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Abstract

The multi-energy conversion system (MCS) plays an important role in improving the utiliza-
tion of energy resources and realizing the energy transition. With the application of the new
generation of information technologies, the new MCS can realize real-time information inter-
action, multi-energy collaboration, and real-time demand response, in which energy suppli-
ers can intelligently motivate consumers’ energy use behavior. In this paper, an MCS
coupled with a cloud platform is proposed to address information explosion and data secu-
rity issues. Due to the development of Internet technology, the increasing energy data, and
the serious energy coupling, it is difficult for traditional optimization methods to deal with the
interaction between participants of the MCS. Therefore, the non-cooperative game is used
to formulate the interactions between participants with the aim of maximizing the energy
suppliers’ profit and minimizing the customers’ cost. It is proved that the game model is an
ordinary game with one Nash equilibrium. The simulation was performed with a gradient pro-
jection algorithm and the results show that the proposed MCS improves energy utilization
efficiency through energy conversion while ensuring consumer satisfaction, and benefits
both the customers and suppliers by reducing the energy consumption cost and the peak
load demand, which effectively improve the supply quality and enrich the energy consump-
tion patterns.

Introduction

In recent years, the rapid economic development in China has stimulated a shift in energy con-
sumption patterns, which embodies the amount of energy consumption as well as diversity

[1]. The total energy consumption in China has been on the rise for the past 20 years. Accord-
ing to the National Bureau of Statistics, it reached 4.8 billion tons of standard coal in 2019,
which is approximately 2.3 times more than in 2000. At present, the scale of renewable energy
development and construction represented by hydropower, wind power, and solar energy is
gradually expanding, but non-renewable energy still dominates the energy consumption mar-
ket in China [2]. Therefore, it is a challenge to strengthen energy interconnection, improve
energy utilization efficiency, change energy structure, and finally realize energy transformation
[3]. Among different techniques for energy management, the multi-energy conversion system
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(MCS) is one of the effective approaches that can weaken the dependence on fossil energy.
This system operates with a conversion device (such as heat pumps [4], gas boilers [5], and
gas-fired combined heat and power plants(CHP) [6] to convert excess generated energy effec-
tively into other forms of energy, thereby, improving the utilization of energy resources [7]).
In addition, advanced metering infrastructure and intelligent instruments in the system enable
energy suppliers to provide customers with historical energy consumption records and real-
time price data [8], effectively improving the efficiency of energy generating and monitoring
[9, 10].

With the application of cloud computing, the internet of things, big data, artificial intelli-
gence, and other new-generation information technology, the communication and coopera-
tion between energy-related companies and consumers have become more convenient,
leading to closer interconnections between the energy industry and other industries. Increas-
ingly, energy enterprises are eager to explore the “Internet plus” business model of the whole
industrial chain. In fact, industrial interconnection provides an effective solution to the grow-
ing demand for energy consumers through energy interconnection and conversion [11]. A
third-party platform called a cloud platform can be used to integrate information to enhance
the liquidity and collaboration between energy companies and consumers. Cloud platforms
are skilled at processing mass data with high efficiency [12] and can automatically record and
calculate energy performance through uploaded energy consumption data. By directly observ-
ing energy performance fluctuations, users monitor or modify the operating performance of
equipment or systems in real-time, which not only reduces the chance of abnormal perfor-
mance detection but also helps maintain good energy performance. For instance, Tseng and
Lee et al. [13] integrated Internet communications, cloud computing technology, and cloud
energy management services to reduce the energy consumption of small and medium-sized
enterprises. Sun and Li et al. [14] used the efficient virtualization of the ontology modeling
technique to build models to improve resource utilization. With the application of the cloud
platform, enterprises can simply make a request to the platform rather than rely on data plan-
ning to obtain the cleaned data [15]. In addition, through the combination of encryption tech-
nology and Web Service technology, data security in the process of platform and client
transmission is guaranteed. Thus, the cloud platform can help monitor energy usage more effi-
ciently and integrate various energy systems more intelligently [16, 17].

