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Abstract: As an important 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, a new 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.
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company of
energy service
providers

‘ Power and Heat

Energy Large users
suppliers

Power
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company of
energy service
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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
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electricity 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,,

Vj€{l,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]:

Up = Uptrq T Urser T Upotn
Ug = Ugtrq T Ugser T Ugotn
Uy = Uptra T Uhser T Ubotn
Uy = Uytra t Uyser T Uyotn

@)

where up,ug,uy and uy denote the game payoffs of energy suppliers, power grid company, heating
company, and the large user, respectively; Upyrq, Ugtra, Untra and Uyeq mean the transaction
revenues of energy suppliers, power grid company, heating company and the large user,
respectively; Upser, Ugsers Upser and Uys,, mean the service fees of energy suppliers, power grid
company, heating company and the large user, respectively; Ugoin, Ugoth, Unotn and Uygy, 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 up.,: For each energy supplier F,Vj€ {1,2,..M}, its
transaction revenue by trading electricity and heat can be represented as

M M M M
Urtra = Z QriPraj + ) FPriPrej + Z Prgjprg + Z Qrnj Prn ®)
=1 =1 =1 =1

where M is the number of energy suppliers; Qf; and psq; represent, respectively, the amount of
heat and its price that the j-th energy supplier trades with the large user; Pf; and ps.; mean the
amount of electricity and its price that the j-th energy supplier trades with large user, respectively;
Pry; and pry mean the amount of heat and its price, respectively, that the j;-th energy supplier
trades with power grid company; Q¢,; and ps, mean the amount of heat and its price, respectively
that the j-th energy supplier trades with the heating company.

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

M M
Upser = — Z Pfj DPser — z ij Phser 4)
=1 =
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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 py;,, is the heat service fee charged by the
heating company when the energy suppliers trade heat directly with the large user.

¢) Other benefit function ug,p: 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_Zquf )
= =

where Py and cf are the power generation amount and unit power generation cost of the j-th
energy supplier and Q; 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:

Up =Upyy TUpge, T Uiy,

M M M M M M M M (6)
= (Zl: Oppyy + Z;P/ipﬁy’ + Z;B/g/l’./g + Z;B/h/l’./h - Z;P/jpsw- - Z;Q/;P;W - ZP/'C/ - Z}:qur’)
J= J= j= j= j= J= j= J=

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 Uysq: Uy can be formulated as
M M
Uytra = — Z ij Prqj — Z Pfj Pfej — Pugpug — QunPun )
j=1 j=1

J= J

where B, and p,, 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 Uyge,: Uysercan be formulated as:

M M
Uyser = — Z Pfj Pser — Z ij Phser 8)
= =1

¢) Other benefit function Uy, large users have no other benefits, which is assumed to be
Uyorn = 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 = Uy T Uyge + Uyoy,

M

M M M
:_ZQﬁpqu_ZPﬁp/bj_Pugpug_Quhpuh_Zpﬁpser_zgﬁphser
J=1 Jj=1 =

J=1

)

2.2.3. Power Grid Company as an Energy Service Provider

a) Transaction revenue function Uggq:
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M
UGtra = — Z Pfgj pfg + Pugpug (10)
=1
b) Service fee Uggep:
M
UGser = 2prj Pser (11)
=1

¢) Other benefit Ugyp: Other benefits for the power grid company as an energy service
provider are only related to its own costs:

M

oo = ) Pryj g = Pags (12)
=1

where ¢, 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

U = Ugyy T Ugser T Ugo,

M M M (13)
= _Zl PP+ gD * 2_21 Bypy + ZIP/g/cg —Bycy
= j= =
2.2.4. Heating company as an energy service provider
a) Transaction revenue Ugirq:
M
Uhtra = _Z thj Prn t QunPun (14)
=1
b) Service fee function Upge,:
M
Upser = 2 z ij Phser (15)
j=1

