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Abstract——This study utilizes hot dry rock (HDR) geothermal 
energy, which is not affected by climate, to address the capacity 
allocation of photovoltaic (PV) -storage hybrid power systems 
(HPSs) in frigid plateau regions. The study replaces the conven‐
tional electrochemical energy storage system with a stable HDR 
plant assisted by a flexible thermal storage (TS) plant. An HPS 
consisting of an HDR plant, a TS plant, and a PV plant is pro‐
posed. Game approaches are introduced to establish the game 
pattern model of the proposed HPS as the players. The annual‐
ized income of each player is used as the payoff function. Fur‐
thermore, non-cooperative game and cooperative game ap‐
proaches for capacity allocation are proposed according to the 
interests of each player in the proposed HPS. Finally, the pro‐
posed model and approaches are validated by performing calcu‐
lations for an HPS in the Gonghe Basin, Qinghai, China as a 
case study. The results show that in the proposed non-coopera‐
tive game approach, the players focus only on the individual 
payoff and neglect the overall system optimality. The proposed 
cooperative game approach for capacity allocation improves the 
flexibility of the HPS as well as the payoff of each game player. 
Thereby, the HPS can better satisfy the power fluctuation rate 
requirements of the grid and increase the equivalent firm capac‐
ity (EFC) of PV plants, which in turn indirectly guarantees the 
reliability of grid operation.

Index Terms——Capacity allocation, equivalent firm capacity, 
game theory, hot dry rock, hybrid power system.

I. INTRODUCTION 

WITH the concept of clean energy utilization gaining 
acceptance worldwide, the clean energy industry rep‐

resented by photovoltaic (PV) power systems has developed 
rapidly [1]. The proportion of installed capacity of PV plants 
in the power grid has been increasing. Simultaneously, con‐
sidering the need to fulfill stringent environmental protection 
and carbon emission reduction, the proportion of non-renew‐
able energy generators decreases [2]. The reliable connection 
of PV power systems to the power grid has become an ur‐
gent problem for further developing large-scale PV plants in 
various countries.

The reliable grid connection of PV plants has gained the 
attention of scholars worldwide. There have been a few stud‐
ies on the optimal access capacity of renewable power sourc‐
es from the perspective of passive grid consumption [3]. The‐
ories such as effective load carrying capacity (ELCC) [4] 
and equivalent firm capacity (EFC) have been conceptual‐
ized [5]. In [6], EFC theory was applied to the capacity as‐
sessment of an urban virtual energy storage system of the 
electric vehicle, and a method for assessing the equivalent 
energy storage capacity of a grid-connected parking lot was 
proposed. Taking EFC as an index, a calculation method of 
market capacity value oriented to large-scale investment dis‐
patching was proposed in [7], and the contribution of wind 
plant capacity to power supply security was discussed.

There have also been studies on the critical role of PV-
storage hybrid power systems (HPSs) in enhancing the reli‐
able connection of PV plants from the perspective of the ac‐
tive configuration of energy storage systems [8]. At present, 
PV-storage HPSs have become a vital research field for the 
reliabile connection of PV plants. These HPSs constitute an 
essential means to achieve multi-energy complementation 
and improve the reliability and economics of PV plants. In 
[9], a bi-level capacity allocation method was proposed for 
the HPS composed of wind, PV, and battery systems to max‐
imize the annual income and return on investment. Further‐
more, an adaptive distributionally robust method for residen‐
tial PV-battery HPSs was established in [10], optimizing the 
system capacity while minimizing the operation cost.

However, the performance of the electrochemical energy 
storage system (EESS) such as cycle life and system self-
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consumption of electricity is substantially affected by envi‐
ronmental factors, which hinders its large-scale application 
in frigid plateau regions. Owing to climatic characteristics of 
severe cold and significant temperature differences, the pres‐
ent EESSs cannot effectively satisfy the demand for further 
development of the PV power industry in these regions. As a 
result, the power systems with high proportion of renewable 
power plants in plateau regions are deprived of reliable pow‐
er supply [11]. Therefore, new techology routes are required 
urgently to improve the grid-connection reliability of large-
scale PV plants.

Compared with battery systems, high-quality hot dry rock 
(HDR) geothermal energy resources [12], which are not af‐
fected by environmental and climatic factors, show substan‐
tial potential for replacing EESSs. The advantages include 
stable underground thermal reservoirs, long heat mining cy‐
cle life, and large annual utilization hours [13]. It can be 
seen that HDR geothermal energy resources provide a new 
technological approach to constituting a PV-storage HPS and 
improving the grid-connection reliability of PV plants. In 
[13], a thermal cycle for comprehensive utilization of HDR 
geothermal energy was addressed. In [14], a multi-energy co‐
generation enhanced geothermal system was proposed. In 
[15], an HPS composed of a heat storage power station with 
HDR power station was further proposed and the coopera‐
tive game (CG) dispatching model was addressed.

The above literature shows that the capacity allocation 
problem is a hot topic in the research of HPSs, which is an 
optimization problem to obtain the optimal value of capacity 
allocation of HPSs considering the grid parameters and the 
characteristics of each plant, so as to achieve the best match‐
ing between the plants and resources. The existing research 
on the capacity allocation of PV-storage HPSs mainly adopts 
the multi-objective optimization method to solve the capaci‐
ty allocation model. However, this method does not ade‐
quately explain the interaction mechanism among multiple 
energy subjects and cannot reveal the inherent physical sig‐
nificance of the capacity allocation results. Therefore, a few 
scholars extensively explored the capacity allocation of 
HPSs from game theory among multiple energy subjects 
[16]. In [17], a general framework for power system flexibili‐
ty analysis was proposed based on CG theory for risk design 
and energy policy design. In [18], the CG theory was used 
to solve the conflict problem among multiple wind/solar/hy‐
dro stakeholders and the application of kernel and Shapley 
value in solving the payoff allocation problem was dis‐
cussed. In [19], a multi-agent capacity optimization method 
based on the CG theory was proposed to analyze the benefit 
interactions among independent operators in decision-making 
processes. The results showed that the complete CG model 
yielded better economic performance for the whole and indi‐
viduals.