As for the studies of MCS, a number of recent studies have addressed multi-energy integra-
tion and energy conversion. Some researchers use different mathematics methods, such as
programming models, graph theory, and advanced algorithms, to acquire the optimal overall
system scheme [18-20]. Based on the design and operation of energy conversion systems, the
concept of distributed energy technology has been applied to the aspects of energy production,
storage, and distribution in an MCS [8, 21, 22]. In general, energy conversion efficiency, econ-
omy, and environmental impact are often evaluated with optimization models to examine the
overall quality of an MCS [23-25]. Besides, Chen established a nonlinear model to distinguish
the relationships between conversion efficiency and government asymmetric information
[26]. These studies above provide a useful method for the system design and solution of the
optimal operation. However, conventional energy-management researches focus on the opti-
mization of system performance and advanced algorithms, ignoring the interaction between
energy suppliers and consumers and its impact on the operational decisions of the system.

During the operation of the MCS, suppliers and consumers continuously change their strat-
egies to obtain more profit, and tend to interact with each other in the energy interaction pro-
cess. In fact, scholars mainly use game theory to explore the competitive and interactive
behavior among different participators [27, 28]. Chen studied the problems of bidding and
market equilibrium under the coexistence of multiple stakeholders in a multi-energy system
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[11]. A Stackelberg game model based on energy management is established to determine the
optimal scheduling scheme of bi-directional energy demands conversion, aiming at optimizing
the daily peak load shifting [29]. Liu modeled the interaction between multiple users as a non-
cooperative congestion game and proved the existence of the Nash equilibrium point [30]. It
can be concluded that non-cooperative game theory is used to analyze the decision-making
process of stakeholders in the MCS with partially or completely conflicting goals. Each partici-
pant tries to maximize the profit that does not only depend on its choices but also on the deci-
sions of other stakeholders, leading to the reduction of the overall interests. However, the
realization of energy conversion has changed the way to satisfy one consumer’s energy
demand while reducing the supply of other consumers. The application of energy conversion
devices and new technologies have greatly improved the quality of energy supply and enriched
energy consumption patterns. As the collaboration greatly improves operational efficiency [31,
32], the competition under industrial interconnection not only promotes the development of
individuals but also achieves the goal of mutual benefit and win-win. In the potential game,
the utility function of each player is consistent with the potential function, which ensures the
consistency of the individual and the whole and exactly conforms to this special competition.
Therefore, this paper uses Stackelberg game theory and potential game theory to construct
competitive interaction models between suppliers and consumers and different consumers.
Energy supply companies motivate and mobilize consumers’ behavior by providing real-time
energy price information, that is, energy suppliers are leaders and consumers are followers.
Besides, the mathematical solution of game theory faces a common problem: it is necessary to
prove the existence of the equilibrium solution of the game, and the process of solving the
equilibrium point is usually cumbersome. As one of the non-cooperative game, potential game
guarantees the existence of Nash equilibrium solution without tedious verification of equilib-
rium solution and has advantages in application analysis.

In this paper, game theory was applied to multi-energy conversion based on cloud platform
under industrial interconnections. The main contents of this paper can be summarized as fol-
lows. First, we propose a multi-energy conversion program between energy companies and
consumers, which is proved as a Stackelberg game with one leader and multi-followers. The
energy company is the only leader and decides the energy prices. The followers are the con-
sumers who will adjust their energy needs accordingly. Secondly, we prove that the competi-
tion among consumers is an ordinal potential game with one Nash equilibrium. Thirdly, we
developed a gradient projection algorithm to measure the system. Lastly, the simulation results
showed that energy can converse more efficiently and both energy companies and customers
could decrease their payments in the program.

The remainder of this paper is organized as follows. In Section 2, we specify the compo-
nents of the multi-energy conversion system and the general flow of the system operation. The
energy conversion between energy suppliers and consumers is modeled and described in
detail. In Section 3, game analysis is introduced and the uniqueness of the Nash equilibrium is
proven. A gradient projection algorithm is also proposed to find the Nash equilibrium. In Sec-
tion 4, we present the results and analysis of the simulations. The convergence of the proposed
algorithm is also discussed. Finally, Section 5 provides the research conclusions.