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

M
Upoth = z Qfnj cn — Quntn (16)
=

where c;, 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

u +u +u

Htra Hser Hoth

M M M
= _z thjpjh + Quh puh + zz Q/j phser + z thjch - Quhch
j=1 j=1 j=1

n=u

17)
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Therefore, in the urban energy internet market, the strategy of the energy suppliers is the
electricity price py.j, and the strategies of the energy service providers are the service fees pg,,. and
Phser- 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 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 [0, p}”:‘],Vj e{l,Z,...M} , [0,pie®*] and

[0, prser ), Tespectively. prei*, pser and pger* 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 pf¢j, Dser and ppse, 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 pr.; and ps.,. However, the game payoff of the heating company as an energy service
provider is only related to its own strategy of ppser-

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 ]
heating companies c,+ Energy ==
suppliers sell heat grid company E -
thermal energy prices p, , grid nergy Power grid Two-
versi suppliers wo-party
company costs ¢, , conversion PP company game
efficiency of user-side power/thermal Pug 2MPus P <Py
equipment 7 and energy supplier . LA
cggerlzeration unit thern%gll coflls)tant users trade heat with users trade electricity with
ratio 7 and electricity price P« of heating companies of power grid companies of
power grid companies and heat €nergy service provider energy service providers and
price 7., of heating companies converts electricity into heat —_
iyl 1
| |
| |
| |
| | Tripartite
| | Game
| |
| Heating |
| company |
| |
| |
| Scenario 12 3 45 6 7 8 9 0 |

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:

fg >

max __ step +
Pyer _ko*p kOEZ

ser

{pﬁ;x =k, *pi7, k €L,V e{l,2,...M} s

where, for the energy supplier, the lower limit of its strategy py.; is 0 and the upper limit is pfj*,
step

with an incremental step size of p,.;” and a total number of k; steps; for the grid company, its
strategy has a lower limit of 0 and upper limit of p¢¥, with an incremental step size of pie’ 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 ppg.,. Then, the
proposed tripartite game model can be simplified to a two-party game problem for each value of
Phser-

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

ui(ai*, O'ii) = ui(Si,O':i), VSi € Sir 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 ¢”; is strategy combination for
the game players other than the player i.

Considering the value range of the strategy pps., 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 supplieris r and
the electrical-heat conversion efficiency of large user is 7. 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; pg; is thus simplified to py..)

Parameters Values (unit) Parameters Values (unit)

o 3 MW P 5 MW

Cf 0.5 yuan/(kW-h) Cg 0.6 yuan/(kW-h)

c, 0.5 yuan/(kW-h) n 0.9

Py 0.2 yuan /(kW-h) Py 0.2 yuan/(kW-h)

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

Py 0.8 yuan/(kW-h) Py Psc € [0,2] yuan/(kW-h)
Pser Pser € [0,1.5] yuan /(kW-h) Phser Piser € [0,1] Yuaﬂ/(kW'h>

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.
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Figure 4. Nash equilibria of the tripartite game.

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 pys... Considering the heating company’s strategy pyser
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 npy;,. The large user will only trade with the power grid company
when p,, < npyp. For p,g > npyy, 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.
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Figure 5. Two-party sketch of the game Nash equilibria.

More specifically, when p,; = npy,, the tripartite game Nash equilibria change with the
strategy ppser Of the third party. As pyser goes from 0 to its maximum, the line segment A;A4, will
merge to the point A3, and the Nash equilibria critical point of the transaction between the large user
and energy supplier will be As, and the following equation will be satisfied: pyse, = i (puh - pfh) 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,, < npyp, similarly, the line segment A;A4, will merge to the point A;, and the
following equation will be satisfied: ppser = %(cg /n— pfh) for the third party strategy variable.

The parameters of electrothermal conversion efficiency 7, thermoelectric ratio r, the heat and
electricity costs ¢, and c,; 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 out under the most complex Nash equilibria correspondence condition for one

Cg/nzﬂ; the details of the Nash
equilibria regions are shown in Figure 6. Other scenarios are supplemented in Appendix A.
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.