In conclusion, the existing research on the capacity alloca‐
tion of HPSs is based mainly on HPSs comprising PV and 
EESS, and has not been carried out on the capacity alloca‐
tion of HPSs containing HDR plants and PV plants. HDR is 
different from other forms of energy storage due to its stable 
and continuous physical characteristics. Game theory ap‐

proaches can fully reflect the physical characteristics of each 
player in the HPS, effectively reveal the mechanism of inter‐
action, and clarify the physical and practical significance of 
the capacity allocation. This paper intends to adopt the game 
theory approaches to analyze the capacity allocation of the 
HPS with HDR geothermal energy, thermal storage (TS), 
and PV, and explore the competitive and cooperative relation‐
ship between the stable geothermal from the HDR plant and 
the fluctuating power from the PV plant.

In our previous research [15], we applied game theory to 
analyze the dispatching of the HPS with HDR geothermal 
energy, TS, and PV in specific scenarios. The capacity of 
each player is based on the local renewable energy capacity 
matching policy, which is not guaranteed to be optimal. As a 
follow-up of [15], the main contribution of this paper is as 
follows: ① establish a more detailed structure between the 
HDR plant and TS plant, and improve the heat exchange 
and electrothermal conversion models; ② from the perspec‐
tive of investors, the optimal capacity allocation models of 
the HPS are obtained considering the annual investment cost 
and average annual operation cost; ③ the non-cooperative 
cooperative game (NCG) and CG approaches for capacity al‐
location with the minimum annual cost as the payoff are es‐
tablished by taking the installed capacity as the strategy sets; ④ the influence of grid parameters and electricity price poli‐
cy on the investment strategy is analyzed in detail by using 
a case study constructed by actual weather condition scenar‐
io and the policy boundaries of investing in the HPS are ob‐
tained, guiding the investors in future.

II. COMPOSITION OF HPS AND CHARACTERISTICS OF HDR 
PLANT 

A. Architecture of HPS

The HPS proposed in this paper consists of an HDR 
plant, a TS plant, a PV plant, and a substation [15], as 
shown in Fig. 1, where Qt

cur is the curtailed heat power; Qt
β 

is the geothermal power input to exchanger; Qt
dc is the exo‐

thermic power; Qt
ec is the electric heating power; Qt

hc is the 
geothermal power; P t

G is the electrical power purchased from 
the grid; P t

T is the output power of the TS plant; P t
P is the 

output power of the PV plant; and P t
H is the output power of 

the HDR plant. The HDR plant includes the geothermal min‐
ing cycle (GMC) and the organic Rankine cycle (ORC) gen‐
erators. The brines are used as the working fluid of the 
GMC.

The HDR plant has a very high annual utilization and can 
guarantee continuous and steady output power, because it is 
unaffected by climate conditions. However, the flexibility of 
conventional HDR plants is insufficient to fully utilize the 
large thermal reservoirs to provide reserves for PV plants 
due to the long dynamic response time of GMC [20]. There‐
fore, there is a need to build TS plants that coordinate with 
HDR plants, thereby improving the operational flexibility. 
The TS plant consists of an exchanger, two thermal energy 
storage tanks (TESTs), an ORC generator, and an electric 
heater that uses heat transfer oil (HTO) as the working fluid. 
The exchanger can be used to store the heat discarded from 
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the HDR plant. The electric heater can convert the surplus 
PV power into stored thermal energy. The TS plant is not af‐
fected by the climatic environment, thereby overcoming the 
disadvantages of EESSs. Therefore, the TS plant is highly 
suitable to combine an HDR plant to form an HPS.

B. Output Characteristics of HDR Plants

Owing to the continuous characteristic of the GMC, the 
ORC generator of a conventional HDR plant must maintain 
continuous power output to prevent residual heat loss. By 
contrast, under the architecture shown in Fig. 1, part of the 
geothermal energy generated by the GMC can be stored in 
the TESTs of the TS plant. Therefore, without losing geother‐
mal energy, the HDR plant can completely utilize the fast 
regulation speed and wide working conditions of the ORC 
generator to flexibly provide reserve service for the power 
grid. The continuous output model and flexible output model 
of the HDR plant [21] are expressed as:

P t
hc = ηPmt

rcpr (THDR - T t
well ) (1)

mt
α +mt

β =mt
r (2)

Qt
β =mt

βcpr (THDR - T t
β ) (3)

P t
hf = ηPmt

αcpr (THDR - T t
well ) (4)

where t denotes the current moment; P t
hc is the output power 

of the conventional HDR plant; mt
r is the mass flow rate of 

brine; cpr is the specific heat capacity of brine; ηP is the effi‐
ciency of the ORC generator; THDR is the outlet temperature 
of HDR production wells; T t

well is the reinjection tempera‐
ture; mt

α and mt
β are the mass flow rates of brine used for 

power generation and thermal energy storage, respectively; 
Qt
β is the geothermal input to the exchanger; T t

β is the residu‐
al heat temperature of the brine after heat exchange; and P t

hf 
is the output power of the flexible HDR plant.

Equation (1) represents the continuous output model of 
the HDR plant. Equations (2)-(4) represent the flexible mod‐
el of the HDR plant. Generally, ORC generators have the 

ability to make full use of the input brine for generation by 
controlling the mass flow. Therefore, in this paper, it is as‐
sumed that the geothermal energy allocated to ORC genera‐
tors can be fully utilized, i. e., T t

well = T min
well, where T min

well is the 
minimum reinjection temperature to maintain a stable HDR 
reservoir.

III. GAME PATTERN FOR CAPACITY ALLOCATION OF HPS 

Compared with conventional multi-objective optimization 
methods, game theory can further reveal the relationships be‐
tween allocation outcomes through the studies of competi‐
tion and cooperation among rational decision-makers [22]. 
The players, strategy, and payoff function are the fundamen‐
tal elements that constitute a game pattern, which are de‐
scribed separately in this section.

