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Research on the user
comprehensive energy
consumption decision-making
method based on the
evolutionary game

Xian Feng Zhu, Jun Wei Yao*, Qiong Yao Xie, Lu Dai,
Chu Yuan Yang, Hai Liang Wang, Qi He, Ling Deng, Ran Shen
and Xiao Xia Zhou

State Grid Yichang Power Supply Company, Yichang, China

With the increasing diversification of human energy consumption forms in the
integrated energy market, analyzing the comprehensive energy consumption
behavior of user groups according to their changing energy demand
characteristics is an important issue to be urgently addressed. To solve this
problem, an analysis method of user's comprehensive energy consumption
behavior based on the evolutionary game is proposed in this article. First, three
types of users including residents, large industries, and commercial users are
considered for this purpose. Then, a utility model which takes into account the
energy consumption characteristics of these users and their comfort factors is
constructed based on the subjective and objective combination weighting
method. Thereafter, an evolutionary game theory is used to analyze the
dynamic selection process for users by selecting energy suppliers and then
using the selection results when the evolutionary equilibrium is reached. Finally,
the modelis solved by using a distributed iterative method. The correctness and
validity of the proposed method are verified by the simulation results.

KEYWORDS

integrated energy market, evolutionary game, user's comprehensive energy
consumption behavior, subjective and objective combination weighting method,
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1 Introduction

With the deepening of the energy crisis, the integrated energy system, which can break
the heterogeneous energy barrier and improve comprehensive energy consumption
efficiency (Yu et al., 2016; Ai and Hao, 2018; Chen et al., 2020) has developed rapidly
in the recent years. With the gradual advancement of the comprehensive energy
marketization process, people have more and more diversified energy forms available
to them in the process of energy consumption, such as natural gas, electric energy, coal, etc
(Cui et al,, 2019). On a longer time scale, people’s energy consumption load may shift
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between different forms of energy (Boutaba et al., 2018; Huang
etal., 2019). Therefore, for an integrated energy system, different
forms of heterogeneous energy will form new coupling nodes
(Zeng et al., 2018) on the user side by linking people’s energy
2022a). In the
aforementioned context, it is of great theoretical and practical

consumption behavior (Yang et al,
significance (Yang and Wang, 2016; Liu et al,, 2019) to study
users’ choice behavior of different forms of energy for the
planning and operation of the future integrated energy system
(Yang et al,, 2021a; Yang et al.,, 2021b; Yang et al., 2022b).
Thus, this study proposes a comprehensive user energy
the

evolutionary game. First, a utility model is constructed

consumption behavior analysis method based on
according to the subjective and the objective combination
weighting method taking into account the residential, large
industrial, and the commercial users as the main users. This
model is based upon their energy consumption characteristics
and comfort level factors (Guan and Pu, 2010). On this basis, a
game model is proposed to describe the dynamic process of user
energy consumption choice based on the evolutionary game
(2015) the distributed

method is used to solve the model, and then the evolutionary

method. Finally, Jorgen iterative
equilibrium result is obtained (Samadi et al., 2012). Compared
with the traditional method, the proposed method is more
accurate and effective as it fully considers the dynamic
evolutionary game process when users choose to consume
different forms of energy. The results verify the effectiveness
of the proposed method. Therefore, the research can provide a
reference for energy suppliers to formulate a reasonable pricing

strategy.

2 User utility index construction

This study comprehensively considers the reaction mechanism
of users towards energy prices and incentive policies in the
integrated energy market. It constructs the user utility evaluation
index system from the angle of energy consumption characteristics
and the user psychology, which mainly consists of the following four
indicators: comprehensive energy consumption cost (BI), energy
supply occupancy (B2), energy supply reliability rate (B3), and user
comfort level (B4).

