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How to obtain the optimal decision-making scheme based on the investment behavior of
various stakeholders is an important issue that needs to be solved urgently in incremental
distribution network planning. To this end, this article introduces the virtual player “Nature” to
realize the combination of the game theory and robust optimization and proposes an
incremental distribution network source–load–storage collaborate planning method with a
multi-agent game. First, the planning and decision-making models of a DG investment
operator, a distribution network (DN) company, power consumers, and a distributed
energy storage (DES) investment operator are constructed, respectively. Then the static
game behaviors between the DG investment operator and distribution network company,
as well as the DG investment operator and the DES investment operator, are analyzed based
on the transfer relations between these four participants. At the same time, robust optimization
is used to deal with the uncertainty of the DG output, and the virtual player “Nature” is
introduced to study the dynamic game behavior between the DG investment operator and the
distribution company. Finally, a dynamic–static joint game planning model is proposed. The
simulation results verify the correctness and effectiveness of the proposed method.

Keywords: multi-agent planning, robust optimization, dynamic–static joint game, iterative search method,
collaborative planning

1 INTRODUCTION

With the steady progress of pilot reform, incremental distribution business in China began to
become open to social capital (Liu and Yang, 2021). At the same time, distributed generation (DG)
investors, power consumers participating in demand side response (DSR), and distributed energy
storage (DES) investors, in the role of independent entities, started to participate in the investment
and operation of the distribution network. The diversification of investors has become one of the
most significant characteristics of China’s incremental distribution network (Ma and Wang, 2017;
Liu et al., 2020; Shen and Raksincharoensak, 2021a; Ma et al., 2021). Additionally, more uncertainties
have been injected into it. Therefore, it is of great theoretical and practical significance to study the
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incremental distribution network planning method considering
multiple independent participants and uncertainties (Li et al.,
2020; Li et al., 2021a; Shen and Raksincharoensak, 2021b).

At present, distribution network planning considering multiple
investment entities have attracted increasing research attention
among investment operators and academic communities (Su
et al., 2016; Li et al., 2017; Zhu et al., 2020; Li et al., 2021b). Su
et al. (2016) analyzed the cost–benefit relationship between DG
investment operators and distribution network companies after
the access of DGs, establishing the model of optimizing DG
capacity. Li et al. (2017) proposed a three-layer planning model of
an active distribution network considering the interests of
distribution network companies, DG operators, and consumers.
Although the benefits or costs of different entities are modeled
independently in the aforementioned article, the whole planning
model is based on the overall rationality, aiming for optimizing the
weighted sum, rather than the independent optimization of each
investment entity. This cannot inflect the market mechanism of the
actual incremental distribution network, deteriorating its economic
performance (Liao et al., 2018). Therefore, it is a promising way to
construct an incremental distribution network planning model based
on individual rationality and game theory, improving the planning
decision efficiency (Li and Xu, 2020a; Shen et al., 2022a).

Currently, the game issue in distribution network planning has
been widely studied (Mei et al., 2011; Lu et al., 2014; Wen et al.,
2016). Based on the complete information from the dynamic
game theory, Mei et al. (2011) took photovoltaic, energy storage,
and power grid as game participants, analyzed the game
relationship between them in the market environment, and
established a coordinated planning model of the optical
storage network. According to the possible alliance
relationship between wind power generation, photovoltaic
power generation, and energy storages, Wen et al. (2016)
proposed five non-cooperative and cooperative game planning
modes and obtained the optimal capacity allocation scheme
under them. The aforementioned references analyzed the game
relation between each participant, establishing various game
models from the perspective of dynamic and static and
cooperative and non-cooperative. However, the uncertainties
of distribution network are not considered, and the accuracy
of planning cannot be guaranteed in the large-scale access of
distributed power (Lu et al., 2014).

In this article, the main contributions are summarized as
follows:

(1) By introducing the virtual player “Nature,” the deep integration
of the game theory and robust optimization was realized.

(2) Considering multi-agent dynamic and static game, a
source–load–storage collaborative planning method for
incremental distribution networks was proposed.