A. Elements of Gaming

1)　Players
The HDR, TS, and PV plants (denoted by H, T, and P, re‐

spectively) are the three players.
2)　Strategy

The strategies of players are their installed capacity val‐
ues, which are denoted as PH, PT, and PP, respectively. ΩH, 
ΩT, and ΩP represent the strategy sets corresponding to each 
player. P max

i  and P min
i  (iÎ{HTP}) are the upper and lower 

limits of installed capacity, respectively. Subject to environ‐
mental, technological, and policy factors, the strategy spaces 
of the players are denoted as: PHÎ{ΩH =[P min

H P max
H ]}, 

PTÎ{ΩT =[P min
T P max

T ]}, PPÎ{ΩP =[P min
P P max

P ]}.
3)　Payoff Function

The objective of each player is to gain the payoff by sell‐
ing electricity to the power grid: the larger the installed ca‐
pacity, the higher the payoff from generation. However, the 
cost incurred by the game players is also proportional to the 
installed capacity. Thus, the payoff function of each player 
in the game pattern can be expressed as:

fi =Vi -Ci    iÎ{HTP} (5)

where Vi is the income of the players from electricity sales; 
and Ci is the cost incurred by the players.

To focus on the physical characteristics, the labor mainte‐
nance cost is excluded from calculating the operation cost.

B. Payoff Function of Each Player

Owing to different cycle lifes, to unify the basis of the 
study, the annualized incomes and annualized costs consti‐
tute the payoff function of each player. Herein, the annual‐
ized costs are composed of the annualized investment cost 
C inv

i  and average annual operation cost C opt
i . That is, Ci in 

(5) can be expressed as:

Ci =C inv
i +C opt

i     iÎ{HTP} (6)

Since each player has different operation characteristics, 
its annualized income and average annual operation cost 
vary accordingly. Therefore, the payoff of each player is de‐
tailed separately as follows.
1)　HDR Plant

The output models of the HDR plant are given by (1) and 
(4). According to the two models of the HDR plant, the an‐
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PV plant

ORC generator

Exchanger
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TS plantHDR plant
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t
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t
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t Qec

t
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Fig. 1.　Architecture of proposed HPS.
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nualized income of the HDR plant when participating in an 
NCG can be expressed as:

V NCG
H =∑

tÎ T

ct
e P t

hc (7)

where ct
e is the time-of-use (TOU) electricity price; and T is 

the set of annual generation hours.
When the HDR plant forms a coalition in CG, the annual‐

ized income of the HDR plant can be expressed as:

V CG
H =∑

tÎ T

ct
e P t

hf (8)

The annualized investment cost of an HDR plant mainly 
consists of the investment cost of the GMC and the cost of 
the power generation system. The former is determined by 
the HDR resource and the level of underground engineering 
technology. It is a fixed cost in this paper. The latter can be 
determined by the capacity of the ORC generator. Thus, the 
annualized investment cost of an HDR plant can be ex‐
pressed as:

C inv
H = cORC PH +CGMC (9)

where cORC is the annualized cost factor per unit capacity of 
the ORC generator; and CGMC is the fixed cost of GMC. The 
PH in the NCG is the maximum of P t

hc, while it is the maxi‐
mum of P t

hf in the CG.
The main operation cost of an HDR plant is the residual 

heat loss owing to flexible operation. Thus, the average an‐
nual operation cost of an HDR plant can be expressed as:

C opt
H =∑

tÎ T

cQQt
cur (10)

where cQ is the geothermal price coefficient. The curtailed 
heat power Qt

cur is modeled as:

Qt
cur =mt

βcpr (T t
β - T min

well ) (11)

From (7) - (10), the payoff functions of the HDR plant in 
the NCG and CG are expressed as:

f NCG
H =V NCG

H -C inv
H -C opt

H (12)

f CG
H =V CG

H -C inv
H -C opt

H (13)

2)　TS Plant
TS plant achieves arbitrage by converting electrical or geo‐

thermal energy into thermal energy during low-electricity- 
price periods and converting the stored thermal energy into 
electrical energy during high-electricity-price periods. The 
annualized income of the TS plant can be expressed as:

VT =∑
tÎ T

ct
e (P t

T -P t
G )- cQQt

β (14)

where P t
G is the electrical power purchased from the power 

grid. The annualized investment cost of the TS plant is main‐
ly composed of the cost of the generation system and that of 
the TEST. These can be calculated from the capacity of the 
ORC generator and the mass of the required HTO, respec‐
tively, i.e.,

C inv
T = cORC PT + cTS Mall (15)

where cTS is the annualized cost factor of the TEST; Mall is 
the total mass of the HTO required by the TEST; and PT is 
the maximum of P t

T.
The cost during the TS plant operation is reflected mainly 

in the heat loss of the TEST and the cost of replenishing the 

HTO. Herein, the heat loss is negligible owing to the im‐
proved insulation technology. The annual average HTO re‐
plenishment is obtained according to the practical engineer‐
ing experience. Therefore, the average annual operation cost 
of the TS plant can be expressed as:

C opt
T = ηHTOcHTOMall (16)

where ηHTO is the annual HTO replenishment factor; and 
cHTO is the HTO price.

The rectification of (14) - (16) yields the payoff function 
for the TS plant as:

fT =VT -C inv
T -C opt

T (17)

3)　PV Plant
PV plant profits by selling electricity to the power grid. 

Due to solar irradiance uncertainty, the power fluctuation of 
PV plants causes curtailment losses and load-shedding penal‐
ties during operation. The annualized income, annualized in‐
vestment cost, and average annual operation cost of PV 
plants are calculated as:

VP =∑
tÎ T

ct
e P t

P (18)

C inv
P = cP PP (19)

C opt
P =∑

tÎ T

ct
e P t

Pcur + pct
e P t

Pal (20)

where cP is the annualized investment cost factor of the PV 
plant; P t

Pcur is the power under curtailment; P t
Pal is the power 

under load shedding; and p is the penalty coefficient.
The rectification of (18) - (20) yields the payoff function 

for the PV plant as:

fP =VP -C inv
P -C opt

P (21)

IV. GAME APPROACHES FOR CAPACITY ALLOCATION OF 
HPS WITH HDR GEOTHERMAL ENERGY, TS, AND PV 

The three players independent of each other in the pro‐
posed HPS pursue their individual interests and naturally 
constitute an NCG with the mutual competition. Besides, the 
three players are willing to cooperate due to the complemen‐
tarity between the fluctuating solar energy and the stable 
geothermal energy. The NCG and CG approaches for capaci‐
ty allocation are presented next.