2.1 Comprehensive energy consumption
cost

The energy price of different energy types will directly
affect the energy consumption cost of users which will
further affect
Furthermore, the transformation cost of the user in the

users’ energy consumption choices.
process of changing the energy type will also affect their

energy choice decision. Therefore, this research studies the
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the
perspective of different types of user groups, including

comprehensive energy consumption cost from
energy consumption cost and transformation cost. First,
the research period is set as T, and in the research period,
if m type users choose energy type n, then the comprehensive
energy consumption cost of m type users choosing energy

type n is illustrated as follows:

24
B, = (C" +T;”)/ZL:‘ . )
t=1
In the aforementioned formula: C' is the total energy
consumption cost of an m-type user selecting energy type n,
T7 is the total transformation cost of an m-type user selecting
energy type n, and L (¢) is the actual energy consumption load
of an m-type user selecting energy type n in period t.The
of
each period when m type users select energy type n is as follows:

calculation formula energy consumption cost for

24
Cr =Y p,(OL) (1) )

In the aforementioned formula: p, (¢) is the selling price of
energy type n in time period t.

T7 in Eq. | contains the equipment installation cost of the
user selecting a certain energy type for the first time and the
equipment transformation cost after selecting a new energy type.

Taking into account the equipment differences caused by the
conversion of electricity to natural gas, then the natural gas to
heat and other energy sources as well as the user’s equipment
removal and installation costs, the specific formula is as shown as

follows:
24 2
T, = Z(Q’Zn +1Yy) = Z[¢o,n XY Ax;"(t)],t =2,...T,
t=1 t=1
(3)
AXI(8) =X (£) = X (£ = 1), AX] (£) > 0. (4)

In the formula stated previously: @} stands for the direct
installation cost of the equipment generated by the user’s first
choice of an energy type; ¢, is the direct cost of new
installation of the equipment of energy type n; }Y’
represents the user-side equipment transformation cost
generated by energy using the equipment transformed by
other forms of energy (i.e., dismantling of original
equipment and installation of new equipment); y” stands
for the cost of dismantling old equipment and installing new
equipment after the energy type changes from ¢ to n; X' (t) is
the energy supply occupancy rate of energy type n selected by
m type users at time ¢ (t = 2, 3...n); X}, is the energy supply
occupancy rate corresponding to the user’s first selection;
AxJ (t) takes the positive value from the variation of the
before and after energy supply occupancy rates, so

AxI? (1) >0.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.954250

Zhu et al.

2.2 Energy supply occupancy

The energy supply occupancy in the integrated energy
market reflects the image of energy suppliers in the market,
which indirectly affects the decision-making of user energy
consumption. In general, the energy supply occupancy is
closely related to the user’s choice of energy consumption.
Thus, this study is divided based on user type and load usage,
and the specific formula is as follows:

M M
B, = <Zx:,"D”‘ >/ZD"‘. (5)

In the formula: D™ is a total load of m-type users in the
research period.

2.3 Energy supply reliability rate

The reliability rate of the energy supply directly reflects the
energy supply level of the supplier. Longer the effective energy
supply times of the supplier, the better the reliability of the
energy supply, and correspondingly, the higher the probability
of users choosing this type of energy. This study uses the ratio
of the user’s valid time of energy supply to the research period
as an indicator of reliability of energy supply, and the formula
is as follows:

By=1- If[— % 100%. 6)

In the formula: y, is the average energy failure time of energy
type n (unit: hour/user type). H, depicts the energy supply time
of energy type n (unit: hour).

2.4 User comfort level

In the user’s decision-making process to choose different
types of energy, their energy consumption experience, and their
comfort level changes with the influence of external factors. The
reference (De Greve et al., 2017) describes user comfort level in
the form of quadratic function, exponential function, and
logarithmic function. In this study, an exponential function
considering the influence of environmental factors is used to
characterize the user comfort level, and the formula is illustrated
as follows:

By ={(pe™ [t +6). )

\In the formula: { is the profit coefficient of user comfort level,  is
the user’s energy consumption experience coefficient, X is the energy
supply occupancy rate of energy type n selected by m-type users, and
¢ is the random quantity related to external factors, § € (0,1).
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3 User energy consumption behavior
decision based on the evolutionary
game

The construction of the user utility function needs to
consider multiple indexes. Each index has a different influence
on the user utility index system. Therefore, it is necessary to
determine the influence of each index in the decision-making
process of different types of user groups by applying the weight
coefficient (Jalali and Kazemi, 2015). At present, the subjective
weighting method and the objective weighting method are
usually used to determine weight. However, in this study, the
method of combination weighting is used to calculate the weight
index (Guo et al,, 2017). The analytic hierarchy process and the
coefficient of variation are respectively used to calculate the
subjective and objective weight values of the user utility index.