(3) The uncertainty of DG output is fully considered. The
network topology is actively changed to enhance
robustness in large fluctuations of the DG output, and the
planning result is more reasonable.

The correctness and effectiveness of the proposed method are
verified in a modified IEEE 33-bus distribution network system.

2 PLANNING MODEL OF EACH
INVESTMENT ENTITY

2.1 DG Investment Operator
2.1.1 Objective
The objective is to maximize the total operation cost of DG investment
operatorswhile satisfying prevailing physical constraints (Shi et al., 2016;
Li and Xu, 2020b). The details can be generally described as follows:

maxCDG(xi,Ni) � CDG
S + CDG

C − (CDG
I + CDG

OM), (1)
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

CDG
S � ∑Ωt

t�1
θes1 · PDG

t +∑Ωt

t�1
θes2 · PDG

qt

CDG
C � ∑Ωt

t�1
θgc · PDG

t

CDG
I � (θsg ·∑Ωi

i�1
xi · PDG

sg ·Ni) · r(1 + r)LT
(1 + r)LT − 1

CDG
OM � ∑Ωt

t�1
θom · PDG

t

. (2)

2.1.2 Constrains
The constraint conditions of the DG investment operator
planning model mainly include the restriction of the number
of nodes to be selected in DG and the constraint of the DG output
(Jin et al., 2017; Shen et al., 2020a; Shen et al., 2020b).

Ni. min ≤Ni ≤Ni. max, (3)
PDG
min ≤P

DG
t ≤PDG

max. (4)

2.2 Distribution Network Company
2.2.1 Objective
The objective is to maximize their income of DN company, and the
mathematical expression of the model can be expressed as follows:

maxCDN(yi) � CDN
S − (CDN

I + CDN
L + CDN

B1 + CDN
B2 + CDES

B3 ). (5)
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2.2.2 Constrains
The constraint conditions of the distribution network company
planning model mainly include new line investment constraint,
branch flow constraint, and safety constraint.

∑Ωk

k�1
yj,k � 1, (7)

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Pi.t � Ui.t ·∑

j∈i
Uj.t · (Gij · cosθij + Bij · sinθij)

Qi.t � Ui.t ·∑
j∈i

Uj.t · (Gij · sinθij − Bij · cosθij) , (8)

{Ui. min ≤Ui.t ≤Ui. max

Pij.t ≤Pij. max
. (9)

2.3 Power Consumers
2.3.1 Objective
The objective function of the power consumer planning model is
CUS. The details are as follows:

CUS(Pit, Pout, Pin) � CUS
B + CUS

C , (10)
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

CUS
B � ∑Ωt

t�1
ωeb · (Pit

t + Pout
t − Pin

t )
CUS

C � ∑Ωt

t�1
ωgc · Pit

t

. (11)

2.3.2 Constrains
The constraints of the power consumer planning model
mainly include transfer load power constraints and
interruptible load power constraints according to the
demand-side response mode (Guo and Liu, 2017; Shen
et al., 2021b).

{ λminP
load
t ≤Pout

t ≤ λmaxP
load
t

μminP
load
t ≤Pin

t ≤ μmaxP
load
t

, (12)

∑Ωt

t�1
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t � ∑Ωt

t�1
Pin
t , (13)

Pit
min ≤P

it
t ≤P

it
max. (14)

2.4 DES Investment Operator
2.4.1 Objective
The objective function CDES of distributed energy storage
investment operators mainly includes the profit of energy
price difference CDES

S , government daily subsidy CDES
C , DES

investment cost CDES
I , and energy storage equipment operation

and maintenance cost CDES
OM . The details are as follows:

maxCDES � CDES
S + CDES

C − (CDES
I + CDES

OM ), (15)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

CDES
S � ∑Ωt

t�1
ψeb3P

DES
t Tt −∑Ωt

t�1
θes2P

DG
t Tt −∑Ωt

t�1
λesP

DN
t Tt

CDES
C � CDES

I × 15%/(365 ·N)

CDES
I � (KinCAC + KPPmax) · r(1 + r)LT

(1 + r)LT − 1

CDES
OM � KOPmax +KMEdis.year

Cday � CDES
I /(N · 365) + KO · Pmax/365 +KM · Edis.day

.