System model

In this paper, the energy company and consumers share information with each other through
the cloud platform in a multi-energy conversion system, where different consumers and
energy suppliers are controlled by this communication. The cloud platform is based on the
combination of hardware resources and software resources, through the cloud for data storage,
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Energy
company
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Fig 1. Diagram of a multi-energy conversion system (MCS) consisting of energy companies, consumers, the cloud
platform, and the converter device.

https://doi.org/10.1371/journal.pone.0245622.9001

computing, and network communication. Therefore, the supply information of energy suppli-
ers, the historical consumption data of consumers, and the amount of energy conversion are
all stored and updated constantly in the cloud large-capacity service system. In this MCS, the
consumers tend to shift the energy consumption style to get more convenience during peak
hours. The cloud platform allocates and releases information resources in real-time according
to the actual situation of users, and then sends adjustment signals to the converter devices to
optimize the supply of the energy company intelligently. Fig 1 depicts the interactions between
the energy and consumers who communicate through the cloud platform. In fact, thermal,
electric, and chemical are the three basic forms of energy [33]. Hence, electricity, natural gas,
and heat power are the representatives of these three basic energies in this paper.

In the MCS, gas, electricity, and heat power are supplied by energy companies and will be
converted, conditioned, and stored through the converter device. Let E°, G°* and H°*
denote the output of electricity, gas, and heating power in the converter device, respectively.
Let E”, G™, and H" denote the input electricity, gas, and heating powers in the converter
device, respectively, which are also provided by energy companies. In an energy conversion
station, the amount of energy input and output is correlated according to the following equa-
tion:

Eaut 1 _ /'L] i?”ge 0 Ein
Gu|=| 0 1-4-4 0||G" (1)
H 2 Mo }“:37]gh 1 H"

The electricity transforms to heat power in the system with efficiencies denoted by 7,;,. The
gas transforms to electricity and heat power in the system with efficiencies denoted by 7, and
N> respectively. 4,, 1, and 13€[0,1] are the dispatch factors of different energy. They define
the dispatch of the electricity, gas, and heating powers provided to consumers through the con-
verter device.
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Energy suppliers

On the supplier side, energy companies generate energy and send it to the converter device. In
this study, we assume N energy consumers are served by one energy company in the MCS.
The set of consumers is denoted by n€{1,2,- - -,N}. One day is divided into T equal time slots.
The set of time slots is denoted by t€{1,2,- - -, T}. E, G, and H*"" are the total amounts of
electricity, gas and heat provided by energy companies at time ¢. E',, G, and H!", are the elec-

tricity, gas, and heat power provide to the consumer n before conversion at time ¢. Thus,

IzTatul = ZIZ,I ={E,G,H} (2)
neN
The electricity, gas, and heat costs are described by the commonly polynomial cost func-
tions [34]: c(EF™) = (0,/2) (EF)* 4 0,E7, + 0y, c(GI™) = (9,/2)(GI™)* + 9,G7, + 9,
c(H™" ) = (9,/2)(H™")* + ¢ H" + @,» where 0y, 01, 6, 9, 91, 95, 9o, ¢; and @, are the posi-
tive coefficients. This cost function is strictly convex and has positive and increasing deriva-

tives. The energy company aims to supply amount of energy at a certain price to consumers to
maximize its profit. The optimization problem of an energy company is defined as:

Ul(l}%}fl) — Z[EtTotal E(Ez"otul) + GtTotal g(Gz"otul) + HtTath (HtTotal) _ C(EtTotal) _ Cg(G;[otal) _ Cg(HtToml)]
r = (3)
s.t Equation(2)

Where I = {E!*! G H!*} By introducing the Lagrange multiplier a;,0,,3, the solu-
tion of the above optimization problem can be obtained as follows:

PuET)—¢ (EP™) o, = 0 (48)
PGP ¢ (G) =, = 0 (48)
Pu(H )~ (), = 0 (40)

Where ¢ is the derivative of c. Substituting the cost functions into Eq (4A)-(4C), the relation-
ship between the energy price and the supply is obtained. Let p, (E,), p,(G}',), and p,(H,,)
denote the price of electricity, gas, and heat power input in the conversion device at time t. In
this paper, we assume that the conversion of energy will not lead to price changes. The equa-
tions (5A)-(5C) can be obtained according to the price invariance. Thus,

P.(E,) = p(E["™) = 0,E[" + 0 (5A)
P(G) = p(G/™) = 9,G/" + 9 (5B)
Ph(Hi:,'z) = Ph(HzTOtaZ) = ‘PthTOtal +¢ (5C)

where 6, ¢, and ¢ are positive coefficients. Eq (5A)-(5C) implies that the prices set by the
energy company are equal to the marginal production costs.

Energy consumers

The customer can obtain real-time electricity, gas, and heat prices through the cloud platform.
During critical peak periods, the price of energy is higher and customers would not reduce the
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consumption of electricity, gas, or heat power. Thus, they will shift energy consumption. This
means that consumers send a conversion signal to the platform, and then the platform’s direct
converter device transforms the energy to meet the consumer needs.

Efl“f , GO, and HY are the outputs of electricity, gas, and heat power in the converter device,
respectively. E?, G¢, and HY denote the electricity, gas, and heat demand for consumer n,
respectively. Hence,

I=> "I (I={EGH}) (6)

neN

In the system, the electricity, gas, and heat output from the conversion device will be con-
verted according to the needs of consumers, but the total energy consumption provided by the
energy company does not change. That is, the total energy input is fixed for a period of time,
while the total output is uncertain.

In the MCS, the consumers can distinguish the energy shortage by the price values. Game
theory is a great method to analyze consumers. In the system, consumers are the players, and
the strategy profile for consumer n is

x, = {E",G"

nt? “nt?

H"},te{1,2,---,T}. (7)

Thus, the payoff function of consumer n is defined as,

) ZE)&W—Iw (8)

teT

where x_,, = (x1," * " Xpy—1>Xns1>" - -Xn)»> I = {E,G,H}.
In payment function (8), the terms of U’ (I°*) are the utility obtained by the customers,
which is formulated as follows:

(1) = w1 = (o2 (1)’ o)

where, w and o are the parameters of the satisfaction equation. Clearly, the satisfaction func-
tions are continuously differentiable and strictly concave, which is easy to prove.
Let x} denotes the strategy profile of energy consumer n in the Nash equilibrium.

* * *
xt € argmaxu, (x5, x* )

(10)

s.t. Equation(9)

The price anticipating consumers know that the price of electricity, gas, and heat is calcu-
lated according to (2). Substituting (2) into (5), x. is the solution to the following optimization
problem:

ZZ US(E) — (0,E", + 0,)E" )+

teT neN
Z Z Ug G[mt - ‘9 Gi:t + ‘gl)G:t)_'_
teT neN (11)
ZZ Uh Hout gDsz + (Pl)Hm)
teT neN

s.t.  Equation(6)and(9)
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The relationship between the energy input and output is as Eq (1). The relationship between
E", G", and H"; and E**, G, and H** is given by inverting the matrix. Hence,

in out
En,t An,f Bn,t 0 En.t
in _ out
Gn,t - 0 Cn,t 0 Gnﬁt (12)
in out
Hmt DnAt Fn,t Gn,t Hn,t
1 . __Tlamtlge | _ 1. _ ntlleh, _ Ant2n,Meh(A1n i MehTge—Mgh) |
where, 4, = 1=l B, = A2 Vng 8 2y D, = 1=y 2 mt = It tlehU—rapg)
21 n,tNeh
G, =3 ) = 1-2,—As.
mt T g ptigh’ 273

Thus, x,, will be converted to the strategy profile y,, correspondingly, which is defined as fol-
lows:

Yo = {/ll,na j'2,nv )‘31;47 EZ"[, szut7 qut} (13)

where, /ll,n = {ll,n,t}; }vz,n = {lz,n,t}; )vs,n = {/Is,n,t}; EZ“’ = {Eif‘f}? szut = {Gout}§ HZ“' = {H%I}-)/n

nt

is the solution to the following optimization problem:

max, =Y Y UL(EY) — (0,(A,,EY +B,,G)

teT neN

+0,)(A, B + B, G+ > Y US(GH)

teT neN

- (92CmGZ?¢t + ‘91) + Z Z Uf(Hﬁ,”f)— (14)

teT neN

(9,(D, B}y + F, Gt + G, HYY) + ¢,)

ntn;t

(D, Ey¥ +F, G + G, HY)

ntn,t

s.t.  Equation(6) — (10)

The aim of each energy consumer is to determine its strategy profile y, in Eq (14). In the
meantime, other consumers’ strategies are unchanged. Once all energy consumers find the
optimal strategy profiles, the Nash equilibrium is determined.

Stackelberg game
Potential game among energy consumers

When the energy prices are given, consumers can adjust their consumption strategies to com-
pete and maximize their profit. Here, the interaction among the consumers is an ordinal
potential game. A game is an ordinal potential game if the ordinal function P(y) maintains

y = (yn _yn71)7/)7: (/j/\n - /)7"71).Thus

UYI()/YI _y—n) - UH(/)-/\H - /)}\—n) 2

0
~ (15)
:>Pn(yn_y7n)_Pn ﬂ_y*n)zo

The left side of inequality (12) is equivalent to

Z Z(U;(sz) - UL(IZW)) 2 Z(Dl,t + D2,r + Ds,r - D4,r - Ds,r - Db‘.r) (16)
I

teT teT

Where’ DLt = (An‘tEaut + Bn,fGZlftt)pe(Gl (A Elmt + Bn‘th:tt) + 00); D2‘t = Cn‘Gftlfttpg(‘gl Cn,tGZf[tt_'—

n,t ntnt
%) Dy, = (D, EyY + F, Gt + G, H)p,(9,(D,, Ef + F, G + G, HY) + ¢,);
D4,t = (An,tEZl,lt[ + Bn,thljt[)pe(Ol (An,tE‘:xlftt + Bn,th.ut[) + 00)
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Lemma: For the function f{x) = log,,x, there is £>0, and for which x>¢, f (x)<1 for m > e
Now, for the function f{x) = log,,x with x = D; (j = 1,2,3,4). The input of electricity, gas, and
heat power in each time slot t is positive, clearly. Hence, E',, G, and H.", are positive. There-

n,t>

fore, there are small enough &;,>0 where D, ;>¢;,>0. According to the lemma, for

m > max(e“’f%); thus, f(x) = 1. According to the mean value theorem of integrals,
longl + longZ + long'd - long4 - longS
—log, D, < D, + D, + D, — D, — D, — D,

because 0<A;,A5,43<1, (2 — 1,2) > 1(i=1,2,3). Thus,

> (log,D,, +log, D, +log,D; —log, D, —log,D; —log, Dy < ZZ (UNLY) - U(I)

teT teT (18)
<> Z (2 =)L - UL

I teT i= 12’5

Thus, the game (15) among energy consumers is an ordinal potential game, which main-
tains the following potential function:

Z SN @ I(ULES)+ULIY) = Us(I) = Y ) log, (0,Ex, + 6,)

nEN telT 1 neN teT (19)
=D > log Bl =) ) log,Gi =D > log,(8,G, + )
neN teT neN teT neN teT

where m>0. The Jacobian matrix F = VZP(y) is negative definite regardless of the large m, and
the potential function P(y) is strictly concave. Thus, the ordinal potential game among energy
consumers obtains a unique Nash equilibrium [35]. The optimal solution is as follows,

max, P(y)

s.t.  Equation(9) — (13) (20)

