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Abstract: Asanimportant driving force to promote the energy revolution, the emergence of the energy
internet has provided new ideas for the marketization and flexibility of multi-energy transactions.
How to realize multi-energy joint trading is a key issue in the development of the energy market.
An urban energy internet market trading model among energy suppliers, energy service providers
and the large users in the urban area, based on tripartite game theory, is established in this paper.
Considering the cost-income function of each market entity and the basic market trading mechanism,
anew game-tree search method is proposed to solve the Nash equilibria for the game model. The Nash
equilibria of the tripartite game can be obtained, and the market transaction status corresponding to
the Nash equilibria is analyzed from the perspective of the market transactions. The multi-energy
joint transaction and market equilibria can be easily implemented for the bids and offers of the
multiple energy entities in the urban energy internet market.

Keywords: energy internet; cost-income model; market entities; Nash equilibria; tripartite game

1. Introduction

Energy consumption is an important basis for socio-economic development. As traditional fossil
energy sources are gradually depleted, how to achieve efficient energy use has become a major problem
all over the world. Combining the use of electricity, heat and natural gas may be a promising way
to deal with the energy consumption efficiency issue. Therefore, the concept of energy internet was
proposed [1,2]. Energy internet is a complex multi-energy flow system that has a power system as the
core, the internet and other cutting-edge information technologies as the foundation and distributed
renewable energy as the main energy source, and is closely coupled with thermal systems, natural
gas networks, transportation networks and other systems [3]. Based on the basic characteristics
of multi-energy-coupled energy internet, the main goal of the energy internet market is to achieve
multi-energy comprehensive transactions. In order to better realize complementary use of multiple
energy sources and improve energy efficiency, it is particularly important to establish a multi-time
scale, multi-energy, energy internet market trading model [4]. Compared with the pure electrical
energy trading in the traditional electricity market, other energy sources such as thermal energy will
also be included in the multi-energy market, and the trading behavior of market entities will affect the
entire trading mechanism [5].

Up to the present, the pure electricity market [6-9] has been relatively mature, and the research
on the multi-energy market trading models has also been gradually carried out. A real-time and
day-ahead level equilibrium model of the electricity and natural gas markets was established, and a
special diagonalization algorithm was proposed in [10]. A day-ahead market settlement framework
considering the uncertainty of renewable energy was presented in [11]. Few studies have been
conducted on the trading of multiple energy types, considering the competition strategies among
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multiple market entities. In particular, the trading models of multi-market entities such as energy
suppliers, energy service providers and large users within an urban level energy internet have not yet
been well resolved [12].

As a commonly used method in the field of economics, game theory [13-15] has become an
important means to solve the strategies for competing market entities related to the Nash equilibria.
For example, an electricity market game model between the microgrid and distribution network
was proposed in [16], in which the entities within a microgrid formed a cooperative alliance to
conduct the electricity transactions with the distribution network. [17] grouped many independent
microgrids together and conducted a price-bidding game with the remaining power-surplus microgrids.
A distributed demand-side energy management system was established in [18], and the interaction
between users and power sales agents was analyzed through game theory for the future smart grid.
As mentioned above, many references [19-22] regarded electrical energy as the main energy supply
of the system and mainly focused on the electricity market trading models, without involving other
energy types such as thermal energy [23]. In addition, a trading mode of power generation rights
between traditional energy and new energy based on cooperative game theory was discussed in [24],
and the profits of market entities and market equilibria are analyzed. [25] established a three-party,
non-cooperative-game trading model with energy operators, distributed photovoltaic users and
electric-vehicle-charging agents as market entities. [26] considered the marginal node price of demand
response and analyzed the Nash equilibria of integrated energy system market with thermal and
electrical energy. Despite much effort so far, research on tripartite games in multi-energy markets is
still lacking. The multi-energy market models established in the above references begin to include
other energy types in addition to electrical energy. However, thermal energy and other energy sources
are not directly involved in the market transactions, and they are mainly used to help analyze the
transaction mode between the supplier and user in the electricity market. The competitive behavior of
the energy internet in relation to the cost-income models of multi-market entities still needs further
study. The main contribution of this paper is to establish a tripartite game model for multi-energy
transactions in the urban energy internet market; the urban energy internet is restricted to the energy
systems that realize the efficient conversion among multiple energy sources within urban areas.

The structure of the paper is as follows. Section 2 establishes a tripartite game model for urban
energy internet market transactions, including multiple game entities with their game strategies and
payoff functions, and a new game-tree search solution to obtain the Nash equilibrium of the game
model is also introduced. Section 3 derives the Nash equilibrium results of the tripartite game model
and analyzes the transactions realized among multiple market entities under various trading scenarios.
Section 4 discusses the different trading scenarios for the three gaming entities based on the case study.
Finally, Section 5 concludes the paper.

2. Materials and Methods

Different from the transaction of pure electrical energy in the traditional electricity market, other
energy sources will be included in the multi-energy market. Without loss of generality, the additional
energy consumption is chosen as thermal energy in this study. Therefore, a typical urban energy
internet has four types of entities, namely the energy supplier (thermal power plant that can provide
both heat and electricity), the large users and two energy service providers, namely the power grid
company and the heating company.

2.1. Tripartite Game Model for the Energy Internet Market

2.1.1. Market Trading Mechanism

The energy market transaction entities of urban energy internet mainly include energy suppliers,
energy service providers (including the power grid company and the heating company) and the
large users.
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The basic market transaction setup is as follows. Large users first forecast the load consumptions
based on historical data and other information and then submit load data to energy suppliers, the
power grid company and the heating company. Then the energy suppliers, power grid company and
heating company make bids to the large users at the same time according to the load demand. Large
users then choose the party that needs to pay the least amount for the transaction.

More specifically, (1) the energy suppliers own the thermal power plants, and they are assumed to
operate in a typical mode of “fixing heat based on power” to supply energy. Energy suppliers give
priority to meeting the thermal needs of large users. At the same time, electricity is sold to the large
users or power grid company in the role of energy service provider. (2) The power grid and heating
companies purchase excess electricity and heat from energy suppliers and then sell electricity and heat
to large users. (3) Large users can choose to purchase heat and electricity from energy suppliers and
pay service fees to energy service providers at the same time, or directly purchase electricity from the
power grid and then convert part of the electricity into heat energy through electric heating equipment,
or purchase heat and electricity separately from the heating company and power grid company.