(16)

2.4.2 Constrains
The constraint conditions of the DES investment operator planning
modelmainly include the active power output constraint and residual
capacity constraint of energy storage equipment.

{Pcha. min ≤Pcha ≤Pcha. max

Pdis. min ≤Pdis ≤Pdis. max
, (17)

SOCmin ≤ SOC≤ SOCmax. (18)

3 MULTI-AGENT GAME BEHAVIOR IN
INCREMENTAL DISTRIBUTION NETWORK
PLANNING
3.1 Transfer Relation Among Entities
The planning investment entities of this study are the DG
investment operator, DN company, power consumer, and the
DES investment operator. After the access of DG, the uncertainty
of its output would affect the security operation of the DN.
Therefore, the output of DG is considered as a special decision
variable to characterize its uncertainty, and “Nature” is
introduced as a virtual entity (Shen et al., 2017; Wang et al.,
2021; Zhang et al., 2021; Yang et al., 2022a).

The DG investment operator selects the location and capacity
under the current grid structure, transmitting the information to
the DN companies, “Nature,” and the DES investment operator.
Thereby, the DES investment operator would determine its
decision result according to DG’s location and capacity.

The active response measures are formulated by power
consumers after receiving time-of-use price information and
interruptible load incentive information, that is, it determines
the power of transfer load and interruptible load, feeding back to
DN companies in the form of an equivalent load.

After the DN company knowing the location of DG and the
current power grid structure, its planning would be interfered by
“Nature.”Therefore, when the output of DG is transmitted to theDN
company, it would accept the transmission information from other
entities and decide to establish a new line to form a new power grid
structure.
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3.2 Dynamic and Static Combined Game
Analysis
In this study, considering four entities and “Nature,” a
dynamic–static joint game pattern was put forward. The static
game behaviors were formed between the DG investment
operator and distribution network company, as well as the DG
investment operator and the DES investment operator. At the
same time, a dynamic game was formed between the distribution
network company and “Nature.”(Mei et al., 2016).

The final game equilibrium state is described as follows:

⎧⎪⎨⎪⎩
f p � argmaxCDG(f , yp, pp)
yp � argmaxCDN(f p, y, pp)
pp � argmaxCDES(f p, yp, p) , (19)

where f p, yp, and pp are the planning strategies of the DG
investment operator, DN company, and the DES investment
operator under an equilibrium state, respectively, and
argmax(·) represents the set of variables when the objective is
maximized.

4 CASE STUDY

4.1 Instance and Setup
In this study, we test the performance of the proposed approach
using a case study based on the modified IEEE 33-bus distribution
system (Li et al., 2021c; Li et al., 2021d; Yang, 2021; Yang et al.,
2021; Yang et al., 2022b). Its structure is shown in Figure 1. The
system consists of 37 branches. A total load of 3715 kW + 2700
kvar and a reference voltage of 12.66 kV are considered in this
system.

DG is considered as photovoltaic power generation. At the
same time, the optional access position of photovoltaic power
generation is {7, 20, 24, and 32}. Other relevant parameters of DG

are shown in Table 1. Meanwhile, the relevant parameters of DES
are shown in Table 2. No. 33 ~ 37 is the new load node, and the
total capacity is 460 kW. In this study, the planned cycle is 5 years,
and the new capacity of original load nodes is 5% at the planned
level. The solid lines indicate the existing lines, and the dotted line
indicates the line to be selected for new load access. Other relevant
parameters of DN are shown in Table 3. The specific parameters
are as follows.

4.2 Simulation Results and Analysis
4.2.1 Planning Results
The following two cases are studied to validate the effectiveness of
the proposed approach.

Case 1: Incremental distribution network planning without
game theory.
Case 2: Incremental distribution network planning using game
theory without considering the uncertainty of DG output.
Case 3: Incremental distribution network planning using game
theory with considering the uncertainty of DG output, that is,
the game model established in this study.