Stackelberg game among suppliers and consumers

We assume that the leader in the Stackelberg game is the energy company who sets energy
prices according to consumers’ consumption. After the energy prices are announced, each
consumer adjusts their consumption strategy which acts as an ordinal potential game. In this
situation, the energy consumption decisions that consumers make will inherently influence
each other. The energy company will update energy prices quickly when they are aware of the
equilibrium that the consumers’ game reaches. This paper ignores the time lag between energy
companies obtaining information from a cloud platform and reacting. As the Jacobian matrix
of the energy company revenue function is negative definite, the function is concave, too.
Thus, both P(y) and U(p) are concave [36].

Some novel algorithms with good solution performance are generally adopted to solve the
mathematical models [37, 38]. Considering the convergence rate of the algorithm, a gradient
projection algorithm was chosen to determine the decision-making of consumers. k denotes
the number of iterations in the potential game among energy consumers, and s denotes the
number of iterations in the Stackelberg game between the energy company and energy con-
sumers. y = {y },n € N are the strategy profiles of consumer 1 to consumer n in the itera-

tion k and time slot t. y% , denotes the strategy of consumer n in time slot ¢. A gradient
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projection method is designed to update the strategy as follows,
op0n),
9p0)

where 7 is the projection onto the feasible set that is confined by Eqs (5A)-(5C) and (13), and
y is the step size of iteration. The energy companies update the prices p}, p; » and pj;, in each

ot =nbh, +y (21)

iteration. The energy companies also update the p'* , p* o and 'y, which are the first deriva-
tives of the cost function, respectively.

First, energy consumer n randomly initializes the energy consumption strategy in time slot
t. Then, energy consumer n communicates the strategy with the energy companies, which is
described as a Stackelberg game. When y% , is determined, the energy provided EX', G;¥", and

Hy" update as Eq (12). Energy consumer n is aware the game is an ordinal potential. Consid-

ering Eq (21) energy consumer n requires the updated values of p:(ExY"), p5(G,7"), p,(Hyy') to

determme (yk

k)
Ok

in step 11 is satisfied, the algorithm will stop and the results are obtained. As all the consumers
possess strictly concave potential functions, the designed algorithm will converge very fast and
the optimal point is easy to obtain in simulation [39].

Algorithm 1 Gradient projection algorithm

1: Initialization: Set t = 0, k = 0, s = 0 and & = 10°°. Initialize the strategy profile y*, for all

energy consumers since is just related to its strategy profile. Finally, when the constraint

energy consumers; Initialize the energy inputs Ei", G\", and H}" according to Eq (12); Initial-
ize the energy prices p,(E}"), p,(G'), p,(Hyi") according to Eq (5A)-(5C).
2: Fort=1{1,2,---, T}

3: Forn={1,2, --,N}

4: Update y4'' according to Eq (21).
5: Update ES, Gy, and HY" according to Eq (12).
6: End
7: ke—k+1
8 Untl [y, (t) =y, (1)l <0
9: Update p;(ES"), pi(Gyi"), p;,(Hyy") according to Eq (5A)-(5C).
10:  se—s+1
11: Until [|py™ (I") — pi(I6M)|| < 0,1 = {E,G,H}
12: End
Simulation

This section will evaluate the performance of the proposed gradient projection algorithm.
There are one company and ten consumers in the system. T is divided into 24 time slots. The
efficiency parameters 7, 7jgn, and 7., are selected randomly from [0.4, 0.5], [0.35, 0.45], and
[0.4, 0.5], respectively. The electricity gas and heat power generation cost function has coeffi-
cients 6, =3,0=3,9,=2,9=0.1, ¢, = 1, and ¢ = 4. The coefficients w*, w¢, and w’ were
selected randomly from [10, 20] in time slots 11-14, and [15, 25] from 16:00 to 21:00. The
parameters are chosen from [5, 10] in other time slots. o, ¢, and o are set to be 0.5 for every
energy consumer. The dispatch factors 4, 1,, and 45 were set to be 0.7, 0.1, and 0.2.