The structure of the transactions in the urban energy internet market is shown in Figure 1.

Heat

Heating
company of
energy service
providers

‘ Power and Heat

Energy Large users
suppliers

Power

Power grid
company of
energy service
providers

Figure 1. Energy internet market structure.

From the perspective of large users, how to maximize their benefits when purchasing heat and
power has become the focus of the energy internet market. Faced with the quotations of energy
service providers and energy suppliers, large users are likely to choose the transaction mode with the
maximum revenue. In this paper, we introduce game theory to analyze the trading behavior of various
market participants, as well as the transactions realized with other market participants in the urban
energy internet.

2.1.2. Tripartite Game Model

Before establishing the game model, several assumptions should be clarified. (1) All participants
are completely rational, and the game participants in the urban energy internet market, namely the
energy suppliers, the large users and energy service providers, act independently under the market
trading mechanism. (2) Within a short period of time, the energy consumption, or power and heat
generation, of the participants do not change. (3) Only the impact of price and the amounts of electricity
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and heat are considered in the process of trading; other market factors that affect the trading behavior
are neglected.
Therefore, in this non-cooperative static game with complete information, the general tripartite
game model can be expressed as:
T =(N,S,u) 1)

The model contains three elements:

(1) Game entities N: energy internet market entities include all of the energy suppliers F;,¥j €
{1,2,... M}, energy service providers of both power grid companies G and heating companies H,
and the large users U.

(2) Game strategies S: in the energy internet market, the game strategy of each participant is its
quotation price.

(3) Game utilities u: every rational participant wants to make a deal and get a payoff under the
Nash equilibrium.

2.2. Market Entities” Cost—Income Model

The game payoff function for each player in the market can be shown as [27]:

UF = UFtrg + UFser + UFoth

UG = UGtra T UGser T UGoth
UH = UHtrg + UHser + UHoth
U = Ulltrg + Ulser + Ulloth

@

where ur,ug,upy and uy; denote the game payoffs of energy suppliers, power grid company, heating
company, and the large user, respectively; urtq, UGta, UHtra and Uy, mean the transaction revenues of
energy suppliers, power grid company, heating company and the large user, respectively; urser, UGsers
UHser and uyysr mean the service fees of energy suppliers, power grid company, heating company and
the large user, respectively; try, UGot, Unom and uy;, mean the other benefits of energy suppliers,
power grid company, heating company and the large user, respectively.

2.2.1. Energy Suppliers

(a) Transaction revenue function ur,: For each energy supplier F iVj€fl,2,... M}, its transaction
revenue by trading electricity and heat can be represented as

M M M M
upva = Y Qpjpsai+ Y, Pribsei+ ), Preipra+ ), Qpipsn ®)
j=1 j=1 j=1 j=1

where M is the number of energy suppliers; Qy; and py,; represent, respectively, the amount of
heat and its price that the j-th energy supplier trades with the large user; P; and ps.; mean the
amount of electricity and its price that the j-th energy supplier trades with large user, respectively;
Py, and pr, mean the amount of heat and its price, respectively, that the j-th energy supplier
trades with power grid company; Qp,; and p s, mean the amount of heat and its price, respectively
that the j-th energy supplier trades with the heating company.

(b) Service fee function urs,: Energy service providers charge service fees for transactions between
energy suppliers and large user:

M M
UFser = — Z pfjpser - Z ijphser 4
= =
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where pg; is the electricity service fee charged by the power grid company when the energy
suppliers trade electricity directly with the large user and pyg,, is the heat service fee charged by
the heating company when the energy suppliers trade heat directly with the large user.

(c)  Other benefit function ur,y,: other benefits of energy suppliers are expressed only at cost. In order
to show the relationship between energy suppliers’ electricity and heat energy transactions and
their respective costs, the electricity and heat energy costs are calculated separately in the cost
model. Therefore, other benefit of energy suppliers can be expressed as

M M
UFoth = —ZPfo—ZQMf ®)
= =

where Py and ¢ are the power generation amount and unit power generation cost of the j-th
energy supplier and Qr and gy are the heat production amount and unit heat production cost of
the j-th energy supplier.

The three types of game revenues of the j-th energy supplier can be combined as:

UF = UFtrg + UFser + UFoth

= (Zl QfiPfej + Zl Pyipgej+ Zl Peipfe + Zl Ponjpgn = Zl Pyjpser = Zl QfjPhser = Zl Pycs - .Zl Qray)
= = = = = = = =

2.2.2. Large User

Without loss of generality, the large users in the urban energy internet are considered as one load
aggregator to participate in the energy market.

(a) Transaction revenue function uy,: Uy, can be formulated as

M M
uutra = = ) QfjPraj — Z P¢ipsej = PugPug — QuuPun @)
j=1 j=1

where P,¢ and py¢ represent the amount of electricity and its price that the power grid company
trades with the large, user as an energy service provider, and Q,;, and p,;, represent the amount
of heat and its price that the heating company trades with the large user, as an energy service
provider.

(b) Service fee function ujser: Uyser can be formulated as:

M M
Ulser = — Z Pgipser — Z Qf Phser 8
=1 =

(c) Other benefit function uyy,y,: large users have no other benefits, which is assumed to be uj, = 0,
since the large user can use electric heating equipment to convert electrical energy bought from
the grid company into heat so as to meet the heat demand.

The game payoff of the large user can be combined as

Uy = UUtra + UUser + Ulioth

== 'Zl Qf]Pfq] - 'Zl Pf]pfq - pugpug = QunPuh — 121 Pfjpser - 'Zl ijphser
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2.2.3. Power Grid Company as an Energy Service Provider

(a) Transaction revenue function ug,:

M
UGtra = — Z Proipfe + Pugpbug (10)
=1
(b) Service fee ugge,:
M
UGser =2 ) PfiPser (11)
=1

(c)  Other benefit ugyy,: Other benefits for the power grid company as an energy service provider are
only related to its own costs:

M
UGoth = Pfgjcg — Pygcg (12)

j=1

where c¢ is the unit cost of electricity sold by the power grid company.