The planning results under the two cases are shown in Table 4.
The results of the three cases are compared in Table 4. It can

be seen that optimal planning schemes of the DG investment
operator and the DES investment operator are the same in Cases
2 and 3 but different from those in Case 1, and the planning
results of the distribution network company in the three scenarios
are disparate.

4.2.2 Necessity Analysis of Multi-Agent Game
Under Cases 1 and 2, the necessity of considering a multi-agent
game by comparing the costs and benefits of the DG investment
operator, DN company, and DES investment operator is
illustrated. The specific results are shown in Table 5.

As can be seen from Table 5 (A), the DG electricity sale revenue,
DG investment cost, DG operation, maintenance cost, and
government subsidies in Case 2 are, respectively, 140 yuan, 200
yuan, 81,500 yuan, 70,000 yuan, and 70,000 yuan higher than those of
Case 1. The reason is that the installed capacity of DG expands after
considering the multi-agent game, making the investment cost
increase. Meanwhile, with the rapid development of DG output,
other costs and benefits would increase.

As shown in Table 5 (B), in Case 2, the electricity sales revenue,
investment cost, and government subsidy of the DES investment
operator are all increased, compared with Case 1. This is because after
considering the multi-agent game, the DES investment operator can
adjust its investment decision according to the increase in DG
installed capacity to maximize the overall benefit.

From Table 5 (C), compared with Case 1, the increase in
electricity sales revenue is lesser than that enhanced in other costs.
Therefore, Case 2 has no advantage in the net income of the DN
company. The main reason is that after the multi-agent game is
considered in Case 2, the length of new lines is longer, which
makes the investment cost and network loss increase. At the same
time, the installed capacity of DG is increased. Based on the
principle of preferential absorption of DG and DES, the DN

TABLE 1 | DG relevant parameters.

Investment cost per of DG unit capacity(w/kW) 1

Rated capacity of single DG (/kW) 50
Unit selling electricity price of DG(yuan/kW•h) 0.4
Operation and maintenance cost per unit of DG(yuan/kW•h) 0.2
Government subsidy for power generation(yuan/kW•h) 0.2

TABLE 2 | DES relevant parameters.

Rated capacity of single DES/kWh 180

Coefficient of DES investment cost per unit capacity Kin (yuan/kW) 1,200
Coefficient of DES power related cost Kp (yuan/kW) 300
Coefficient of DES maintenance cost Km (yuan/kW) 0.05
Coefficient of DES annual operating cost Ko (yuan/kW) 0.03
Operation and maintenance cost per unit of DES(yuan/kW) 1,200
Government subsidy for power generation(yuan/kW•h) 0.2
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FIGURE 1 | IEEE33 node distribution system.

TABLE 3 | Distribution network relevant parameters.

Cost per unit length of new line(w/km 20

Sell electricity prices of DN company(yuan/kW•h) peak:0.9 flat:0.6 valley:0.3
Electricity price purchased from the main network(yuan/kW•h) peak:0.6 flat:0.4 valley:0.3

TABLE 4 | Planning results of different market participants in the two cases.

DG investment operator DN company DES investment operator

Case 1 7(2),20(0),24(3),32(2) 34–21,35–24,36–10,37–30 7(1),20(0),24(2),32(2)
Case 2 7(2),20(1),24(4),32(1) 34–20,35–24,36–10,37–31 7(2),20(1),24(2),32(1)
Case 3 7(2),20(1),24(4),32(1) 34–19,35–26,36–11,37–32 7(2),20(1),24(2),32(1)

TABLE 5 | Costs, benefits, and net income of each entity.