A. NCG Approach

In the NCG, the decision of each player focuses only on 
the maximization of the individual payoff while neglecting 
the overall optimality of the HPS. The NCG pattern that con‐
stitutes capacity allocation is as follows.

1) Player: H, T, and P.
2) Strategy set: ΩH, ΩT, and ΩP.
3) Payoff: f NCG

H , fT, and fP .
The equilibrium solution of the NCG approach for capaci‐

ty allocation of the HPS is as follows:

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

P *
H = arg max

PH

f NCG
H

P *
T = arg max

PT

fT

P *
P = arg max

PP

fP

(22)
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where P *
i  (iÎ{HTP}) is the optimal installed capacity of 

plant i.
TS plants are also required to satisfy operational con‐

straints while operating non-cooperatively:

P t
T = ηPmt

dccpo (Th - Tl ) (23)

S t
h = ηhS t - 1

h + (Qt
c -Qt

dc /ηdc )Dτ (24)

Qt
c =Qt

ec +Qt
hc (25)

Qt
ec = ηe P t

G (26)

Qt
hc = ηexQ

t
β (27)

Qt
dc =mt

dccpo (Th - Tl ) (28)

where mt
dc is the mass flow rate of the HTO in exothermic 

power generation; cpo is the specific heat capacity of the 
HTO; Th and Tl are the temperatures of HTO used for power 
generation and after power generation, respectively; S t

h is the 
amount of heat storage; Qt

c is the thermal power input to the 
TS plant for storage, which consists of electric heating pow‐
er Qt

ec and geothermal power Qt
hc; ηh is the insulation factor 

of tanks; ηdc is the exothermic exchanger efficiency; ηe is the 
electric heater efficiency; ηex is the efficiency of the exchang‐
er; and Dτ is the time interval.

The TEST is the critical equipment for realizing energy 
storage in the TS plant. The masses of HTO in the high-tem‐
perature tank and low-temperature tank should be main‐
tained in dynamic balance during operation. Meanwhile, the 
total mass of HTO should be maintained constant. The mass 
balance constraints of the TEST are given as:

M t + 1
h =M t

h +mt
cDτ -mt

dcDτ (29)

M t + 1
l =M t

l -mt
cDτ +mt

dcDτ (30)

Mall =M t
h +M t

l (31)

where M t
h and M t

l  are the masses of the HTO in the high-
temperature and low-temperature tanks, respectively; and mt

c 
is the mass flow rate of the HTO during TS.

The PV plant model can be established by considering the 
quantity of solar irradiance and capacity of the plant [23]. 
Owing to the fluctuation rate of solar irradiance, the uncer‐
tainty of the PV plant can generally be described by a Bayes‐
ian game model [24]: the two sides of the game are the PV 
plant and nature. The PV plant makes decisions based on the 
predicted values, and the nature determines the joint proba‐
bility of the type of practical solar irradiance that occurs. Af‐
ter describing the power uncertainty of the PV plant using 
the Bayesian game model, (20) can be expressed as:

C opt
P = πs∑

sÎ S
∑
tÎ T

(ct
e P st

Pcur + pct
e P st

Pal ) (32)

where s is the solar irradiance type provided by the nature; S 
is the type set; P st

Pcur and P st
Pal are the power under curtail‐

ment and load shedding of solar irradiance type s, respective‐
ly; and πs is the probability of occurrence of each type.

Based on this, the output power, curtailment loss, and 
load shedding penalty constraints of the PV plant can be ob‐
tained as:

P t
P = λ

t
P PP (33)

P st
Pcur =max{ξ st

P -P t
P0} (34)

P st
Pal =max{P t

P - ξ
st
P 0} (35)

where λt
P is the power generation coefficient of the PV plant 

[23]; and ξ kt
P  is the practical power output of the PV plant.

In conclusion, the constraints of NCG approach for capaci‐
ty allocation (22) include (1), (23)-(31), and (33)-(35).

B. CG Approach

Unlike the NCG, the HDR plant seeks to enhance geother‐
mal energy value through the cooperation in an HPS. The 
TS plant seeks to achieve profitability through cooperation, 
and the PV plant seeks to satisfy the power fluctuation re‐
quirement of the power grid through cooperation. Therefore, 
all the players are willing to form a coalition, thereby consti‐
tuting a CG pattern. The three players can form four coali‐
tions: {{H, T}, {P}}, {{H, P}, {T}}, {{T, P}, {H}}, and 
{H, T, P}. The CG pattern for capacity allocation of each co‐
alition is analyzed further here.
1) Capacity Allocation for {{H, T}, P}

In the HDR-TS coalition, the HDR plant and TS plant 
maintain the minimum output, and the geothermal energy is 
stored in the TESTs during low electricity price hours. Dur‐
ing high electricity price hours, the TS plant utilizes heat to 
generate electricity. This increases the value of geothermal 
energy generation. Thus, the CG pattern for the capacity allo‐
cation of the HDR-TS coalition is described as follows.

1) Player: {H, T} and {P}.
2) Strategy set: ΩH ´ΩT and ΩP, where  ́ represents the 

Cartesian product.
3) Payoff: coalition payoff fHT = f CG

H + fT and fP .
Since the TS plant can directly store and utilize the geo‐

thermal energy as denoting in operational constraint (27), the 
outlet thermal power of the TS exchanger can be described 
as:

Qt
Hc =mt

ccpo (Th - Tl ) (36)

The equilibrium solution of the capacity allocation for the 
HDR-TS coalition is expressed as:

ì

í

î

ïïïï

ïïïï

(P *
H P

*
T )= arg max

PH PT

fHT

P *
P = arg max

PP

fP

(37)

The constraints of (P *
H P

*
T ) include (2)-(4), (23)-(31), and 

(36). The constraints of P *
P include (33)-(35).