The game payoffs of the power grid company as an energy service provider can be combined into

UG = UGt + UGser T UGoth

=~ L PrejPss + Pugpug +2 L Pripser + L Prgjeg = Pugcy
= = =
2.2.4. Heating company as an energy service provider
(a) Transaction revenue upyy,:
M
UHtra = — Z Qfnjp n + QuinPun (14)
j=1
(b) Service fee function upyge:
M
UHser = 2 Z ijphser (15)
j=1

(c)  Other benefit function up,,. Other benefits for the heating company as an energy service provider
are only related to its own costs:

M
UHoth = Z Qfnjcn = Qunch (16)
=1

where ¢y, is the unit cost of heat sold by the heating company.

The game payoffs of the heating company as an energy service provider can be combined into

UH = UHtra + UHser + UHoth

M M M (17)
=- ‘21 Qnipn + Quinpun + 2 }:1 QfiPhser + '21 Qnjcn — Quncn
= = =

Therefore, in the urban energy internet market, the strategy of the energy suppliers is the electricity
price pr.j, and the strategies of the energy service providers are the service fees pser and ppsr. According

to the trading mechanism in Section 2.1.1, the large users choose to trade with the party that needs to
pay the least amount based on their payoff functions. In other words, the large users do not need to
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participate directly with a specific strategy; thus, there will be only three game players out of the four
market entities in our game model, which is then named as a tripartite game model. The strategy sets

of the three game players are [O, pj’}f?‘], Vjell,2,...M}, [0, ph2*] and [(), pmﬂX], respectively. p;néz];cl prax

] hser
and pg;* are the upper limits of strategies for the three game players, respectively.

2.3. A New Nash Equilibrium Solving Method for the Tripartite Game Model

At present, there are many methods to solve the Nash equilibria in game problems. Traditional
methods include the scribing method, definition method, iterative search method and method of
eliminating unfavorable strategy sets [28]. In addition, there are some special Nash equilibrium
solutions, such as the Lemke method for constrained affine generalized Nash equilibrium problem [29],
the augmented Lagrangian method for generalized Nash equilibrium problems [30] and multi-Nash
equilibrium solution algorithm based on learning theory. The game problem in this paper is solved by
searching the entire strategy space, according to the definition of Nash equilibrium [31-33].

In the tripartite game model of energy internet market, the game payoffs of the energy suppliers
are related to different strategy combinations of p.j, pser and pys,, of all game players. The game payoff
of the power grid company as an energy service provider is related to two game players’ strategies of
Pfcj and pser. However, the game payoff of the heating company as an energy service provider is only
related to its own strategy of pjser-

Therefore, we propose a new game-tree search method for the tripartite game model.
The tree-diagram of the Nash equilibria solution for the tripartite game is shown in Figure 2, and the
detailed solution process is described as follows.

The boundary condition of Nash
equilibrium is related to the cost of S %
heating companies ¢, . Energy e —
suppliers sell heat grid company B -
thermal energy prices p, , grid nergy Power grid Two-pa
: suppliers party
company costs ¢, conversion company ame
efficiency of user-side power/thermal Py 271D < 5
equi mznt n and energy supplier s Py <R,
cggegeration unit them%g,l co?lgtant users trade heat with users trade electricity with
ratio I and electricity price Po of ~eating companies of power grid companies of
power grid companies and heat CNET8Y Service provider energy service providers and
price P, of heating companies converts electricity into heat —

l |

I |

| |

I |

I | Tripartite
l I Game
| |

I Heating |

: company :

| |

| . |

| Scenario 12 3 45 6 7 8 9 10

- — e —_ = —_

Figure 2. Game-tree diagram for the Nash equilibria solution of the tripartite game.
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(1) Firstly, the existence of the Nash equilibria for the proposed tripartite game on the continuous
strategy sets is demonstrated.

According to Nash’s Existence Theorem, any n-player normal-form game with finite strategy sets
for all players has a Nash equilibrium in mixed strategies [31-33]. Therefore, the Nash equilibria of the
proposed tripartite game model will surely exist, due to the fact that the strategies of all three game
players in the urban energy internet belong to mix strategies with finite value space.

In this game problem, the strategies for game players to participate in market competition are all
continuous variables. The Nash equilibrium problem of continuous strategy game can be solved by
analyzing the specific participant’s best response function to other participants’ strategy combinations.
It can be seen from Section 2.2 that the game players’ payoff functions are typically piecewise linear
functions, so the best response function of each participant can be considered in segments, and the
Nash equilibria of the game can be obtained by combining the segmented results together.

Since the payoff functions are not continuous, the conventional iterative search methods are not
applicable. Therefore, the proposed tripartite game problem can be solved by searching the entire
strategy space, according to the definition of Nash equilibrium. To solve the game model on a computer
platform, it is necessary to discretize the game players’ strategies. The formulas are as follows:

fej “Prej

pra = ki« pht, ki€ LV, Vj € {1,2,... M) as)
P = Ko *prer s ko € ZF

where, for the energy supplier, the lower limit of its strategy py; is 0 and the upper limit is p’!"*, with

fei
an incremental step size of pjf:]p and a total number of k; steps; for the grid company, its strategy has a

lower limit of 0 and upper limit of pj,/*, with an incremental step size of pz,t;p and a total number of k

steps. According to Nash’s existence theorem [31-33], there is a Nash equilibrium solution for a game
problem with finite strategy sets after discretization.

(2) Then, the Nash equilibria of the two-party game model can be obtained by searching the best
payoffs of the two participants [31].

Since the game payoff of the heating company as an energy service provider is only related to
its own strategy pjs.r, we can reformulate the best response functions for the energy supplier and
power grid company based on piecewise functions according to the variable pys,,. Then, the proposed
tripartite game model can be simplified to a two-party game problem for each value of pjg,.

For the mixed strategy game problem, define o7 as the Nash equilibrium point of a game model;
then, the following inequality condition holds:

ui(07,0%,) 2 us;, 0%;), ¥s; € S;, Vi (19)

where i is the number of game players; u; is the payoff of the game player i; s; is the strategy of the
game player i; S; is the strategy set of the game player i; and o ; is strategy combination for the game
players other than the player i.