. " c
scenario under the condition of p,; < npys, S% and ;g >cp >

PP, +'{&—p =2, ]
i L A i , Hk+p,ﬂr{l7,p+%) D(p . ) q,—pmm
- 2 Fr 2 2]7 g Ehser 2 e
PP +{p‘“ P2, J +£-2p
e P~ PP 2 G+=-2p,
P ¢ g ntpe ote) 0 G
LoD =R E D) P ‘ A+ >y >t
0 , 2 2y ) 4 2
(20)
)2 p+f[p’“p 21%] & &,
g~ Py I e —TFm CW - h
e PP TR ) Pl U netp Arete) oo,
PR AP ) DR B e 5 pT Ay )  2h—
e :
Dy Pyt 7—171—213,.,} . P
TR S ) Pl {77 ), e, Mn) (ot Bee . o B
o LB =g n i 2 P Lo 2 e P 2’7 \Flg Do r (] D > P
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In Figure 6, the boundary line segment between the large user’s transaction with the energy
supplier and the energy service providers is pger + Prec = Pug + rp% - r(pfq it phser), namely the

line segment A;A, in Figure 5.

/
Py
pug ch - pfh
Doy T Pp 2Py ¥r——=7|Ppy t—F—
n 2
max
T I o 1 7 724 7 4 W 74 Vi Y Vi |
D I
1
N
N
o . .
], On one straight line
i
A
|
i
I
|
I
i N
max
I _— pfc pser
Ch_p/h i+c -2p Ci_p CL+C -2p i»’,p
LU h 3 _ f ,, m P P )
2 phser >0 n . > P > < zprh n 5 > P > n Z T+77pﬂ” > > n 5

Figure 6. Two-dimensional display of tripartite game Nash equilibria.

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

1) When Ch;ﬂ > Ppser > 0, the heating company will not have a dominant strategy no matter
what strategy ppser 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).

2) When w > Dhser > Ch_zpf " 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.
Cg/M—Pfh ChtCg/N—2Dfh . R

3) When T > Phser >, 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.

P 1 Cg/M—Pfn . 1l
4) When p,, (5 + ;) = Prgj > Dhser > gf, 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
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supplier’s p;. 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.

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

User Laree User Energy Power Grid Heating
Variables  Trading  Strategy Combination ( ufn) Supplier Company Company
Mode y (yuan) (yuan) (yuan)
With th
polwer € Equilibrium strategy 0
orid (Prer Psers Phser) -5000 0 2000 900
= (03,03, 0.1)
company
With the  Non-equilibrium strategy 1
heating (Pres Dsers Phser) -4700 -500 3000 600
Energy company = (0.1, 0.3,0.1)
ier’ With th
Z;Jppher s polwer ¢ Equilibrium strategy 2
id (Prer Pser» Phser) -5000 0 2000 900
& = (05, 0.3,0.1)
company
With the  Non-equilibrium strategy 3
P heating (Prer Psers Phser) -4700 500 1000 600
ower company = (03, 0.1,0.1)
grid  With the o
company’s power Equilibrium strategy 4
Dser grid (Prer Pser» Phser) -5000 0 2000 900
= (0.3, 0.5,0.1)
company
With th
polwer € Equilibrium strategy 5
orid (Pres Dsers Phser) -5000 0 2000 900
Heaing  Company = (0.3,0.30.05)
company’s i the
Phser power Equilibrium strategy 6
orid (Prer Pser» Phser) -5000 0 2000 900
=(03,03, 0.2)
company

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,
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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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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 p,; = npyp, there will be four scenarios: two for r < % and the other two for r > %
For r < %, the Nash equilibria of the tripartite game are shown in Figure Al.

a) Scenario 1: r < % and ppser < puhzﬂ. The payoffs of the heating company providing energy

service will be 2Qppser and 2Qppser < Q(Pun — Prn), 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—DPfg+Q(Dun—pfn—2Pnser)
2 S pSeT S psermax

