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ABSTRACT 

The industrial park (IP) possesses a great potential for 

peak shaving as a relatively independent large-scale 

distribution unit. In this paper, game theory is introduced 

to model the joint planning of energy storage systems (ESS) 

and renewable energy systems (RES). A non-cooperative 

game-theoretic models is built by taking the power supply 

company, consumers and independent operators as the 

three players and their life cycle income as payoffs. A bi-

level optimization model considering both planning and 

operation is constructed for solving the Nash equilibrium. 

Finally, the proposed method is verified via a virtual IP in 

Guangdong province, China and the technical and the 

economical outputs are presented. 

INTRODUCTION 

With the development of society, industrial park (IP) has 

become a trend of urban planning which highly 

concentrates manpower and material resources. As a 

relatively independent large-scale distribution unit, IP 

possesses a great potential for AND peak shaving. The 

power supply company (PSC), consumers and the 

independent operator (IO) are the three main stakeholders 

in the process of peak shaving. This paper deals with the 

long-term planning and the short-term operation by the use 

of Game Theory, in order to take into account all the 

stakeholders with their respective objectives. 

In recent studies, [1] propose a modified energy 

management system for stand-alone IPs in order to 

maximize the use of RESs and the lifetime of ESSs. In [2], 

a real-time interactive energy management system is 

developed in order to manage several microgrids 

connected to the distribution network. Regarding the 

combination of the planning and the energy management 

of the system, decisions have to be taken at different time 

horizons. The combination of long-term planning and 

short-term operation has also been treated in [3], [4] by 

looping the planning and the operational management 

through an optimization formulation. However, all of them 

consider the benefits of the system composed of several 

stakeholders as a whole, not to take into account all the 

stakeholders with their respective objectives. 

Game Theory is however not new in the field of Smart 

Grids and has been applied to solve power system 

decision-making problems [5]. The main contributions 

target most of the time the minimization of the energy 

costs, for each stakeholder of the community or for the 

system as a whole. These can nevertheless be classified 

into two categories which depend on the game action 

variables employed to fulfill that objective: 

 Regulate the generation and consumption in IPs, in 

day-ahead and in real-time, using non-cooperative [6] 

and cooperative [7] games.  

 Define the internal electricity prices which maximize 

the profit of the IP [8], [9]. 

In this paper, the joint peak-shaving strategy of ESS and 

RES in IPs is first proposed, and then the economic benefit 

models of the three stakeholders, i.e., PSC, consumers and 

IO, are established respectively. A brief introduction to 

Game Theory is given, and then a bi-level optimization 

model considering both the planning and the operation is 

proposed for solving the Nash equilibrium consisting of 

three stakeholders. Finally, the proposed method is 

verified via a virtual IP in Guangdong province, China and 

the technical and the economical outputs are presented. 

TECHNO-ECONOMIC MODELING 

Peak shaving strategy 

As shown in Figure 1(a), the annual peak power Epeak is 

presented as the shadow area in the top left of the annual 

duration load curve which exceeds the peak-shaving limit 

L0. Obviously, Epeak and L0 are denoted as: 

 
peak ESS RES E E E                      (1) 

 ESS RES    L P P                            (2) 

 0 maxL L                                  (3) 

Figure 1(b) shows the joint peak-shaving process of ESS 

and RES in time-series load curve. It can be concluded that 

ESS and RES should have sufficient capacity to meet the 

scenarios with continuous peak-shaving demands, which 

can be modeled as the following inequality constraints: 

  RES RES RES RES

1 2 maxmax , ,..., nS S S S                (4) 

  ESS ESS ESS

1 2 ESSmax , ,...,  nS S S E               (5) 

Where RES

maxS  is the maximum continuous suspension of 

electricity within a year, and ESSE  is the installed 

capacity of ESS. 

Economic analysis and modeling 

In this paper, the total cost of the IP in the life cycle over 

the selected time horizon is converted to the present value 

by a discount rate r, which consists of two items: (1) the 

long-term investment cost Cinv, (2) the short-term 

operation cost Cope. 
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Where Ytot is the number of years of planning, d represents 

the day of a year Y and ,

ope

N tC  is the operation cost for the 

stakeholder N, accumulated until day t=d+(Y-1)×365. 

If N = consumers or IO: 
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If N = PSC: 
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Where, peak

Nl  represents the responsibility of the 

stakeholder N in the global peak consumption. , peak

d p , 

, peak

in p  and , peak

in p  are, respectively, the peak part of the 

electricity distribution, transmission and purchasing costs. 
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Figure 1-Joint peak shaving of ESS and RES: (a) in annual 

duration load curve; (b) in annual time-series load curve 

SOLVING METHODOLOGY 

Another difficulty of this particular planning process is to 

consider the different stakeholders. For this purpose, a 

non-cooperation extensive game based on Game Theory is 

introduced, and a bi-level optimization model considering 

both the planning and the operation is proposed for solving 

the Nash equilibrium consisting of the three stakeholders: 

consumers, PSC and IO.  