Considering the value range of the strategy pjs,.r of the heating company as an energy service
provider, the optimal game payoff of the heating company can be reached under the Nash equilibrium
constraint of the two-party game problem in each branch search scenario of the game tree.

(3) Lastly, through the above game-tree search method, the Nash equilibria of the tripartite game
can be solved, and the flowchart for the solving process is shown in Figure 3.
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Figure 3. The process of solving Nash equilibria for the proposed tripartite game model.

3. Results

In order to verify the effectiveness of the tripartite game model and the solving method for the
urban energy internet market, case studies are conducted as follows. The thermal load demand of the
large user is Q, the electrical load demand is P, the thermoelectric ratio of energy supplier is 7 and
the electrical-heat conversion efficiency of large user is 1. The basic system parameters are described
in Table 1. The solution program is coded on the MATLAB platform to solve Nash equilibria of the
tripartite game model, and the graphic result is shown in Figure 4.

Table 1. Energy internet parameters. (Note that there is only one energy supplier in this section, namely
j = 1; pgj is thus simplified to py..)

Parameters Values (unit) Parameters Values (unit)

Q 3 MW P 5 MW

cf 0.5 yuan/(kW-h) Cq 0.6 yuan/(kW-h)

o 0.5 yuan/(kW-h) n 0.9

Prg 0.2 yuan /(kW-h) Pfn 0.2 yuan/(kW-h)

Pug 1.2 yuan/(kW-h) Pun 0.8 yuan/(kW-h)

Pfqi 0.8 yuan/(kW-h) Pfe psc € [0,2] yuan/(kW-h)

DPser Pser € [0,1.5] yuan /(kW-h) Dhser Piser € [0,1] yuan/(kW-h)
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phscrfyuanf(kw.h)

P, Jyuan/(kW.h) 0 o

p__Jyuan/(kW.h)

ser

Figure 4. Nash equilibria of the tripartite game.

It can be seen from Figure 4 that the thermoelectric ratio of energy supplier r and other parameters
will affect the transaction objects for the large user.

If r < Q/P, the large user has three bidding options: (1) large user trades both heat and electricity
only with the energy supplier; (2) large user purchases electricity from the power grid company,
and the energy supplier trades electricity with the power grid company and heat with the heating
company; and (3) large user trades electricity with the power grid company and heat with the heating
company, and the energy supplier trades electricity with the power grid company and heat with the
heating company.

If r > Q/P, the energy supplier can provide thermal energy to meet the heat demand of the
large user, while the produced electrical energy cannot meet the electricity demand of the large user.
Under this condition, the large user needs to purchase additional electrical power from the power
grid company.

The Nash equilibria critical condition of the tripartite game model can be obtained by analyzing
the strategy variable of the heating company phser. Considering the heating company’s strategy phger
and other parameters, the Nash equilibria of the two-party game are shown in Figure 5. There are
two types of transactions: one is between the large user and energy supplier; the other is between the
large user and energy service providers. The latter includes two scenarios according to the numerical
relationship between p,¢ and 7p,,;,. The large user will only trade with the power grid company when
Pug < NPun- For pug > np,p,, the large user will only trade with the heating company. In Figure 5, the
line segment part represents the Nash equilibria of transactions between the large user and energy
supplier. The rectangular area represents the Nash equilibria of transactions between the large user
and energy service providers.

More specifically, when py¢ > 11p,, the tripartite game Nash equilibria change with the strategy
Phser Of the third party. As pjg., goes from 0 to its maximum, the line segment A; A, will merge to the
point Az, and the Nash equilibria critical point of the transaction between the large user and energy
supplier will be A3, and the following equation will be satisfied: pyse, = %(puh -p fh) for the third-party
strategy variable. Beyond this critical point, the line segment part disappears, and the large user is
better off choosing to trade with the energy supplier.

When p,¢ < 11p,, similarly, the line segment A1 A, will merge to the point A3, and the following
equation will be satisfied: pjger = %(cg /n-p fh) for the third party strategy variable.

The parameters of electrothermal conversion efficiency n, thermoelectric ratio r, the heat and
electricity costs ¢; and cg of energy service providers, the electricity price p, ¢ of power grid companies
and heat price p,;, of heating companies, will affect the Nash equilibria distribution of the tripartite
game. The simulation results of the tripartite game model include 10 scenarios. The analysis is carried
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out under the most complex Nash equilibria correspondence condition for one scenario under the

- /NP . s .
condition of p,g < npyy, 1 < % and %g > ¢y > M ; the details of the Nash equilibria regions are

shown in Figure 6. Other scenarios are supplemented in Appendix A.
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S L2f
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Figure 5. Two-party sketch of the game Nash equilibria.
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Figure 6. Two-dimensional display of tripartite game Nash equilibria.
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The Nash equilibria of the tripartite game will satisfy the expressions shown in (20) in this scenario,
which can be further divided into four intervals.

H{pyaj + Prser)
*r'/»rlt'rm)'m N rm,(;r;w " r(pugteg)

"(F’ faj t Ph

Pser +Pfe = Pug + 15 = {(pgaj + Pher), Pser +Ppe = pug +
puspsg-+(”

uPrn

i *’(Pfq/* > )r!’sul>
2

Piser pugtprs | r(pugtes)
Jpre> M+ { T = lpsoj + Prser)

b
(5 -p p=2piser) Pustpre | r(pugtes)
7 P>zt . ”'(

Prgj+ F’Iz.wr)

ShPfh

Pser +Pfe = Pug + r’y% - ’(I’M/ +— )r!’sm >

¢
Pug |, Pug 2P
=+ T\ —Pfaj > Phser > —7

In Figure 6, the boundary line segment between the large user’s transaction with the energy
supplier and the energy service providers is pser + prc = pug + r’% - r(p fgj T phse,), namely the line
segment A1 A, in Figure 5.

The trading modes for the four intervals can be expressed as follows.