2) Capacity Allocation for {{H, P}, T}
In the HDR-PV coalition, the HDR plant can provide re‐

serves for the PV plant, which reduces the curtailment losses 
and load shedding penalties of the PV plant and increases 
the total coalition payoff. Therefore, the CG pattern for the 
capacity allocation of the HDR-PV coalition is described as 
follows.

1) Player: {H, P} and {T}.
2) Strategy set: ΩH ´ΩP and ΩT.
3) Payoff: coalition payoff fHP = f CG

H + fP  and fT.
The purpose of an HPS consisting of an HDR plant, a TS 

plant, and a PV plant is to rely on a stable HDR plant to pro‐
vide reserves for the PV plant. This equates the PV plant to 
a dispatchable plant and satisfies the requirements of the 
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power grid with regard to the power fluctuation rate. There‐
fore, the HDR-PV coalition should also satisfy the EFC con‐
straints during operation:

|ξ st
P -Rst

H -P t
P| £ σP t

P (38)

where σ is the allowed fluctuation rate; and Rst
H  is the re‐

serves provided by the HDR plant to the PV plant, which is 
modeled as:

Rst
H =Dmst

α ηPcpr (THDR - T st
well ) (39)

where Dmst
α  is the mass flow rate of the brine to be adjusted 

when the reserves are called.
The equilibrium solution of the capacity allocation for the 

HDR-PV coalition is expressed as:

ì

í

î

ïïïï

ïïïï

(P *
H P

*
P )= arg max

PH PP

fHP

P *
T = arg max

PT

fT

(40)

The constraints of (P *
H P

*
P ) include (2) - (4), (33) - (35), 

(38), and (39). The constraints of P *
T include (23)-(31).

3) Capacity Allocation for {{T, P}, H}
In the TS-PV coalition, on the one hand, the TS plant can 

absorb excess PV power. On the other hand, it can provide 
up reserves for the PV plant. This reduces the curtailment 
losses and load shedding penalties of the PV plant and in‐
creases the coalition payoff. The CG pattern for the capacity 
allocation of the TS-PV coalition is described as follows.

1) Player: {T, P} and {H}.
2) Strategy set: ΩT ´ΩP and ΩH.
3) Payoff: coalition payoff fTP = fT + fP and f NCG

H .
Similar to the HDR-PV coalition, the TS-PV coalition is 

subject to the EFC constraint in its operation:

|ξ st
P -Rst

T -P t
P| £ σP t

P (41)

where Rst
T  is the reserve provided by the dry storage thermal 

power plant to the PV plant, which is modeled as:

Rst
T =Dmst

dcηPcpo (Tc - Tl )-P st
Pcur (42)

where Dmst
dc is the mass flow rate of the HTO.

The equilibrium solution of the capacity allocation for the 
TS-PV coalition is expressed as:

ì

í

î

ïïïï

ïïïï

(P *
T P

*
P )= arg max

PT PP

fTP

P *
H = arg max

PH

f NCG
H

(43)

The constraints of (P *
T  P

*
P ) include (23) - (31), (33) - (35), 

(41), and (42). The constraint of P *
H includes (1).

4) Capacity Allocation for {{H, T, P}}
In the HDR-TS-PV coalition, the TS plant can absorb the 

surplus PV power and geothermal power to achieve profit‐
ability. The HDR plan increases the geothermal energy value 
through the TS plant, and the PV plant reduces the curtail‐
ment losses and load shedding penalties through the reserves 
provided by the HDR plant and the TS plant. This increases 
the total payoff. The CG pattern for the capacity allocation 
of the HDR-TS-PV coalition is described as follows.

1) Player: {H, T, P}.
2) Strategy set: ΩH ´ΩT ´ΩP.
3) Payoff: coalition payoff fHTP = f CG

H + fT + fP .

The EFC constraint of the HDR-TS-PV coalition is given 
as:

|ξ st
P -Rst

H -Rst
T -P t

P| £ σP t
P (44)

The equilibrium solution of the capacity allocation for the 
HDR-TS-PV coalition is expressed as:

(P *
H P

*
T P

*
P )= arg max

PH PT PP

fHTP (45)

The constraints of (45) include (2) - (4), (23) - (31), (33) -
(35), (39), (42), and (44).

The aforementioned NCG and CG approaches involve up‐
per and lower bound constraints on each variable. These are 
not presented here individually, owing to space constraints.
5) Constraint Linearization

The product term of two decision variables in (4) and (39) 
causes the whole capacity allocation approach to be nonlin‐
ear. This paper addresses the Boolean expansion method 
[25] to transform the nonlinear problem into a mixed-integer 
linear planning problem.

Define K as the set of segments. T t
well can be divided into 

2K - 1 segments as:

T̂ t
well = T min

well +∑
kÎK

2k - 1ut
kDT (46)

where T̂ t
well is the discrete value of T t

well after piecewise linear‐
ization; ut

k is a 0-1 variable, indicating whether the current 
segment at time t is included in T̂ t

well; and DT is the mini‐
mum temperature difference. Then mt

αT
t
well in (4) can be 

changed to:

mt
αT

t
well »mt

αT
min
well +∑

kÎK

2k - 1vt
kDT (47)

mmin
α £ vt

k £mmax
α ut

k (48)

mmin
α £mt

α - vt
k £mmax

α (1 - ut
k ) (49)

where mmin
α  and mmax

α  are the minimum and maximum values 
of mt

α, respectively; and vt
k =mt

αu
t
k.

It can be observed that (47) with vt
k as the variable is lin‐

ear. In the same way, (39) can also be transformed into a lin‐
ear equation. Then, the proposed approaches can be solved 
using MATLAB2016b and CPLEX12.8 solvers.

V. CASE STUDY 

A. System Parameters

The scenario is constructed based on practical data from 
the Gonghe Basin, Qinghai, China. The region has a plateau 
continental climate as one of the 10 GW level clean energy 
bases with abundant solar energy resources and is also the 
only high-quality HDR resource area in China. The opera‐
tion parameters of the HDR plant are selected according to 
the local HDR resources [13]. The detailed parameters of the 
system are shown in Table I.