Fig 2 shows the general change trend of electrical power with and without the algorithm. In
the MCS, the energy company generates electrical power directly. The company reduces the
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Fig 2. The total electrical power from the company with and without the algorithm.
https://doi.org/10.1371/journal.pone.0245622.g002

generation cost by decreasing the electrical power peaks. Without the algorithm, the electrical
peaks are during time slots 16 to 21. By contrast, the peaks are reduced apparently, reaching
about 40% with the algorithm. Fig 3 shows the general change trend of electricity consumed by
the customers. With the algorithm, the peaks only drop by approximately 10%. This is because
the customers prefer the instant satisfaction of the need for energy consumption and have no
need to reduce the cost by shifting their demand from peak hours to off-peak hours. This has a
slight impact on both energy consumers and companies. For the coefficients « of the custom-
ers’ satisfaction functions are higher, the peak during time slots 16 to 21 in Fig 3 is higher,
which means the customers maintain current their electricity consumption pattern.
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Fig 3. The total electrical power consumption with and without the algorithm.

https://doi.org/10.1371/journal.pone.0245622.g003
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Fig 4. The total heat power from the company with and without the algorithm.
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Fig 4 shows the general change trend of heat power purchased from the energy company.
The energy company profile soars at time slots 15 to 21. In reality, during time slots 15 to 21,
the energy company provides more heat power to consumers due to the increased demand.
During time slots 15 to 21, consumers convert their consumption patterns from heat power to
electricity and gas transformation consumption. Thus, the heat power provided by the energy
company deceased in the industrial interconnection. Fig 5 shows the general trend of heat con-
sumption on the customer side. The peaks in industrial interconnection are even increased by
7% during time slots 15 to 21 because the customers’ satisfaction functions are higher in these
hours. In Fig 3, the peak of the electricity reduces due to shifting from electrical power to heat
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Fig 5. The total heat power consumption with and without the algorithm.

https://doi.org/10.1371/journal.pone.0245622.9005
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power. Thus, the consumers will purchase less heat power and more electricity and gas to shift
the consumption patterns. More gas and electricity are input in the converter device to convert
to heat power due to the high satisfaction parameter of consuming heat power.

Fig 6 shows the general change trend of gas power provided by the energy company. In the
industrial interconnection, the gas of the energy company is flattened during time slots 0-16
and 21-24 and decreases significantly during time slots 16-21. During time slots 16-21, the
consumers require more gas and less electricity and heat power. Thus, the cloud platform
directs the device to stop converting. Fig 7 shows the gas general consumption trend on the
customer side. As the customers’ satisfaction functions are higher during time slots 16 to 21,
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Fig 7. The total gas consumption with and without the algorithm.
https://doi.org/10.1371/journal.pone.0245622.9007
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Fig 8. Parameter 4, at different time slots for a consumer with and without the algorithm.
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the peaks of gas consumption are increased slightly. The gas consumption is approximately
2.65 on average. However, the average gas provided by the energy company is approximately
4.4. The reason can be that the device converts more gas to electricity and heat power. Accord-
ing to Figs 3 and 5, the demand for switching electricity to heat power is increased, and the
demand for electricity is decreased. Thus, the energy company provides more electricity and
gas to consumers and the consumers will consume more gas and less electricity and heat
power than the actual demand.

Fig 8 shows the influence of parameter A, for consumer n. In the MCS, 4, becomes higher
at all time slots generally and lower during time slot 20-24. This indicates that the energy
resource of gas is converted to electricity during that time. Similarly, Figs 9 and 10 depict that
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Fig 9. Parameter 4, at different time slots for a consumer with and without the algorithm.

https://doi.org/10.1371/journal.pone.0245622.9009
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A, and A3 become higher when electricity and gas provided by the energy company are con-
verted to heat power through the converter device, respectively. 1, reaches its maximum dur-
ing time slots 11-14 and 16-21 when the demand for electricity increases on the consumers’
side. 4, and A3 reach their maximum during time slots 16-21, which indicates that the cus-
tomer demand is higher in these time slots. Thus, they prefer to shift the energy consumption
pattern by switching the types of energy demand in this time slot.