Game theory 

Game Theory is a concept which models the interactions 

between some agents in order to take decisions that fulfill 

their own objectives in the best way. Game Theory is based 

on the theory of the rational choice which means that a 

player will choose an action which is at least as good as 

the other available actions. The equilibrium is not 

necessarily the optimal solution for each one but is such 

that, if anyone deviates from it, the risk of weakening the 

global solution would increase.  

The proposed non-cooperative extensive game is 

characterized as the possibility to describe the succession 

in the decision-making process of the Ntot players, which is 

then presented by a tree structure shown as Figure 2. The 

particularity of this kind of game is the possibility of 

switching to a Normal-Form game in order to compute a 

Nash Equilibrium, as described above. 

...
... ...

...

N=1

N=2 N=2

N=Ntot
N=Ntot

a1,1 a1,m1

a2,1 a2,m2 a2,1 a2,m2

aNtot,1 aNtot,mtot

aNtot,1 aNtot,mtot

ω1

Φ={ω1, ω2, ..., ωtot}

ωtot

(a1,1, a2,1,...,aNtot,1) (a1,mtot, a2,mtot,...,aNtot,mtot)
ω2

 
Figure 2-Representation of an extensive game. 

Bi-level optimization model 

In this paper, a bi-level optimization model considering 

both planning and operation is constructed, which is 

utilized in the process of solving the Nash equilibrium. 

Level-1 model 

This model is designed as a nonlinear programming 

problem utilized to determine the optimal installed 

capacity of  ESS which selects Ldiv as the decision variable. 

And then ΔPESS and ΔPRES can be denoted as: 

0BESS divP L L                              (10) 

maxDR divP L L                             (11) 

The ΔEESS and ΔERES can be determined by the annual 

duration load curve. The objective function is designed as: 

1min  total

Nf C                            (12) 

The Sequential Quadratic Programming method (SQP) is 

applied to solve this model. The iteration 1f  feedbacks to 

the total objective function, and ΔEBESS, ΔPBESS, ΔEDR and 

ΔPDR are transmitted to the level-2 model. 

Level-2 model 

This model is designed as a mixed integer linear 

programming (MILP) utilized to determine the optimal 

layout of ESS and economic dispatch of ESS and DR. 

( )ESS

kP t  and ( )RES

kP t  are selected as the decision variables. 

And the objective function is designed as: 

2max  ope

Nf C                            (13) 
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The branch and bound method is applied to solve this 

model. The iteration 2f  feedbacks to the total objective, 

and ( )BESS

kP t  and ( )DR

kP t  are transmitted to the next 

module. 

Electricity Price
Inputs

Basic parameters

Decision tree 

generation

the possibility to describe the 

succession in the decision-making 

process of all of the Ntot players

Outputs: decision tree

Level-1 model

Installed Capacity optimization 

designed as a nonlinear problem for 

each terminal node of decision tree

Outputs: Investment cost

Level-2 model

Operation optimization designed as a 

MILP problem for each terminal node 

of decision tree

Outputs: Operation cost

Global 

equilibrium

Using the arrow pointing method to 

solve Nash Equilibrium of the non-

cooperative extensive game

Outputs: Nash 

Equilibrium solution  
Figure 3-The complete solution process. 

Complete solution process 

The complete solution process is shown in the Figure 3. 

The electricity price and basic parameters of the IP are 

input into the solution process. And the decision tree 

including the possibility to describe the succession in the 

decision-making process of all of the Ntot players is 

generated. The decision tree is passed to the bi-level which 

optimize each terminal node of the decision tree 

1 2{ , ,..., }    tot . The level-1 model is utilized to 

optimize the installed capacity of each player and the 

investment cost can be calculated. The level-2 model is 

utilized to optimize the operation of the IP and the 

operation cost can be calculated. Finally, the Nash 

Equilibrium of the non-cooperative extensive game can be 

solved by the arrow pointing method. 

CASE STUDY 

The considered virtual IP is composed of 3 stakeholders: 

the PSC, the consumer and the IO. The IP is connected to 

the 10.5 kV distribution network. The long-term decisions 

available for the consumer are to invest in a PV installation 

(PV) or to do nothing (No). The IO can choose to invest in 

an ESS or to do nothing (No). For the PSC, the long-term 

decisions are to apply either a medium fee or a low fee. 

The uncertainty of the consumptions and prices evolutions 

are taken into account through several scenarios (S) 

defined as follows: 

 Global consumption remains constant (S1): 

S1,1: Prices are unchanged over the planning period; 

S1,2: Prices increase by 3% each year; 

S1,3: Prices decrease by 3% each year; 

 Global consumption increases by 2% each year (S2): 

S2,1: Prices are unchanged over the planning period; 

S2,2: Prices increase by 3% each year; 

S2,3: Prices decrease by 3% each year; 

 Global consumption decreases by 2% each year (S3): 

S3,1: Prices are unchanged over the planning period; 

S3,2: Prices increase by 3% each year; 

S3,3: Prices decrease by 3% each year; 

Analysis of the decisions and the costs 

For all scenarios, the found equilibrium corresponds to the 

combination of applying a medium fee for the IP, investing 

in a PV installation for the consumer and investing in an 

ESS installation for IO. Three NPVs are computed over 

the 20 years of planning in order to analyze and discuss the 

results: 

 NPV1 is the NPV if only investments are realized 

(without price framework and without operation 

optimization); 

 NPV2 is the NPV with investments and the price 

framework, but without operation optimization; 

 NPV3 is the NPV with investments the price 

framework and the operation optimization; 

The first analysis consists in comparing the situations 

integrating investments with the current one according to 

three cases shown in Figure 4. A negative represents an 

earning and a positive one means a loss.  