The evolutionary game 1is wused to analyze users’
comprehensive energy consumption behavior. Electricity,
natural gas, and heat suppliers first release the energy supply
information to the users, then calculate their utility of energy type
selection and update their game strategy based on this. The
energy supplier will update the energy supply occupancy rate
according to the current user ’group’s selection status and then
release it to the users. Both sides achieve the final evolutionary
equilibrium in the process of the evolutionary game (Cheng and
Yu, 2018). Figure 1 shows the relation of the evolutionary game.

Setting x' (t) as the proportion of m type users choosing
energy type n at time t, x| (t) satisfies that 0<x (t)<1 and
YN x"™(t) = 1. The group’s state of m-type users can be

n=1"n
m

expressed as X™ = [x}",..,x]},..

,xJ7]. The user group state in
the region can be expressed by matrix X:

x X, Xy
— m m m
X=|x X x5 | ®)
M M M
X X XN

In the process of energy type selection, users will constantly
update the utility function and optimize their own strategies
according to the utility function (Xiao, 2010). Therefore, this
article introduces the correction factor pg’n [U™(X)] in order to
represent the proportion of m-type users transferring from
strategy g to strategy n. At any random point in time, each
user can transfer proportionally from strategy q to strategy n by
the factor pin [U™(X)]. It has been assumed that all users modify
their own strategies. The dynamic change process of user group
state X shown previously can be described by a differential
equation. The specific formula is as follows:

oxm Y N
S = DX (U7 (01 1, U™ (X)) ©)
gq=1 q=1

frontiersin.org
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FIGURE 1

Evolutionary game relation of users’ choices for energy types.

In the Eq. 9, the first and the second item on the right side
of the equation represents the proportion of m-type users
who transfer from other strategies to strategy n and those
who change from strategy n to other strategies. Where,
p;'fn[U'” (X)] is related to the current user utility function
group the
mathematical relationship between the user selection ratio

and user state. In order to construct

and the optional strategy, the Logit discrete choice model
[28] is used to solve the problem, and the formula is as
follows:

exp[Uy (X)]

Pon U (X)) = X"

glexp [Ur(X)]

(10)

By substituting the aforementioned equation into Eq. 9,
the final dynamic change formula of the user group is as
follows:

oxy _ exp[U(X)]

= N——x;" = pgfn [U™(X)]-x". (11)
nzlexp[U;" (X)]

Since the heat consumption of large industrial users and the
natural gas and heat consumption ratio of commercial users are
limited by actual production, the load absorption capacity is
limited. The aforementioned load constraint conditions are as
follows:
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Largelndustrial
xHeatSupply € [0’ 0. 3] 4

Commercial
xHeatSupply € [O’ 03] >
Commercial Nutural
Commercia €[0,0.3].

(12)

4 Example analysis
4.1 Example explanation

In this study, the dynamic selection behavior between
residential, large industrial, and commercial user groups (M =
3) and electricity, natural gas, and heat suppliers (n = 3) is
simulated. The simulation program used MATLAB R2016a to
calculate the evolutionary game model of chapter 3. The research
period is 1 day, and At = 1 h which is divided into 24 periods. At
the same time, the distributed iterative algorithm is used to
calculate the evolutionary equilibrium.

For the convenience of calculation due to the difference in
energy load units of different forms of energy,, this study unified
the energy load units of electricity, natural gas, and heat
according to the conversion standard between different energy
sources and standard coal (Feng, 2011). Specific energy load data
L7 (t) (typical daily energy load data) was quoted from reference
[29]. Table 1 shows the parameters ¢, , and y’:fq in indicator B,.
The average failure time of the parameter y, /h in indicator Bj is
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TABLE 1 Weight of index and parameter value of different types of users.