Pug*Pfg | Q(pun—pfqj—Phser)
2 P

.¢c Puh=Pfh
< Drcj < Prcjmax if qu > Dhser > 0

(A-1)
Puh Prhn

<pug_Pfg PugtPrg + Q( Izt “Pfqj" 3 )) else D _ Pun—Pfh

! ser

2 2 P - 2

As shown in Eq. (A-1), when ppger <puhzﬂ, the energy trading center will match
transactions between the large user and energy service providers; when ppge, = puhzﬂ, the energy

trading center will match transactions between the large user and the energy supplier.
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Figure Al. The tripartite game Nash equilibria diagram for r < % (also shown in Figure 3).

b) Scenario 2: r < % and gpug + Dun — Prqj = DPhser > puhzﬂ. The Nash equilibria of the three-

party game are shown in the purple shaded part of Figure A2, which can also be expressed as:

Q (Pqu"‘phser)
Pser + Prcj = Pug + ;puh - Q P
Puh~—Pfr—2D
pug_pfg"'Q( uh f}; hser)

pSL’T = 2

(A-2)

PugtPrg (puh_pqu_phser)
Prej=2— 5 t0Q b

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

pf‘J phser <%7rg%ﬂpug2npuh
vy, M

Jj ﬂ' ]l_l“i' |_i 'l‘!

N

N | RERN

NRAN | | N

NENNAEAR

Pert Py = Pug +% Pus *Qi(p/‘" :,ph’") :

i

i

|

|

|

|

|

p;zfx pser
Pu— Py E _ > Pun —Pp
Pser S T qug + P —Pryj Z Phser > 5

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.
Puh—Pfh
—
in the black shaded part of Figure A4, which can also be expressed as in Eq. (A-3).

¢) Scenario 3: r > % and ppeer < The Nash equilibria of the three-party game are shown
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Figure A3. The tripartite game Nash equilibria diagram for r > >

pug_pfg+T(Puh+pfh_2phser)
2

S pser S psermax

Pug+p .c Puh—Pfh

ugz 19 + r(puh - pfh - zpqu) < pfcj < pfcjmax if = 2 L > Dhser > 0 (A—3)
Pug=Pfg PugtPrg*tr(PuntPrn—20sqj) _ Pun—Pfh
( ugz g9 Pug™Prg 1; [} else Ppser = uT

puhzﬂ, the energy trading center will match transactions between the large

When Phser <
user and energy service providers; on the other hand, when p;e, = p“hzﬂ, 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.

. Q Pu Puh—DP
d) Scenario 4 : 7 > and Tg+puh = Prqj = Phser >Tfh. The three-party game Nash

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

Pser + pfcj = pug + Pun — r(pqu + phser)

Pug—Pfg+r(Puh—Pfh—2Ph
Pser = —2—12 (“2 fh=2Phser) (A-4)

Dugtp
Prcj = ug#fg + r(puh — Prqj — phser)

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

energy service providers.
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max
Pri [~

Par + Py = Pug + 10 =7 (P 1y + Prver)

17 of 25

— pser pSE}"

phxer < » + Pun — p/q/ 2 Phger >

puh_pfh pug puh_p_/h
2

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

(2) When p, 4 < npyp, there will be six other scenarios, since the value of pyg., varies within the

range of [0, pysar]-

a) Scenario 5: p,, <np,, and 1 S%. If ¢, <

equilibria of the tripartite ga

Pfcj

Pfcj >

Prcj >

‘g

‘g
n TPfh 7 Pru
2

, then

me can be expressed as:

QPug Q (pqu+phser)
npP 14

Pu,
Tg_pfh‘ZPhser
Pug=PfgtQ =5

Pser * Prcj = Pug +

Pser > 2
c
> PugtPrg (pfqj+Phser) + Pugtcg if Tg_pfh - >0
2 Q ) Q 2Py 1 4 =2 Phser
_ Qbug (Pqu+phser)
Pser + pfcj - pug + P - Q
n p
QPug Prqj
> _ oYy
Dser + prj = pug + nP Q »
Pug
7 ~Pfh~2Phser
pug—pfg+Q<n+>
Pser > 2
( ) 9p 9 p
PugtPrg PfqjtPhser Pugtcg .o n Pfh n Prh
_ >
5 Q 5 +0Q Py elseif S 2 Phser >~
QPug Pfqj
+Ppej = Pug + 22— QLY
Dser pfc; pug nP Q »
Pug—c
Pug—PfrgtQ ugn g
Dser 2
Pug+
=L+ pn-2p5q; cg
Pug+Pfg+Q(n’+q}) o Prh

P 1
2 else Pug (6 + ;) — Drqj 2 Dhser> T

> Ch_zpfh > 0. The Nash
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c
;g—i_pjh
pf(/ pug<77puh’rSF’ch< 2
maxi__ — — — — - — —
Dy

., (Pt Pue)
ot =P t— - O0———=
Poar T Ppij = Pug P ¢ P

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

‘g
D
For prser < "Tfh, the payoffs of the heating company will be 2Qps., that satisfies 2Qppser <

Q(cn — psn)- The Nash equilibria of the three-party game are shown in the black shaded part and the

9 g

—~-p —~-p
black line segment in Figure A5; for - " "< Phser < "Tfh, the Nash equilibria of the three-party
game are shown in the red shaded part and the red line segment; for p,, (g + l) = Drqj = Dhser >
Cg "
Y—Pfh

, the 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: p,; <7npy,, and r < %. If %g> cp > . fh, then %‘"— psn > 0. (This is the most

complicated scenario, and has also been listed in the Results section.) Since the criterion is pg,, +

Dfcj = Pug t % -Q @, the Nash equilibria of the tripartite game can be expressed by the following

formula:
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P
_pfh_zl’hser*'%

> Pug—Pfg+Q(————F )
Pser 2

PugtPrg (pqu+phser) PugtCy .c Ch=Pfh
pfcj > 2 Q P + Q 2Py f 2 = Phser = 0

QPug 0 (pfqj*+Phser)

Pser + pfcj = pug + nP P

Pu
“Pfh~2Phsert ng
Pug—Pfrg+tQ - S—

pse‘r > 2

c
g
PugtPrg (Pfqj+Phser) Pugtcg . Ch+7_2pfh Ch—Pfh
p > - + elseiff ———> > —
pfc] 2 Q P Q 2Py 4 Phser 2

Qp (pfqj*Phser)
Pser + Prej = Pug + o — QU

(prar™3") (A-6)

2

D
pser+pfcj 2pug+Qﬁ_Qf

bu,
_pfh_zl’hser*'Tg
Pug—Pfg+Q| ——F—

pse‘r > 2

) Y c +c‘q 2p
5 PIn nts —2psn
elseif - S = Phser > +

PugtPrg _ (l’qu"’phser) Pugtcg
Prej >, Q P +0=,

o™ 2)
D a 2
Dser + Prcj = Pug +Qﬁ—Qf

Pug—Cg
pug‘l’fg"’Q( Py )
pS€T> 2

PUG e —2p s

n_tPfh2Pfcj cg_
pug"’pfg"'Q( P P 1 n Prh

Drej > > 2 else p, 4 (5+5) — Prqj = Phser > 2

Case 1): For Ch_zpfh

the fact that the heating company does not have a dominant strategy, no matter what strategy p,

>Prser > 0, the line segment part of the Nash equilibria will disappear due to

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}ﬂ >Dhser > Ch_zpf " the red line segment of the Nash equilibria part
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
power grid company, or the transactions between the large user and the heating company.