(1) When Ch_zpf "> Ppser > 0, the heating company will not have a dominant strategy no matter
what strategy pps, is under this scenario, and the line segment of the Nash equilibria part will
disappear. The Nash equilibria will only contain the black shaded rectangular region in Figure 6, and
the transaction will be realized between the large user and the power grid company. The results can
also be derived by the first expression in (20).

+eg/n-2 - . s
(2) When w > Phser > w, the red line segment of the Nash equilibria part represents
the transaction between the large user and the energy supplier; the red shaded rectangular region of
the Nash equilibria represents the transaction between the large user and the power grid company, or

the transaction between the large user and the heating company.

(3) When CK/WT_M > Phser > W+2pfh, the blue line segment of the Nash equilibria part also
represents the transaction between the large user and the energy supplier; the blue shaded region of
the Nash equilibria shows that the transaction will only be realized between the large user and the
power grid company in this case.

(4) When pug(g + ,l]) = Prgi > Pser > , the green shaded region of the Nash equilibria
represents the transaction between the large user and the power grid company only.

The detailed strategy combination and game payoffs for the market participants in the above
scenario are shown in Table 2. It is worth noting that the Nash equilibrium is a continuous region
and therefore contains multiple consecutive points related to different game strategy combinations.
According to the market trading mechanism in Section 2.1.1, each game player will change its own
strategy and choose the trading mode that maximizes its own revenue. For example, there will be two
kinds of trading outcomes for the strategy combinations 1 and 2 when changing the energy supplier’s
pfc- Although the revenue of the power grid company may increase from 2000 to 3000 yuan under the
non-equilibrium strategy combination 1, the energy suppliers will not choose strategy 1 because its
revenue will decrease from 0 to -500 yuan in that case. Similarly, the power grid company will not
choose strategy 3 with revenue as low as 1000 yuan, and the heating company will not choose both
strategy 1 and strategy 3, which bring itself the revenue of only 600 yuan. In other words, the game
players compare their own income changes when choosing their own strategies, and avoid choosing
their strictly disadvantaged strategies. Therefore, the proposed non-cooperative static tripartite game
model will make all the market participants more rational.

cg/NPn
2

Table 2. Strategy combination and game payoffs for the market participants in the above scenario.

Laree User Energy Power Grid  Heating
Variables User Trading Mode  Strategy Combination ( u‘asn) Supplier Company Company
Y (yuan) (yuan) (yuan)
With the power grid ~ Equilibrium strategy 0 5000 0 2000 900
company (p er Psers Phser) = (0.3,0.3,0.1)
Energy supplier’s With the heating Non-equilibrium strategy 1 —4700 500 3000 600
Pre company (Pf.:, Pser, phw) =(0.1,0.3,0.1)
With the power grid Equilibrium strategy 2 5000 0 2000 900

company (me Psers phse,) =(0.5,0.3,0.1)
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Table 2. Cont.

Large User Energy Power Grid  Heating
Variables User Trading Mode  Strategy Combination ( ufn) Supplier Company Company
Y (yuan) (yuan) (yuan)
i i Non-equilibrium strategy 3
Power grid With the heating ( a l)u: (03 e . 4700 500 1000 600
company’s per pany P fes Psers Phser 3,0.1,0.
With the power grid Equilibrium strategy 4 5000 0 2000 900
company (e Pser Paser) = (0.3,05,0.1)
i i Equilibri trategy 5
Heating company’s ZZ‘;‘ :f power grid (qm torium S)ri e(g(;);; 03005 o0 0 2000 900
Phser pany PferPsersPhser) = (U.5,U.5, 0.
With the power grid ~ Equilibrium strategy 6 5000 0 2000 900
company (pff, Psers th) =(0.3,0.3,0.2)

4. Discussion

The results of the game model established in this study are the Nash equilibrium payoffs of all
market participants, including the large user. The market transaction status of the Nash equilibrium
state is that under the current market parameters and all possible strategies of other market participants,
each market player’s equilibrium strategy or best response tends to maximize its benefits or avoid
greater losses. This best response is not the global optimal solution in the optimization theory.
Sometimes, if a game player wants to choose the strategy to maximize its benefits, other players will
definitely choose an anti-strategy to make it lose more.

In addition, the proposed energy market trading model was initially proposed for the urban
energy internet. Typically, in a town/urban area, there may be only one energy service provider who
owns the transmission/distribution power network and another one who owns the heat supply pipeline
network. It is also assumed that the users do not participate in the market as demand response service
providers. As for the energy suppliers, they usually have similar payoff functions, according to the
revenue and benefit functions in Section 2.2.1. Therefore, the proposed energy market trading model
based on tripartite game theory is feasible in practice. Future work can be extended to add some
additional market participants, including the demand response service providers, multiple energy
service providers (more than two), in order to implement the proposed energy trading model to a
larger energy market.

5. Conclusions

There are many key transaction issues that need to be resolved in the energy internet market.
A tripartite game model is established to solve the multi-energy joint trading problem and market
equilibrium problem in this paper. A game-tree search method for solving the game model based
on the Nash equilibrium definition is proposed by analyzing the cost-income function and market
transaction mechanism of each market entity. We are able to analyze the market transaction status for
the participants based on the corresponding market transactions in different Nash equilibria scenarios
and prove the applicability of the tripartite game model for multi-energy joint trading problems.
The results show that the established model can effectively realize market equilibria with the best
responses for all the market participants in the urban energy internet.
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Grant xjj2017145.
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Appendix A

The Nash equilibria of the tripartite game can be obtained in the following 10 scenarios (also
shown in 10 branches in the tree diagram of Figure 2), which depends on the bidding strategies of the
three parties in the urban energy internet.

(1) When py,¢ > np, there will be four scenarios: two for r < % and the other two for r > %

Forr < %, the Nash equilibria of the tripartite game are shown in Figure A1.