Fig 11 represents the total cost which is the sum of the electricity bills, gas bills, and heat
power bills for all consumers. The daily bill of each consumer is reduced by about 35% by par-
ticipating in the MCS. Hence, by reducing the cost, the system coupled with a cloud platform
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Fig 11. The total cost for consumers with and without the algorithm.
https://doi.org/10.1371/journal.pone.0245622.g011
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benefits both the customers and energy companies. Fig 12 shows the profit of every energy
company with and without an algorithm in MCS. The profit of the energy company clearly
increases in industrial interconnection as the energy consumption pattern is transformed.
Thus, the cost decreases for the energy company. In Fig 12, the revenue of electricity, gas, and
heat power provided by the energy company increase, which denotes that the consumers
require more gas than electricity and heat power during peak hours. Hence, the revenue by
providing gas is greater than the other two sources of energy.

In order to clarify the convergence of the proposed algorithm, the number of consumers is
set as three to investigate the strategy profiles in the equilibrium. Figs 13 and 14 show the con-
vergence of the payoff for consumers 1, 2, and 3 to the Nash equilibrium in two ways. Appar-
ently, the payoff of every consumer approaches the Nash equilibrium point in all iterations.
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Fig 13. The convergence to the Nash equilibrium.
https://doi.org/10.1371/journal.pone.0245622.g013
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The green, purple, and red curves with arrows show the change of payoff when the consumer’s
choice deviates from the Nash equilibrium strategy profile unilaterally. For example, Con-
sumer 1 chooses to deviate from its equilibrium strategy profile while the strategies of other
consumers are considered unchanged. Thus, consumer 1 changes the dispatch factor during
peak hours to consume less gas and more electricity and heat power. This shows that the payoff
of consumer 1 is gradually increasing in Figs 13 and 14. However, the payoff of consumer 3
decreases when the consumer deviates unilaterally. In fact, when consumer 1 changes the dis-
patch factor, the consumption patterns conversion leads to an increase in the amount of gas
converted into electricity and heat power as well as a rise in the price of gas. At the same time,
the more electricity and heat power the converter generates during this time, the less it buys
from the energy company. As a result, the prices of electricity and heat power fall, and the pay-
offs of the consumer 2 and 3 will increase. Consequently, neither consumer is inclined to devi-
ate from the selected equilibrium strategy profile in the Nash equilibrium.

Conclusions

In this paper, we present a multi-energy conversion system coupled with a cloud platform. Uti-
lizing effective metering causes customers to manage their electricity, gas, and heat power con-
sumption. We then propose a novel practical integrated consumption for energy consumers.
The complex energy consumption pattern is described as an ordinal potential game, the pur-
pose of which is to digitize the competition and cooperation of consumers of energy compa-
nies. We prove that the Stackelberg game and ordinal potential game both have unique Nash
equilibriums. A gradient projection algorithm is also proposed to solve those two games.
Lastly, simulations are performed to evaluate the performance of the algorithm. This demon-
strates that an energy system with one energy company and ten consumers improves the effi-
ciency of energy conversion through the cloud platform and made electricity, gas, and heat
power networks steadier. The cost of energy companies and consumers is also decreased after
implementing the cloud platform, leading to the development of new businesses with more
profit.
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With the increasing awareness of environmental protection, the coordinated development
of energy, environment, and economy has become an urgent need for the development of Chi-
na’s digital economy. Multi-energy conversion and complementarity can combine various
energy sources to alleviate the contradiction between energy supply and demand, promoting a
virtuous cycle of the ecological environment through extensive use of renewable energy. The
integrated system with energy conversion as the core adopts advanced information technology
to integrate multiple energy inputs, multiple product outputs, and multiple energy conversion
units. Especially with the rapid development of renewable energy, its consumption and trans-
portation of renewable energy is of great significance and has contributed to the realization of

China’s energy transition.
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