To focus more on the competition and cooperation among 
the three players, the simulation in this study satisfies the 
following assumptions:

1) HDR plants are double-well systems [26].
2) The effects of grid congestion and line capacity are ne‐

glected.
3) The installed capacity of the HPS is 100 MW.
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In the proposed HPS, HDR geothermal energy is not af‐
fected by seasonal variations. Meanwhile, PV plants are sus‐
ceptible to weather variations, and their day-ahead prediction 
accuracy is closely related to the weather state [27]. There‐
fore, this paper uses practical PV plant data under four 
weather conditions (rainy, sunny, cloudy, and overcast) to 

model typical days for capacity allocation. According to 
practical local meteorological statistics, the percentages of 
rainy, sunny, cloudy, and overcast days are 24%, 35%, 17%, 
and 24%, respectively. The solar irradiance and TOU elec‐
tricity prices on typical days are shown in Fig. 2.

The sample sets of data on various typical days are Nrainy, 
Nsunny, Ncloudy, and Novercast, respectively. The corresponding 
probability sets of their samples are πrainy, πsunny, πcloudy, and 
πovercast, respectively. Assuming that the four weather condi‐
tions are mutually exclusive, the set of total samples NS is 
Nrainy Nsunny NcloudyNovercast. Its corresponding probability πs is 
obtained from the joint probability distribution of the proba‐
bility sets of the four types of samples. This paper uses the 
Latin hypercube method [28] to sample the solar irradiance 
curve on each typical day. According to [27], the day-ahead 
prediction errors before each typical day are 20% for cloudy 
day, 8% for sunny day, 10% for overcast day, and 20% for 
rainy day to generate 10000 samples each. The sample space 
of each typical day is reduced to 10 samples using the sce‐

nario reduction method [29]. The obtained 10000 joint sam‐
ples of typical days are again reduced to 100 samples using 
the same scenario reduction method.

B. Allocation Results of NCG

The NCG approach for capacity allocation of the pro‐
posed HPS is carried out using 3% as the allowed fluctua‐
tion rate. The capacity allocation results using the NCG ap‐
proach are shown in Table II. Under the current TOU elec‐
tricity price, the TS plant cannot obtain profits through arbi‐
trage, whereby its capacity allocation result is zero. The ca‐
pacity allocation of the HDR plant is 6.6 MW according to 
the mass flow rate of GMC [25]. The PV plant obtains 
93.4% of the total capacity of the proposed HPS with its ad‐

TABLE I
SYSTEM PARAMETERS

Parameter

Temperature of production well THDR

Mass flow range of production well mt
r

Minimum reinjection temperature T min
well

Initial temperature of HTO Tl

Specific heat capacity of HTO cpo

Specific heat capacity of brine cpr

Efficiency of ORC generator ηP

Insulation coefficient ηh

Efficiency of electric heater ηe

Value

200 ℃

50-75 kg/s [12]

40 ℃

25 ℃

1.938 kJ/(kg·℃)

4.2 kJ/(kg·°C)

13.2% [27]

99%

98%

Parameter

Annual investment of ORC generator cORC

Annual investment of TEST cTEST

Price of HTO cHTO

Annual investment of PV plant cPV

Price of thermal energy cQ

Efficiency of exchanger ηex

Prediction error of PV plant α

Permitted fluctuation rate σ

Penalty coefficient p

Value

200 $/(kW·year)

38.7 $/(ton·year)

3020 $/ton

33 $/(kW·year)

0.07 $/kWh

90%

20%

⩽10%
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Fig. 2.　Solar irradiance and TOU electricity price of typical days. (a) Rainy day. (b) Sunny day. (c) Cloudy day. (d) Overcast day.
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vantage of low investment cost. In the competition, the HDR 
plant always maintains full generation for maximizing its 
payoff. It will not reduce its output power by providing re‐
serves for the PV plant or geothermal energy for the TS 
plant. By contrast, the PV plant cannot prevent the curtail‐
ment losses and load shedding penalties. Further calculations 
show that the percentage of time that the proposed HPS sat‐
isfies the allowed fluctuation rate is only 53.96% due to the 
fluctuation of the PV generation. The curtailment losses and 
load shedding penalties of the PV plant amount to 12.32% 
of its annualized payoff.

C. Allocation Results of CG

As shown in NCG, the TS plant is not profitable, the PV 
plant has a large amount of curtailment and load shedding 
losses, and the HDR plant is incapable of utilizing the TOU 
electricity price to increase its payoff. The capacity alloca‐
tion results using the CG approach, where the three players 
are willing to cooperate to increase the total profits of the 
proposed HPS and their individual payoffs simultaneously, 
are shown in Table III.

Table III reveals that the HDR plant is allocated the maxi‐
mum installable capacity regardless of competition or cooper‐
ation. This result is owing to the stable output of the HDR 
plant, with annual utilization hours exceeding 8000. Howev‐
er, when the HDR plant forms a coalition with the PV plant, 
it can provide reserves and reduce part of the losses and pen‐
alties of the PV plant. Its residue heat losses also increase 
the operation cost. As a result, the total payoff of the corre‐
sponding HPS increases only by 2.05%. The final result is 
that the three players form a grand coalition. At this point, 
the total payoff of the corresponding HPS is increased by 
8.52% relative to the NCG. In addition, the percentage of 
time that the PV plant satisfies the allowed fluctuation rate 
is increased to 95%. Therefore, the PV plant can be equated 
to a dispatchable power source. Figure 3 presents the opera‐
tion results of each player in the HDR-TS-PV coalition on 

typical days, where P t
US and P t

DS represent the up and down 
reserves provided by the HDR plant and TS plant, respective‐
ly.