(a) Scenario 1: r < % and ppger < Pu pf h

. The payoffs of the heating company providing energy
service will be 2Qpjq.r and 2Qpjser < Q(puh -p fh)r respectively. The Nash equilibria of the three-party

game are shown in the black shaded part of Figure A2 and can also be expressed as

Pug=P g +QPun—P fr=2Pnser)
ts s ;1 f - < Pser < Psermax

Pun— P Pun—Psh

Pugtps QPun—p 4~ Phser)
2 £4 == Pq] = <pr] pfqmaxlf

> phsei’ > ” (A )
Puz 14 g FH‘2+F g Q ‘ 9 2

Puh=Pfh
else Phser = 2

Pun pfh

As shown in Equation (A1), when pjg., < , the energy trading center will match transactions

Pun pfh

between the large user and energy service prov1ders, when pjser =
will match transactions between the large user and the energy supplier.

, the energy trading center

A3
St
.:u:w':u:m:i""’&m:h
S S
u%%%u,,q{n%n%::%u}:% %
.,35’”,:‘2"5* RO
'i%u%u:,,

ser

Figure A1. The tripartite game Nash equilibria diagram for r < % (also shown in Figure 3).

Pun— P 'fh

(b) Scenario 2: r < % and %pug +Pun —Pfqj = Phser > . The Nash equilibria of the three-party
game are shown in the purple shaded part of Figure A2, Wthh can also be expressed as:

(P it Phs )
Pser + Pfcj = Pug + %Puh -Q i D =
Pun=P fn=2p
pug_pfg""Q( uh f;l:' hser)
Pser 2 5

PugtPfe (puh “PfqjPhser )
Prjz2 —72 +Q P

(A2)

In this scenario, the energy trading center will match transactions between the large user and
energy service providers.
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p fein puh p fh Q
phser 2 y r S E, pug Z 77 puh
max
pfcj —————————
I
I
Pser + Ptej = Pyg +% Pun _QM
|
I
I
I N\
max 7
Peer Pser
ph_ pfh Pun = P
phser < UT 6 pug + puh - pqu > phser > T

Figure A2. Scenarios 1,2: two-dimensional sketch of the tripartite game Nash equilibria.

When r > %, the Nash equilibria of the tripartite game are shown in Figure A3.

. Pun=Pfn
(c) Scenario 3: r > % and ppeer < qu

. The Nash equilibria of the three-party game are shown in

the black shaded part of Figure A4, which can also be expressed as in Equation (A3).

Figure A3. The tripartite game Nash equilibria diagram for r >

ser

Q

D



Energies 2020, 13, 1834 16 of 24

Pug=P fg+1 (Pun+P fn—2Pnser)
ug—Pfg 1421 fl ser) < Phser < Psermax e Pun—P
Pug+Pfq 5 < < if —5=— > Ppger > 0
7t r(pun — Pfn— Phser) < Pfcj = Pfejmax Pun—P fh (A3)
(Puh—lﬂfh Pug+P g+ (PuntPm—=2pfg;) else ppser = —
4 2

2

When pjser < w, the energy trading center will match transactions between the large user

and energy service providers; on the other hand, when py,,, = p“h;pf ", the energy trading center will
firstly match transactions between the large user and energy supplier and then match the electricity
shortage of the large user with the power grid company as an energy service provider.

(d) Scenario 4: r > % and pl% + Pun = Pfqj Z Phser > p”h;pf " The three-party game Nash equilibria

are shown in the purple shaded part of Figure A4, which can also be expressed as:

peer & Pfej 2 Pug + Pun = {p g + Pisr)
Der > Pug‘f’fg+’(Pu2h—r’fh—2phser) (Ad)

ug+
Pfej = - gzpfg + r<puh ~Prqj — phser)

In this scenario, the energy trading center will match transactions between the large user and
energy service providers.

. puh_pfh Q
Picin Preg < — T >E’ Pug =717 Pun
P ——————— 7o LTI
g N
NI
L
| I
TR
NI
R
|
|
|
|
Peer + pfcj = pug+rpuh_r(pqu+ phser) :
|
|
T >
— pSGI’ pser
P —Pwm [ | P Pun — P
Phser =< 2 =+ Pun — pqu > Prser >UT

Figure A4. Scenarios 3,4: two-dimensional sketch of the tripartite game Nash equilibria.

(2) When py¢ < np,;, there will be six other scenarios, since the value of py, varies within the
range of [0, pm’”‘].

hser
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P 'fh

(a) Scenario 5: pyg < 1py, and r < % If ¢, <
of the tripartite game can be expressed as

Qpu, (P itp ser)
Pser + Pfej = Pug + p e QmTh

2
PugtPfg (pquerhser) Pug+cg
>—5-Q +Q=p;

Pfej
Pser + Pfcj = Pug + QPug prq]

Z—P h
, then % >

=P fh
2

“Prai~ 2ph597+puTg Co—Pfi
Pug—pro+Q TP T T S 50
Phser > 2
PugtPrg (pqu+plzser) Pug+cg
Prej> —7 - —Q +Q%m;
QP (P fqj+Phser)
Pser + Pfej = Pug + S5 - QL
QP P
Pser + Pfcj 2 Pug + “g Q i
pug <8 Pfn
=P fqi=2Phsert
Pug=Prg+Q f‘”ﬁse"’] elseif—
Phser >

17 of 24

> 0. The Nash equilibria

C,

*g—r’fh

n
> Phser > 1

Pug—
Ptlg—Pfg+Q p,] g _
> — - - 7 P 1 1 P
Phser 2 else Pug(@ + ﬁ) —Pfqj > Phser > —3
”fh fqj
Pug+pfg+Q —Dp
Pfej > pl
c
g
Q —+ pfh
pfcj pug <77puh’rSE’Ch< 2
pmax ________ ~—— =TT
fcj
g |
|
| .
| eline
.
—
1
Per + Pi = Pug +%—Q7(p'“‘ ;p"“') . w NN
A\ |
NN
|
|
|
|
max| >
pse[ pser
C C C c
;g—pm ;g_pfn ;g_pfh P 1 ;g_p'h
2 2 P >0 2 2 Prger > 7 Pug (5*;]_ Prgj = Preer > 2

Figure A5. Scenario 5: two-dimensional sketch of the tripartite game Nash equilibria.