Case 3): For Cg/ﬂ# > Dhser > W}ﬂ, 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 pyg (g + %) = Prqj = Phser > Cg/n#, 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.
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¢,
fh
Py Q¢ n_
fe g
pug<77puh’rg_’_>ch> he sameline
P n 2
max
ljﬁj ———————— vV /7 TIT
/7 7 7 r
Ve —4.'| |
oL L4 '
17 __J+I 1u
g gninta
( ) t --------------- 1
Op, Pyt P L L L L]
Pt Dy =P+ 771; —Q% t
|
|
|
|
|
|
max 7
— — pser pser
c,—p G G _ G S _
h Efh G +—-2p, P G+—=2p P
_— > >0 / G =P / " P U]
9) Piser fz Phow > 5 | 5 2 Phyer > 774 Pug Q+77 Py 2 Prc > 2

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

‘9_
n

¢) Scenario 7: Pug <NPyp and 1 < %. If cp 2 %g, then cPsn o 0 P/ _ 4 The Nash equilibria of
2 2

the tripartite game can be expressed as

bu,
_pfh_ZPhser"'Tg

> pug_pfg"'Q(—P )
Pser = 2

4
)
7T_pfh

= PugtPrg 0 (PfqjtPhser) +0 PugtCq

pfcj = 2 P 2Py 1fphser <

QDug (pfqj+Phser)
Dser +pfcj 2pug +71_P_QT (A-7)
Pug
~Pfh—2Phsert
Pug—p ,wQ(#)
>

pser = 2

‘g
P 1 o _Prh
else Pug (E + ;) ~ Praj 2 Dhser > .

PugtPrg (Pqu+phser) Pugtcy
Pfej = 2 -0 P +Q 2P

Sh_
When p <1 PI", the Nash equilibria of tripartite game are shown in the black shaded area
= 2

2

‘9_
1P the large user will only trade with grid

; . P 1
of Figure A7, when Pug (5 + ;) — Prgj = Phser >
companies to maximize its benefits, and the Nash equilibria are shown in the purple shaded area of

Figure A7.
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pug <77puh’rSF’Ch 2—
max ?7
L e ERNNN
| NN
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NARR
L
Op,, Py * Phser |
Por TPy 2 Pug +TPE—Q% [
|
I
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|
|
max 4
P— pser pSG}’
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Figure A7. Scenario 7: two-dimensional sketch of the tripartite game Nash equilibria.

d) Scenario 8: pug <MPur and r>%. If .

c
9
< 7 +Dfh

c9_
, then =

2

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

pser >

- PugtPsg
pfc; > 2

pser

Prcj >

pSET >

pug_pfg+r<

14

- r(pqu + phser) +r

pug+cg

2n

Pu
Pug_Pfg+T(Tg_Pfh_2Phser)

PugtPrg
2

p
Pser +pfcj = Pug +T%_T

Pu,

D
Pser T+ Dgcj > Pug + r%g — TDgqj

p
Pser T Prcj = Pug + T% - r(pqu + phser)

Pug
n ‘pfh‘2ph59r>

pug+cg

(l’qu"‘phser)

p

elseif

D
Dser + Pgcj = Pug + T%g — TDfqj

pug_Pfg"'r(Tg_pfh_thser)

PugtPsg + r(pugtcg)

Prej > —,

When prger <

Ch—Pfh
4

segment in Figure A8; when
2

: 0 Fi . Pug | P
area and red line segment in Figure A8; when% + % —Draj = Phser >

shown in the purple shaded area of Figure A8.

c
)
7—Pfh

2n

- r(pqu + phser)

- r(pqu + phser) +r 2n

P
else = +

if

f9_
n

Pug
n

‘9_
n

)

Pfh

2 Phser >~ —

21 of 25

Prh > Ch_zpfh >0- The Nash

(A-8)