A. Costs, benefits, and net income of DG investment operator

CDG
S (w) CDG

I (w) CDG
C (w) CDG

OM (w) CDG (w)

Case 1 98.11 57.04 49.06 49.06 41.07
Case 2 112.13 65.19 56.06 56.06 45.73

B. Costs, benefits, and net income of DES investment operator

CDES
S (w) CDES

I (w) CDES
C (w) CDES

OM (w) CDES (w)

Case 1 114.87 57.20 28.08 40.37 45.38
Case 2 129.34 76.27 35.21 37.44 50.84

C. Costs, benefits, and net income of DN company

CDN
S (w) CDN

I (w) CDN
L (w) CDN

E (w) CDN
B1 (w) CDN

B2 (w) CDN
B3 (w) CDN (w)

Case 1 1,437.91 77.51 73.34 2.50 962.30 85.85 52.63 183.78
Case 2 1,443.26 87.69 75.75 2.49 947.46 98.11 67.54 164.22
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company purchases more power from the investment operators
of DG and DES. When the total purchased power is certain, the
purchase power from main network is cut down. Moreover, the
available power supply increases on fault and the expected power
shortage decreases. Therefore, the failure cost is reduced.

From tab 5, the sum of net income of the DG investment
operator, DN company, and DES investment operator in Case 2 is
less than that of Case 1 by 94,400 yuan, but the net income of the
DG investment operator and DES investment operator is more
than that of Case 1 by 46,600 yuan and 54,600 yuan, respectively.
The reason is that in Case 1, the optimization goal of planning is
to maximize the overall benefits of the DG investment operator,
DN company, and DES investment operator. However, the
overall benefit maximization is at the expense of the DG
investment operator and DES investment operator. In Case 2,
the planning scheme is obtained after the continuous game of
multiple entities. The decision combination of each entity forms a
Nash equilibrium point, that is, no participant can obtain better
results by independent strategy change. This approach is more in
line with market mechanisms, as well as the benefits of all market
participants would be taken into account.

4.2.3 The Necessity Analysis of Considering
Uncertainty in Multi-Agent Game Model
The decision of the DN company would only be affected by
considering the uncertainty of the output of the DG. However, the
planning results of the DG investment operator and DES
investment operator in Cases 2 and 3 are the same, as well as
the costs and benefits remained unchanged. Therefore, by
comparing the costs and benefits of the DN company in Cases
2 and 3, it could illustrate the necessity of adopting robust
optimization to deal with the uncertainty of the DG output.

From Table 6, compared with Case 2, the electricity sale
revenue, investment cost, network loss cost, failure cost, and
power purchase cost from the main network increase by 105,700
yuan, 94,800 yuan, 46,400 yuan, 500 yuan, and 146,900 yuan,
respectively. This is because the uncertainty of the DG output is
taken into account in Case 3. As well as the DN company would
make a decision after observing the worst interference in the DG

output. Therefore, the investment decision-making is more
conservative. This leads to a longer length of the new line and
increased investment costs. At the same time, the system load is
bigger in the worst scenario. However, the DG output is smaller,
and more load need to be supplied from the main network. The
load cannot be absorbed locally to the maximum extent, thus
resulting in increased costs.

In order to further verify the robustness of the grid scheme in
Case 3, Monte Carlo simulation is used in this study to randomly
select 10,000 sample data within the uncertain interval of the DG
output. The specific results are shown in Table 7.

It can be seen fromTable 7 that the mean andmaximum value of
the network loss cost in the sample data of Case 2 are higher than
757,500 yuan, and the maximum value of the failure cost is higher
than 24,900 yuan. The situation of flow off-limit ratio accounts for
11.78%. However, the mean andmaximum value of the network loss
cost in the sample data of Case 3 are lower than 8,123,000 yuan, and
the mean and maximum value of the failure cost are lower than
25,600, There is no power flow exceeding the limit.

Since the method in this study is based on robust optimization,
the worst possible scenario of photovoltaic power output is fully
considered. Therefore, the grid scheme in Case 3 could ensure
that the operating cost would not increase and security
constraints would not be violated, when the output of DG
fluctuates within the uncertainty interval.

5 CONCLUSION

In this study, the game theory and the thought of robust
optimization are integrated into the planning of incremental
distribution network, and a multi-agent game based
incremental distribution network source–load–storage
collaborative planning method considering uncertainties is
proposed. The simulation results are as follows:

1) Compared with the traditional method, by accurately
simulating the game behavior of market entities, it can be
ensured to continuously optimize their own decisions in the

TABLE 6 | Costs, benefits, and net income of DN company.