C,

For Phser < p)

(A5)

, the payoffs of the heating company will be 2Qpy, that satisfies 2Qpy., <

Q(ch -p fh)- The Nash equilibria of the three-party game are shown in the black shaded part and the

C,

gpf

black line segment in Figure A5; for -

are shown in the red shaded part and the red line segment; for pug(g + %) —Pfqj = Phser

< Phser < 7_2’7’( ", the Nash equilibria of the three-party game

> ;h’ the
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trading center will only match transactions between the large user and the energy service providers.
The Nash equilibria are shown in the light blue shaded part of Figure A5.

(b) Scenario 6: pyg < 1py, and 1 < % If %q > ¢ > T pr , then %g—pfh > 0. (This is the
most complicated scenario, and has also been listed in the Results section.) Since the criterion is

Pser + Pfej = Pug + QP”? - pr 9 the Nash equilibria of the tripartite game can be expressed by the

following formula:

pug
“Pfh2Phsert
pug_Pfg+Q[ f Pser 7 ]

< cChPfh
Pser > lfo > Phser > 0

2
Pug+p [ '+Ph ) +c
Prej > “82 f& _ Q faj T Phser + Ql’us g

2Pn
Pser + Pfej = Pug +

qug (pqu+phser)
—Q=7—
pug
“Pfh~ ZPhSerJr 7 Ch+%_zp " o
Pug_pfg+Q[ P ] elseifq—f > DPhser > hPfn

4 2

Pser > 5

PugtPre (pqu""phser) Pug+Cg
Pfej>—72  —Q—p (+Q 2Py
Q PfqjtPhser)
Pser + Pfej = Pug + ;]]glgq - QM

i (A6)
Qpug (pfqﬁ" )
pSE}’ + pfcj > pug + 17p - QT
pfq]vahs‘,,+W,f] elseif
P

[
Wg —Pn cpt *—prh
2 > Phser > 1

Pug‘Pfg+Q[

Phser > 2
Plug*?fg (pqu+pllser) Pug+Cg

Prej> —=2— —Q +Q=p;

< Pfh

L@ (Prgjt—=—)

Pser +Pfcj 2 Pug + ,ﬂl)‘? Q [ D

_ pug— Cg g
Pug=PfgtQ—p P o1 o "Pfh

Phser > f else pus(@ _]) Pfqj > Phser > : 2

+’“fh 2‘“qu]

pug"!‘Pfg"rQ
Prej > 2

Case (1): For Ch_zpf " > Prser > 0, the line segment part of the Nash equilibria will disappear due to
the fact that the heating company does not have a dominant strategy, no matter what strategy pys,, is
in this case. The black shaded rectangular area in Figure A6 represents the Nash equilibria, and the
transactions will be realized between the large user and the power grid company. The results can also
be derived from the first expression of Eq. (A-6).

Case (2): For w > Phser > - pﬂ’
represents the transactions realized between the large user and the energy supplier; the red shaded
rectangular area of the Nash equilibria represents the transactions between the large user and the

, the red line segment of the Nash equilibria part

power grid company, or the transactions between the large user and the heating company.

Case (3): For m > Phser > w, the blue line segment of the Nash equilibria part
represents the transactions between the large user and the energy supplier; the blue shaded area of the
Nash equilibria indicates that the transactions will only be realized between the large user and the
power grid company in this case.

Case (4): For pug(g + %) —Pgyi = Phser > , the green shaded area of the Nash equilibria
represents the transactions that will only be realized between the large user and the power grid company.

/NP
2
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g
pf N c + pfh
cj g
p < n puh at < ormthe sameline
max
pfcj ————————
qu (p1'+ phser)
pser + p!cj = pug +’7—Pg_Qq]T
|
|
|
I
I
I
t 7
—_— _— pser pser
C —p Gy 9 9 2
h th c, +—-2p —=p C,+—=2py, P
- "0 > O h [ c-p fh h P 1) n
2 phser 774 2 Preer > : 2 n) 2 2 Prer > ’74 pug Q+17 Pqu % Prer > 2

Figure A6. Scenario 6: two-dimensional sketch of the tripartite game Nash equilibria.

8
(c) Scenario 7: pyg < np,,and r < 5. If ¢ > 2 then 2 pf s pr " > 0. The Nash equilibria of
the tripartite game can be expressed as

pug
“Pfai~Phsert 1
Pug—p fg+Q[M”] i‘—pfh
Phser > if Phser < - 2
S Pug +?’fg pfw “’hq” Pugtce
p fC] = +Q 2Pn
Qp PrajtPn
Pser +Pfcj 2 Pug + —p- ug Q( — sw) (A7)
8
pfq] thser 7_P
_ “Pfai = hser ™ T P, 1 fh
Pug P/g+Q[ ] else Pug(g ;I) pfq] > Phser >
Phser > 2
pug+pfg PfqjtPhser Pugtcg
Pfej = -Q P +Q 2Py

ﬂ , the Nash equilibria of tripartite game are shown in the black shaded area of

8y
Figure A7; when pug(é + ﬁ) —Prgj 2 Phser > ”T, the large user will only trade with grid companies
to maximize its benefits, and the Nash equilibria are shown in the purple shaded area of Figure A7.

When ppger <
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I
Qp, (pf i+ phser) |
Peer T P = Pyg + ;7Pg _QKUT |
|
|
|
I
I
|
max 7
pser pser
By “op
fh fh
n P U
phser = 2 pug [Q + n I:)qu 2 phser > 2

Figure A7. Scenario 7: two-dimensional sketch of the tripartite game Nash equilibria.

w @ _ )
(d) Scenario 8: pyg < np,y and r > % If cj, < -2 zpf ", then - 2pf Ly pr "> 0. The Nash equilibria

of the tripartite game can be expressed by the following formula:

Pser + Pfcj = Pug + 7% - (T’Pqu + Phser)

pug 8 _
Pug=P g\ =5 +Pfn—2Phs T Prh
Phser > Ras ( 712 i Iﬂ) if T~ Phser

Pug+p T(pu “+c )
Pfej > 82 = + gq . —F(pqu +phser)