No matter how the environmental conditions change, the 
TS plant permanently stores geothermal energy during the 
low-electricity-price periods and profits from the high-elec‐
tricity-price periods to realize the peak shaving services. In 
terms of providing reserves to stabilize the fluctuation of the 
PV plant, Fig. 3 shows that the reserves provided by the 
HDR plant and TS plant under the cloudy condition are 
much more than those under other environmental conditions. 
This result indicates that the prediction error of the PV plant 
under cloudy condition increases and the power uncertainty 
intensifies, and the proposed HPS needs to prepare more re‐
serve capacity to cope with more severe power fluctuations 
under the cloudy condition. Finally, the capacity allocation 
based on the complete CG strategy can meet the operation 
requirements of an HPS under four environmental condi‐
tions, which verifies the correctness and effectiveness of the 
proposed approaches and models.

D. Payoff Allocation of HDR-TS-PV Coalition

As mentioned above, the three players increase the total 
payoff of the proposed HPS in CG and meet the overall ra‐
tionality. Then, the total payoff needs to be allocated to the 
coalition members reasonably and without bias to satisfy 
their individual rationality, thereby promoting the stability of 
the coalition. The stability of the HDR-TS-PV coalition is 
the premise for further analysis of the proposed HPS and the 
benefits of the players. We use the minimum core (ε-core) 
method to analyze the stability of the proposed HPS. The re‐
sult of the stable core set is shown in the blue region in Fig. 
4. The payoff distribution in the blue region can ensure that 
the three players are always willing to form a grand coali‐
tion, and the overall rationality of the corresponding HPS 
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Fig. 3.　Operation results of each player in HDR-TS-PV coalition on typi‐
cal days.

TABLE II
CAPACITY ALLOCATION RESULTS USING NCG APPROACH

Coalition form

{H}, {T}, {P}

P *
H 

(MW)

6.6

P *
T 

(MW)

0

P *
P 

(MW)

93.4

Payoff of each 
player (M$/year)

f NCG
H = 3.66, fT = 0,

fP = 13.34

Total payoff 
(M$/year)

17.00

TABLE III
CAPACITY ALLOCATION RESULTS USING CG APPROACH

Coalition 
form

{H, T, P}

{H, T}, {P}

{H, P}, {T}

{H}, {T, P}

P *
H 

(MW)

6.6

6.6

6.6

6.6

P *
T 

(MW)

4.49

7.55

0

5.18

P *
P 

(MW)

88.91

85.85

93.40

88.22

Payoff of each 
player (M$/year)

fHTP = 18.45

fHT = 4.61, 
fP = 12.37

fHP = 17.35, fT = 0

f NCG
H = 3.66, 
fTP = 12.26

Total payoff 
(M$/year)

18.45

16.98

17.35

15.92
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and the individual rationality of the players can be satisfied 
simultaneously.

The Shapley value is the fairest and most reasonable val‐
ue of the payoff allocation among game players. It is based 
on the marginal contribution and is widely used in the pay‐
off allocation of the CG approach [30]. Table IV presents 
the payoff based on the Shapley value allocated to the play‐
ers in the HDR-TS-PV coalition.

As shown in Table IV, the payoff of the HDR plant is in‐
creased by 28.87%, whereas the TS plant achieves the profit‐
ability through the zero marginal cost of geothermal energy 
and excess PV power. The PV plant increases its payoff by 
0.3% through cooperation. However, its output power satis‐
fies the grid assessment requirements during 95% of the gen‐
eration hours in the example scenario of this paper, thereby 
improving the grid-connection reliability.

Therefore, the cooperation is preferred over the competi‐
tion in the proposed HPS. The capacity allocation using a 
CG approach in which the players form a grand coalition 
that can maximize the payoff of both the whole HPS and in‐
dividual players. As can be observed from the payoff alloca‐
tion result obtained from the Shapley value shown in Fig. 4, 
the HDR-TS-PV coalition is stable under the payoff alloca‐
tion strategy based on the Shapley value. However, it should 
also be noted that this allocation result is close to the edge 
of the stable core set. The factors that affect the stable core 
set and allocation will be analyzed in detail below.

E. Sensitivity Analysis

In addition to the physical characteristics of power sourc‐

es and environmental conditions, the electricity price, penal‐
ty coefficient, and allowed fluctuation rate are the primary 
power grid parameters involved in the paper. The profit of 
HPS all comes from the sales of electricity to the power 
grid. Therefore, the electricity price is the key factor that af‐
fects the coalition of all players in HPS and the capacity al‐
location strategy. Based on the TOU electricity price shown 
in Fig. 2, the influence of electricity price on the payoff and 
stability of the HDR-TS-PV coalition is studied, as shown in 
Fig. 5.

In Fig. 5, the stable core set of the HDR-TS-PV coalition 
under different electricity price discounts and the payoff allo‐
cation based on the Shapley value is given. With the in‐
crease of the electricity price discount, the payoff of each 
player decreases, and the Shapley value gradually approach‐
es the edge of the stable core set. When the discount is more 
than 8%, the payoff of the TS plant will be negative at first. 
Thus, the distribution based on the Shapley value will not 
keep the HDR-TS-PV coalition stable, which further shows 
that when the electricity price falls, the marginal benefit of 
the TS plant will decrease the fastest, and the importance of 
players in forming a coalition will no longer be equal. There‐
fore, the payoff allocation method based on the Shapley val‐
ue is no longer applicable.

The load shedding penalty coefficient determines the price 
paid by the PV plant when it does not satisfy the fluctuation 
rate requirement and plays a decisive role in the willingness 
of the PV plant to participate in the cooperation. Therefore, 
it is necessary to analyze its impact on the HDR-TS-PV co‐
alition. Under the assumption that the total capacity of the 
proposed HPS is 100 MW, the stability of the HDR-TS-PV 
coalition is analyzed by setting the penalty coefficient p as 
5, 6, 7, 8, and 9, respectively, as shown in Fig. 6.

