chased of the ESC and the installed capacity of the intermittent renewable plant
are also the largest. Compared with the wholesale price contract, the efficiency of
the supply chain is significantly improved under the revenue sharing contract.
More importantly, the installed capacity and expected profit of the intermittent
renewable plant also increase, which indicates that the revenue sharing contract
can promote the development of renewable energy on the island. In addition, it
can be found that the revenue sharing-demand risk sharing contract can further
improve the efficiency of the supply chain and promote the development of re-
newable energy compared with the single revenue sharing contract. It is worth
mentioning that in the electricity supply chain, the intermittent renewable plant
is in a dominant position. The implementation of the contract mainly considers
whether the revenue of the intermittent renewable plant can be increased, and
the ESC has no right to decide, but the determination of the effective parameters

of the contract needs to be negotiated by both parties. Therefore, although the
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revenue of the ESC under the latter two contracts will be reduced, this will not

hinder the implementation of the contract.

6. Conclusion

At present, some researchers focus on renewable energy generation from the
perspective of supply chain, but they tend to study inland areas and neglect re-
mote islands. In order to analyze the electricity supply problem of remote islands,
this paper studies the electricity supply chain problem of renewable energy as the
main generator under the island environment. Different from the traditional
electricity supply chain, intermittent renewable plants in an island environment
are the leaders in a Stackelberg game model. Simultaneously, the study considers
the actual situation of uncertainty in both the electricity yield and demand of
renewable energy generation, and introduces government subsidies in the model.
Taking the centralized decision as the benchmark, this paper studied the optimal
decision and supply chain coordination of the intermittent renewable plant and
ESC under the wholesale price contract, revenue sharing contract and revenue
and risk sharing contract, analyzed the influence of some key parameters on the
optimal decision and profit, and gave some suggestions.

Through modeling analysis and numerical verification, the main conclusions
of this paper are as follows: the revenue and risk sharing contract can improve
the efficiency of electricity supply chain and the income of intermittent renewa-
ble plant in the island environment. The revenue sharing contract is less effective,
but still better than the wholesale price contract, and the increase of revenue
sharing rate will reduce the wholesale electricity price of the intermittent re-
newable plant and increase the installed capacity of renewable energy, and
meanwhile increase the electricity purchased quantity of the ESC. The increase
of risk sharing rate will also increase the installed capacity of intermittent re-
newable plant and the electricity purchased quantity of the ESC, but it will give
the intermittent renewable plant an incentive to increase the wholesale electricity
price. In terms of parameter influence, intermittent renewable plant companies’
investment in renewable energy capacity does not always decrease as the effi-
ciency of their electricity generation equipment increases, when the efficiency of
electricity generation equipment is low, the two are positively correlated. In ad-
dition, the government subsidy will make the electricity supply chain more sta-
ble, but the government should consider the contractual environment of the
supply chain when subsidizing.

There are some possible directions for the future research. First, because cur-
rent smart grid technologies are not mature enough, both intermittent renewa-
ble plant and ESC have an incentive to conceal relevant information, it is worth
exploring the contract coordination with such asymmetric information, so as to
make the research more reasonable. Second, although remote islands are far
away from the mainland, there is the possibility of cooperation or competition

between adjacent islands, so the model of single intermittent renewable plant
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and single ESC studied in this paper will no longer be applicable, Therefore, in
subsequent studies, more research can be carried out into “many-to-one” or
“many-to-many” situations. Finally, the study is just a theoretical analysis, thus
collecting relevant data of renewable energy electricity supply chain on remote

islands and conducting empirical analysis is also worth doing.
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