Pu
Pser + Pfej > Pug + 15 = 1Pfq

- Pug _ .
Pser + Pfcj = Pug ;L’ 3 7’(7’pf‘7] + Phser) | .f%g—f’fh . . C,%—Pfh A8
pug_pfg+r(Tg_pfh_2pllser) elsel 2 Z Phser 2 4 ( )
Phser > (2 )
PugtPfg r(pugtcg
pr] > 2 + 2n - r(pfq] + phser)
Pug
Pser +Pfcj > Pug + 157 = TPfg; 5
Pug 2
Pug=Pfe+1\ = =P fn—2Phser Pug Pug [ Prn
Phser > ek ( nz ! ) else -t n —Pfqj > Phser > —3
Pug+Pfe 7(pugtcg)
Pfej > 2 + 21 - r(pqu + phser)
When pjger < Ch_ff " the Nash equilibria are shown in the black shaded area and black line segment
‘g
. . o P [ el .
in Figure A8; when - LS Phser > thfh, the Nash equilibria are shown in the red shaded area and

g
. . . o "Pfh S .
red line segment in Figure A8; when %% + 2% —p ;> ., > 1770, the Nash equilibria are shown in

the purple shaded area of Figure AS.
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. + p'h
P 4 Py <P S <r<—LulPe 2
2Py
max on the sameline
pfcj ________ T T T TN
|
|
i
|
auhl
pug
P + Pig = pug+r7—r(p,q,+phsw) |
j
) A |
\= |
\ 1
|
|
|
|
' >
max
- - pser Pser
C C
g g g
;_ Pin ;_ Pt ;_ P, Pug pug ;_ P
4 2 Preer >0 2 2 Prser > 4 r n =Py = Prser > 2

Figure A8. Scenario 8: two-dimensional sketch of the tripartite game Nash equilibria.

g
e) Scenario 9: p,e < nNp,, and r > Q . When £ > ¢, > - pf " the Nash equilibria of the tripartite
Pug < 1Pu 1 q p
game can be expressed by the formula as follows:
Pug
Pug=Pfgt1\ =~ +P h_zphser [
Phser > il ( Zz d : ) ifWg;pfh > Dhser
Pug+p r(pug+c
Pfej > 2 = + iq £ —T(pqu +phser>
Pu
Pser + Pfcj = Pug + 7’_8 - (T’Pqu + Phser) .
fug c +Tg—2 =
Dhser > Pug— pfg‘H( th 2Phser) elseif h 14 Pfh > Dhser > < zpfh
Pug+p T’(Pu +c )
Pfej > 82 fg+ gq £ _F(Pqu'i'Phser)
Pug
Pser + Pfej = Pug + ”T? - 7(7Pqu + Phser)
ey 2 Pug + 1 —r{p g+ 92 : ‘ (A9)
Pser T Pfcj = Pug T T "Pfaj 2 ) %—Pfh Ch+§—2pfh
Pug— pfg+r(7_pfh thser) elseif 2 Phser Z - 4
Phser > ( :
Pug+py r(pug+c
Pfej > 2 £+ gq £ _r(pqu+phser)
pu Ch— Pfh
Pser +Pfcj 2 Pug + 14~ (Pfq] -2 ) cg
u, + =2 ” Pu Pu o "Pfh
Dhser > Pug=Pfg r( ,72 Pﬂ Phsel ) else g + _e _Pfq] > Dhser > n 5
PugtPy r(pugtcg)
Pfcj > 2 £+ gn £ —r(pqu +Phser>
When w > Prser» the Nash equilibria are shown in the black shaded area of Figure A9; when
Ch“’%g_zpfh chPsn
——1——> Phser > —5—, the Nash equ111br1a are shown in the red shaded area and the red line segment
Cg— o+ 8 2
in Figure A9; when "Tpfh > Phser > ,,Tp’ the Nash equilibria are shown in the purple shaded
area and the purple line in Figure A9; when ™& pLg ~Pfaj Z Phser > Nash equilibria are

shown in the yellow shaded area of Figure A9
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(6) Scenario 10: pyg < np,; and r > % When ¢j, > i—f, the Nash equilibria of the tripartite game can
be expressed as:

p”g_pfg+r(‘m:77g+pfll_2phser) g
Phser > Pl i Pfn >
PugtPrg | r(pugtcy) 1 ser
Pfej = 2 + 21 —7’(}9qu +phser)
P
Pser+Pfc]' = Pug+1’% —T(rpqu+phser) )
pug g _
_ = P2 L Ot =20 c
Dhser > Pug Pfg'H'( 12 Prn phser) elseif q4 fi S Phcor S h zpfh
Pugtprg | 1(pugteq)
Pfcj > 2 + 2 - r(pqu + phser)
— Pug
Pser + Pfej = Pug + 1= = (1P fgj + Phser) AL
Pug Ch=Pfh ( )
Puer + Pfej 2 Pug + 155 = r{pggi + =7) =y ot E2p
P ) elseif 12 > > T A
F’“g_Pfg“(T—Pfh—zphsm) 5 = Phser 2 1
Phser > 5
Pugt+pPrg 7(pugtcg)
Prej> —= — + T r(Praj jp;m)
) Pug P
Pser +Pfcj 2 Pug j— L T(pfq] +— ) ;
P (5 P2 P p < P
I L i ) else S5+ 58 = py; > preer > 5
PugtpPre | r(pugtcg)
Pfcj > 2 + 21 - r(pqu + phser)

@8 _
When - ;f LS Phser» the Nash equilibria are shown in the black shaded area of Figure A10; when

8
pl% + ;%g = Pfgj = Phser > "Tpﬂ', the Nash equilibria are shown in the purple shaded area of Figure A10.
pfcj A
pug <n puh ’
max | __ o n
pfcj

pU
Pser + Prgj = Pyg T ng _r( Pig + phser)

max >
PR _ pser pSEI’
Ch — P
2

C,—p G S _
h fh p
E—— 7 P G, — P pug P "

>_. p > O p _— 9 p p
h h — = > >
ser ser 2 > phser > r fqj hser 2

Figure A9. Scenario 9: two-dimensional sketch of the tripartite game Nash equilibria.
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max

p N e

pug
pser + pfcj > pug +r7_r(pqu + phser)

AN
MaX 7
— pser ser
c C
;g - pfh P P, = - pfh
ug ug
2 > phser T+ - pqu = Phser > 2

Figure A10. Scenario 10: two-dimensional sketch of the tripartite game Nash equilibria.
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