10.3389/fenrg.2022.954250

4 11 g 1 1
Weight wp wy, T, wr,
user
type @™ W™ wm o™ W™ W o W wm W™ o o
1T,1 2T,1 T,1 1T,2 2T,2 T2 1T,3 2T,3 T,3 1T,4 2T, 4 T4
Resident 0.380 0353 0.369 0.120 0.150 0.132 0.250 0223 0.239 0.250 0.274 0.260
Large industry 0.083 0.096 0.088 0.350 0.342 0.347 0.350 0.346 0348 0217 0216 0217
Commerce 0.281 0.243 0.228 0.033 0.065 0.046 0.468 0.463 0.466 0218 0.229 0.260
Parameter value in indicator Bl
Weight user type $o.n/yuan Ve /yuan
Electricity supply Heat supply Natural gas supply Electricity supply Heat supply Natural gas supply
Resident 1900 1750 1,600 2,300 2,100 2000
Large industry 2000 1,500 1,400 2,600 1900 1700
Commerce 1800 1,600 1900 2,350 2000 2,700
- Electricity Supply
- Heat Supply
Natural Gas Supply
0.42
0. FPPTTT TR T T rRs LT R E T rRS LT e r Tty LE TP rREe] SR TR TS SETSTRETE SETTTTETSs TTRETETees
0.33)
. . 031
Residential ;) S S S R S R R R
User
0
0 10 20 30 40 50 60 70 80 90 100
0.6
Large 0z
031F — " == == - = = =0 = = = = = = = —= = =1
Industry O R I S A S PO R o A B
User
0
0 10 20 30 40 50 60 70 80 90 100
0.6
ol P S R e I I Y I R R I
Commercial {455
User it
0.27]
0.
0 10 20 30 40 50 60 70 80 90 100
Iterations
FIGURE 2
Selection results of three types of users.
0.5 for the electricity supplier, 0.86 for the heat supplier, and adjusted according to the actual situation. Table 1 shows the
1.05 for the natural gas supplier. subjective and objective weight valuesw(?,, 4}, and combined
In order to avoid the influence of large fluctuation of energy weight values ', of each utility index based on the combination
load on the evaluation results, « in this study is 0.6, which can be weighting method.
Frontiers in Energy Research 05 frontiersin.org
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TABLE 2 Users’ utility results of two methods.

Utility U  Static cluster analysis method

User type  Electricity Heat Natural gas
supply supply supply

Resident 0.548 0.546 0.487

Large 1.501 1.152 1.127

industry

Commerce 1.982 0.718 0.502

4.2 Simulation results and analysis

The evolutionary game method is used to calculate the model
of the user’s energy choice. The energy supply occupancy rates of
electric, heat, and natural gas energy types in the initial state are
set as (0.27, 0.42, 0.31) and (0.33, 0.33, 0.33) respectively. The
comprehensive energy selection results of the three types of user
groups are calculated respectively, as shown in Figure 2.

According to Figure 2, the selection process of residential,
large industrial, and commercial user groups all converge
iteratively. Furthermore, the evolutionary equilibrium results
obtained by the aforementioned three types of user groups are
the same under the initial state of two different energy supply
occupancy rates. It indicates that the user group’s selection of
different energy types is unrelated to the initial state of energy
supply occupancy.

Also according to Figure 2, among the total energy consumption
load of the residential user group, the proportions of the final
electricity load, heat load, and natural gas load are 0.229, 0.382,
and 0.389 respectively. In the final evolution result of residential user
energy load, heat and natural gas load account for a relatively higher
proportion. The main reason is residential users are more sensitive
to price and energy cost, which has the highest weight of energy
consumption cost (0.369). Compared with the electricity load, the
unit price of natural gas and heat after conversion is 0.23 yuan and
0.19 yuan less respectively. Therefore, residential users are more
inclined toward increasing the proportion of natural gas and heat
load as much as possible under the premise of ensuring the reliability
and comfort of users” energy supply.

In the total energy consumption load of the large industrial
user group, the proportion of final electricity load, heat load, and
natural gas load are 0.309, 0.231, and 0.460 respectively. The
main reason is similar to residential users. Large industrial users
engaged in production are also very sensitive to the price of
energy consumption. Therefore, they tend to choose primary
energy for energy supply, which leads to natural gas accounting
for a relatively high proportion of their comprehensive energy
consumption. However, compared with residential users, large
industrial users have higher requirements for energy supply
reliability, and their weight of energy supply reliability is
0.109 higher than that of residential users. The electricity
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Utility U’ Proposed method

User type  Electricity Heat Natural gas
supply supply supply

Resident 0.645 0.587 0512

Large 1.576 1.163 1.178

industry

Commerce 2.029 0.789 0.537

supply reliability of electric load is 0.015 higher than that of
heat load. Moreover, according to the actual production
limitation, the heat load absorption capacity of large industrial
users is very low. As a result, although from the point of view of
cost, electricity cost is 2,539.4 yuan higher than the heating cost,
in the final energy consumption result the electric load accounts
for a higher proportion.