CDN
S (w) CDN

I (w) CDN
L (w) CDN

E (w) CDN
B1 (w) CDN

B2 (w) CDN
B3 (w) CDN (w)

Case 2 1,443.26 87.69 75.75 2.49 947.46 98.11 67.54 164.22
Case 3 1,453.83 97.17 80.39 2.54 962.15 85.85 66.31 152.85

TABLE 7 | Robustness check.

CDN
L (w) CDN

E (w) Flow
off-limit ratio (%)Mean value Maximum value Mean value Maximum value

Case 2 75.75 76.89 2.49 2.56 11.78
Case 3 80.39 81.23 2.54 2.55 0
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process of game, maximizing their own benefits and
improving the market vitality and the effectiveness of
planning decisions.

2) By introducing virtual game player “Nature,” the planning model
based on the game theory can fully consider the influence of
uncertain factors on planning decisions, optimizing the planning
decisions actively to improve the benefits of the system.

The future study mainly focuses on the following two points.
First, the uncertainty of the new energy output is only studied in
this study. However, the safety risk of the power grid and other
important uncertain factors does not consider. How to introduce
the aforementioned uncertain factors into the game planning
model has the value of further research. Second, for energy
storage systems, the lithium battery is only selected as the
energy storage device. Therefore, to improve the overall
economic benefit of new energy stations, the influence of more
types of energy storage device needs to be considered.
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GLOSSARY

CDG objective function of the DG investment operator

CDG
S DG electricity sale income

CDG
I DG investment cost

CDG
OM DG operation and maintenance cost

CDG
C government subsidies for renewable energy generation

θes1 unit electricity price of DG

θes2 unit photovoltaic curtailment electricity price of DG

θgc subsidy cost per unit power generation of renewable energy

θsg investment cost per unit capacity DG

xi variables of 0 or 1, when xi = 0, meaning that the i candidate node does not
access DG. Otherwise, the candidate node i accesses DG

PDG
t total active power for DG at moment t

PDG
qt photovoltaic curtailment of active power for DG at moment t

PDG
sg rated power for a single DG

Ni number of DGs connected to the selected node i

r discount rates

LT life cycle of equipment

θom Unit power generation operation and maintenance costs of DG

CDN objective function of distribution network company

CDN
S income from electricity sales of the distribution network company

CDN
I investment cost of new lines

CDN
L cost of network loss

CDN
B1 cost of electricity purchase from the main network

CDN
B2 operator invested by DG

CDES
B3 operator invested by DES

ψes electricity price of distribution company;

Pload
t primary load at moment t;

Pit
t interruption power of interruptible load at moment t

Pout
t power transferred out of the load at moment t

Pin
t transfer into of the load at moment t

PDES
t total active power for DES at moment t;

ψsg cost per unit length of the new line;

yj variables of 0 or 1, when yj = 0, meaning that the line j to be built is not
selected. Otherwise, the line j to be built is selected.

lj length of the new line.

Ploss
t active power loss at moment t.

ψeb1 electricity price to the higher power grid.

ψeb2 purchase electricity prices from the DG investment operator

ψeb3 purchase electricity prices from the DES investment operator

ωeb electricity price of consumers

ωgc compensation cost of interruptible load

CUS
B reduced electricity cost of interruptible load after participating in the

demand side response.

CUS
C compensation cost of interruptible load after participating in the

demand side response CDES the objective function of distributed energy
storage investment operators

CDES
S profit of energy price difference

CDES
C government daily subsidy

CDES
I investment cost of DES

CDES
OM operation and maintenance cost of energy storage equipment

Kin coefficient of DES investment cost per unit capacity

Kp coefficient of DES power related cost

Km coefficient of DES maintenance cost

Ko coefficient of DES annual operating cost

SOCmin minimum remaining capacity of lithium battery, 20–30% of the
total battery capacity generally

SOCmax maximum remaining capacity of lithium battery, 80–100% of the
total battery capacity generally

f p planning strategies of DG investment operator under
equilibrium state

yp planning strategies of DN company under equilibrium state

pp planning strategies of the DES investment operator under
equilibrium state

arg max(·) set of variables when the objective is maximized
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