Besides reducing the global expenses over the 20 years 

horizon, the PSC also allows a reduction of the time of 

return on investment. The development of the PSC price 

framework with operation optimization allows, in average, 

a decrease of about 28.9% of the time of return on invest-

ment for consumers. With variable distribution network 

prices, the PSC also has the possibility to apply different 

pricing schemes inside the IP. This section shows the 

occurrence of each kind of pricing scheme over the 7300 

days of planning for the simulations with and without the 

operation optimization. This means that applying prices 

with the same trend than the electricity price is the most 
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common choice while the occurrences of the other kinds 

of pricing are quite similar. 

 

 

 
Figure 4-Cost saving rate for PSC, consumers and IO for all 

scenarios. 

Analysis of the power exchanges 

In this section, the operation of the IP as a whole is 

analyzed through different indices, which are computed 

over the Ytot years of planning. The top part of Table I 

summarizes the installations and exchanges inside the IP. 

The internal indices are the Total Installed Capacity (T IC), 

the Renewable Energy Penetration (REP, computed as the 

ratio between the total kWh renewable energy produced 

and the total kWh electricity demand), the Internal 

Exchanges Probability (IEP, computed as the ratio 

between the total hours of internal exchanges and the total 

hours of operation 8760 × Ytot) and the Internal Energy 

Exchanges (IEE). The lower part of Table I allows the 

analysis of the exchanges between the IP and the 

distribution network. The external indices are the Purchase 

Probability to the distribution network (PP , computed as 

the ratio between the sum of hours when the IP purchases 

energy from the distribution network and the total grid-

connected hours), the Total Energy Purchased (TEP ) from 

the distribution network, the Selling Probability to the 

distribution network (SP , computed as the ratio between 

the sum of hours when the IMG sales energy to the 

distribution network and the total grid-connected hours) 

and the Total Energy Sold (TES) to the distribution 

network. Table I presents those indices for S1, S2 and S3 (as 

the electricity prices evolutions do not change significantly 

their values). 

As the sizing of the PV installation is adapted to the future 

evolution of the consumption, the TIC is adapted for each 

scenario. This allows the REP to be more or less constant, 

even if it is slightly lower for S2 and higher for S3. Given 

the fact that generation and consumption are both higher 

for S2, the IEE is also higher (even if the TEP remains 

almost constant). Regarding the PP, its higher value for S2 

is also directly linked to the lowest REP. Indeed, there is 

more energy to purchase in order to cover all the 

consumption. On the other hand, the SP is lower, which 

means that the amount of electricity self-consumed is 

higher. The argumentation is the opposite one for S3. 

Table I Indices of power exchanges analysis 

 TIC(kW) REP(p.u.) IEP(p.u.) IEE(GWh) 

S1 800.64 0.32 0.21 1.53 

S2 882.44 0.31 0.22 1.81 

S3 789.94 0.34 0.23 1.45 

 PP(p.u.) TEP(GWh) SP(p.u.) TES(GWh) 

S1 0.89 43.11 0.13 3.53 

S2 0.91 50.76 0.12 3.65 

S3 0.87 39.98 0.15 4.27 

Technical analysis 

Each day, a load flow is performed a posteriori to check 

the voltage of the planned day in order to technically 

permit the selected decisions. Indeed, this step is very 

important given the fact that the objective function and the 

computed equilibria are only based on economics 

parameters. This load flow allows to observe the nominal 

voltage at each node as well as the power flows. In all the 

simulated scenarios, the voltage of 10.5kV remains within 

the limit of -10% and +10%, and so the proper operation 

of the IMG is ensured. 

CONCLUSION 

In this paper, game theory is introduced to model the joint 

planning of energy storage systems (ESS) and renewable 

energy systems (RES). A non-cooperative game-theoretic 

models is built by taking the power supply company, 

consumers and independent operators as the three players 

and their life cycle income as payoffs. A bi-level 

optimization model considering both planning and 

operation is constructed for solving the Nash equilibrium. 

Finally, the proposed method is verified via a virtual IP in 

Guangdong province, China and the technical and the 

economical outputs are presented. 

The results have shown that, for consumers who invest in 

a PV installation, the profit is increased and the time of 
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return on investment is decreased thanks to the electricity 

price framework. Indeed, the operation inside an IP allows 

the consumers to take more advantage of their generation. 

It is shown that the expected financial losses linked to the 

decrease of external exchanges via the distribution 

network (and thus to a decrease of the grid component of 

the companies electricity bills) are almost entirely 

compensated by its fees for its new role. Finally, the 

analysis of some exchanges indices and of the consumers 

self-consumption rates have confirmed the previous results. 
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