In the total energy consumption load of the commercial user
group, the proportion of final electricity load, heat load, and
natural gas load are 0.510, 0.278, and 0.212 respectively. The
main reason is that commercial users care more about user
comfort and energy supply reliability, which is different from
residential users and large industrial users. The weights of these
two indicators i.e. user comfort and energy supply reliability are
0.260 and 0.466 respectively, which are the highest among the
three types of users. Overall, the user comfort and energy supply
reliability of electric load is the best. Moreover, for industry
reasons, commercial users have a high cost of retrofitting
electricity to other forms of energy and a limited capacity to
absorb heat and natural gas loads (Yang et al., 2013). Therefore,
in the energy consumption results of commercial users, their
electrical load accounts for the highest proportion.

4.3 Comparison and analysis

In order to verify the correctness and effectiveness of the
proposed method, the static clustering analysis method and the
proposed method were used for the simulation, and the
calculation results were compared. The two methods are as
follows:

1) Static cluster analysis. The clustering decision is made directly
according to the energy consumption characteristics of the
three types of users without considering the dynamic change
of load proportion of different types in the decision-making
process.

2

~

The proposed method. According to the energy attributes of
three types of users, the dynamic changes of different load
proportions in the decision-making process are described by
using evolutionary game theory.
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The user utility results of the two methods are shown in
Table 2.

According to Table 2, in comparison with the static
method, the
calculated by the proposed method in this article is

clustering analysis user utility value
higher. Specifically, for residential users, the utility of
electricity supply, heat supply, and natural gas supply
calculated by the proposed method is 9.7, 4.1, and 2.5%
higher, respectively. For large industrial users, the utility
of electricity supply, heat supply, and natural gas supply
calculated by the proposed method is 7.5, 1.1, and 5.1%
higher, respectively. For commercial users, the utility of
electricity supply, heat supply, and natural gas supply
calculated by the proposed method is 4.7, 7.1, and 3.5%
higher, respectively.

The analysis shows that the proposed method in this study is
better in assisting users to make decisions on energy selection. The
reason is that the perspective of the static clustering analysis method
is to evaluate the energy consumption selection of user utility
statically. However, the dynamic game between users and energy
types in the process of choosing their own comprehensive energy
consumption ratio is not considered, which makes it difficult for
users and energy suppliers to optimize their own utility through
interaction in the process of energy consumption selection and
decision making. Contrary to the static clustering analysis method,
the proposed method of this study aims to build an evolutionary
game model of user energy choice decisions. The main objective of
this model is to ensure that users and energy suppliers can
dynamically adjust their decisions according to the situation of
the evolutionary game so as to achieve utility maximization and
increase the effectiveness and accuracy of decision results.

5 Conclusion

In this study, the idea of a dynamic game is applied to the
decision-making process of users’ comprehensive energy
consumption. Moreover, an analysis method of user
comprehensive energy consumption behavior based on an
evolutionary game is proposed. According to the simulation

examples, the conclusions are as follows:

1) The user group’s choice of different energy types is unrelated
to the initial state of energy supply occupancy and is only
related to the energy consumption selection bias and the
utility index of different types of energy.

2) When the evolutionary equilibrium is reached, if the
specificity of user behavior is higher, the proportion of
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users choosing this kind of energy would be greater.
Therefore, in the process of comprehensive energy market
competition, the cultivation of user specificity is conducive to
improving the market share of energy suppliers.

3) The proposed method in this study can ensure that users
and energy suppliers adjust their decisions dynamically
according to the situation of the evolutionary game,
which assists them to realize the optimization of
utility. As a result, the effectiveness and accuracy of
decision results are higher.
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