As shown in Fig. 6, the scope of the stability core set of 
the HDR-TS-PV coalition shrinks as the penalty coefficient 
decreases. When p is less than 4, the stable core set will be 
empty so that the HDR-TS-PV coalition is unstable. When p 
equals 5, the payoff allocation result based on the Shapley 
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TABLE IV
PAYOFFS BASED ON SHAPLEY VALUE AND ADDITIONAL PROFIT

Player

HDR plant

TS plant

PV plant

Payoff ($/year)

4717000

349000

13384000

Additional profit ($/year)

1057000

349000

44000
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value is no longer in the stable core set, which shows that 
the equal relationship between players is broken. Unlike the 
reason for the influence of electricity price discount on pay‐
off in Fig. 5, the main reason is that the PV plants cannot 
benefit through the cooperation. It is evident that the willing‐
ness of PV plants to participate in the HDR-TS-PV coalition 
decreases as the grid penalty for load-shedding of PV plants 
decreases.

The previous simulations show that the three players 
would eventually form a stable coalition in the proposed 
HPS with a high penalty coefficient and electricity price. To 
further investigate the role of HDR plants and TS plants in 
smoothing out power fluctuations and improving the grid-
connection reliablity of PV plants in the system, we relax 
the limit on the total capacity of the proposed HPS. Subse‐
quently, we perform the sensitivity analysis on the impact of 
allowed fluctuation rate σ on capacity allocation, and the re‐
sults are shown in Table V.

As shown in Table V, the capacity of HDR plant always 
maintains the maximum installable capacity, which is limited 
by the physical parameters of the GMC. The TS plant is lim‐
ited by the total geothermal energy exploitation yield. The 
quality of HTO that is required largely by the TS plant re‐
mains stable. With the increase of the ability of the power 

grid to withstand power fluctuation, the period and scale of 
the HDR plant and TS plant required to provide reserves for 
the PV plant in the proposed HPS are reduced accordingly, 
whereas the capacity allocation result of the PV plant is in‐
creased. The payoff of the proposed HPS increases mainly 
from the incremental part of the PV plant. A comparison 
with Table III shows that when the maximum capacity of the 
proposed HPS is relaxed, the system is able to allocate 
48.66% more capacity of the PV plant on the premise of sat‐
isfying 3% of the allowed fluctuation rate. It is achieved by 
increasing the capacity of the TS plant. However, owing to 
the limitation on the geothermal energy, the upper limit of 
the capacity of the TS plant is 10 MW.

Furthermore, the influence of the allowed fluctuation rate 
on the stability and payoff allocation of the HDR-TS-PV co‐
alition is analyzed, and the results are shown in Fig. 7. It 
can be observed that the increased allowed fluctuation rate 
shrinks the scope of the stable core set of the HDR-TS-PV 
coalition, and the payoff based on the Shapley value is grad‐
ually close to the edge of the stable core set. Due to the in‐
crease of capacity, the payoff of the PV plant increases obvi‐
ously. The payoff of the HDR plant remains stable, while 
the payoff of the TS plant decreases gradually. When the al‐
lowed fluctuation rate is more than 10%, the HDR-TS-PV 
coalition is unstable. This shows that when the ability of the 
power grid to withstand fluctuations is gradually close to the 
prediction ability of the PV plant, the PV plant no longer 
needs the HDR or TS plants to provide reserves, so the will‐
ingness of cooperation is reduced. The HDR plant relies on 
the stable geothermal energy, and its payoff remains stable. 
The payoff of the TS plant will mainly come from the peak 
shaving service in cooperation with the HDR plant.

Moreover, the total quality of HTO in Table V varies neg‐
ligibly with the allowed fluctuation rate. This result reflects 
that the geothermal energy has been adequately stored and 
utilized. The ratio of the capacity of stable power supply 
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TABLE V
SENSITIVITY ANALYSIS RESLUTS OF ALLOWED FLUCTUATION RATE ON 

CAPACITY ALLOCATION

σ 
(%)

3

5

7

10

Capacity 
of HDR 

plant 
(MW)

6.6

6.6

6.6

6.6

Capacity 
of TS 
plant 
(MW)

10

10

10

10

Capacity 
of PV 
plant 
(MW)

138.67

177.28

241.62

414.49

Total 
quality 
of HTO 

(ton)

2786

2803

2801

2799

Payoff of 
HPS ($/

year)

25190000

32930000

43390000

71410000

Annual 
cost of 
HPS ($/

year)

7200000

8510000

10570000
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Fig. 7.　Influence of allowed fluctuation rate on stability and payoff alloca‐
tion of HDR-TS-PV coalition.
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(HDR plant and TS plant) to the capacity of the PV plant in 
the proposed HPS is 1:8 under both the limited and relaxed 
conditions of the total capacity. At the same time, the exter‐
nal parameter boundaries are addressed to give full play to 
the complementary role of the proposed HPS under the 
source parameters and environmental conditions mentioned 
in this paper, i. e., the electricity price discount is less than 
8%, the allowable fluctuation rate is less than 10%, and the 
penalty coefficient is more than 5.

VI. CONCLUSION 

The HDR geothermal energy has the advantages of being 
stable, continuous, and unaffected by meteorological factors, 
which is highly preferable for providing energy storage ser‐
vices for grid-connected PV plants in alpine and high-alti‐
tude areas. However, conventional HDR plants are not ade‐
quately flexible to operate under such conditions and cooper‐
ate with TS plants to form a hybrid PV-storage power sys‐
tem. In this paper, we design the framework of an HPS con‐
sisting of HDR, TS, and PV plants, adopt the concept of 
game theory to construct the game pattern model of the pro‐
posed HPS with the HDR plant, TS plant, and PV plant as 
the players, and propose the payoff function of each player. 
Furthermore, the NCG and CG approaches for capacity allo‐
cation to maximize the payoff of the proposed HPS are es‐
tablished based on the capacity allocation strategy of each 
game player.

Finally, the model and approaches proposed in this paper 
are validated using the data of practical PV plants and HDR 
geothermal energy resources in the Gonghe Basin, Qinghai, 
China as a case study. The results show that the capacity al‐
location model proposed in this paper can effectively in‐
crease the total payoff of the HPS and the individual payoff 
of each player. Simultaneously, it reduces the system power 
fluctuation and enhances the grid-connection reliability 
through EFC constraints. A parameter sensitivity analysis al‐
so shows that the penalty coefficient plays a decisive role in 
the stability of the HDR-TS-PV coalition.
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