7—10 fh

— DPrqj 2 Phser>—— —

Dfh

, the Nash equilibria are shown in the black shaded area and black line

> Phser > w, the Nash equilibria are shown in the red shaded

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

‘a,
e) Scenario 9: pyy < 1py, and T > When L>c, > n the Nash equilibria of the tripartite
game can be expressed by the formula as follows.
pug_pfg+r(_pfh_2phser+ng)
pser 2 )
Pug+p Pug+c, .c Ch~Pfh
Prej > ugz 1o — r(pflU + phser) +r ugn £ if 2 L 2 Dhser > 0
Pser T Prcj = Pug + T% - r(pqu + phser)
l’ug‘l’fg"‘r(—pfh_zl’hser"'p%)
pser 2
DugtPf Pugtc Ch’fc—g‘zl’fh Ch=Dfh
u, u ) —
Prcj = % - r(pfq] + Phser) + 17— — g 4 elseif —1——> Phser > 2

Pser + Prcj = Pug t TT - r(pqu + phser)

- A-9
Pser * Dfcj = Dug T rp%g -r (prf + = prh) ( )

bu,
Pug —Pfg"'r(—pfh_zl’hser"'Tg)

Dser 2
g h Ch+c—g 2Pfh
PugtPfyg Pugtcy n n_
Prcj > - T(pqu + phser) + rT elseif = Dhser > - 1
Pug Ch—Dfh
pser+pfcj 2pug +TT_7"(pqu+ 2 )
Pug—Pfg‘*T(_pfh_zPhser"'p%)
Dser = 2
Cg P
PugtPrg Pug+tcy pug pug o Prh
pfcj > T T(pfq] + phser) tr—— 2n else +— = pfq] = DPhser > T
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Whench_zpf . >Phnser, the Nash equilibria are shown in the black shaded area of Figure A9; when

[
Ch+7‘q—2pfh

Dhser > —2r1, the Nash equilibria are shown in the red shaded area and the red line
4 > FPhser 2

9_
¥ "2PIh the Nash equilibria are shown in the purple

‘g
R . ——Dfh
segment in Figure A9; when — = Phger >
‘9_
shaded area and the purple line in Figure A9; when ”rﬂ_ﬂ’%_pm > Drsar > 1 2Pfh, the Nash

equilibria are shown in the yellow shaded area of Figure A9.

6) Scenario 10: p,y < npy;, and r > % When ¢, > Crl—g, the Nash equilibria of the tripartite game

can be expressed as:

pug_pfg"'r(p%_pfh_zPhser)
pser > 2
( ) F-p
pug+pf T(Pugtc .~ n Prfh
Prei >~ L+ uzg” L —1(prgj + Pser) if = 7 = Phser
p
Pser t Prcj > Pug + r%g - r(pqu + phser) (A-lO)
Pug_pfg"'r(p%_l’fh_zl’hser)
Pser 2
Pugteg) Tp
Pugtpr r(Pugtc p p 7 Prh
pfcj > ugz = + v0- — r(pqu + phser) else %-l- %_ pqu 2 Phser = L

2n

cg_
When n_ "/ < Dhser’ the Nash equilibria are shown in the black shaded area of Figure A10; when
2 =

cg
P P __pfh, o1 . . .
% + % —Draj = Phser > L—— the Nash equilibria are shown in the purple shaded area of Figure
A10.
N
Py
4 — Dy
Pyt Py g
Pug <NPup»— <1< ,—>c, > 3
Py =20y,
max | o — e — —— - —
Py I r-}:‘l | \Ont e sameline
VAN AN AN
P 25 EE S S8
&
Py, =
Do+ Dy = Pug +7 ; (P + Prer) iy Jl
Lt 4
(TE=
AVaN !
S '
|
|
|
|
‘max 7
—_ —_ p_S‘er pser
c,—p C,— Py |- S _
h /h h Jh Dy P
—2>p, . >0|p,.,. =—— ! = Pn| Pu  Pu n_"
= Fn hser > T D 2 D >
2 ser hser 2 > 2 Dher > 5 - 7 P Z Phser 2

Figure A9. Scenario 9: two-dimensional sketch of the tripartite game Nash equilibria.
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0
pfcj/ pug<77puh’;<r< ’Ch2
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|

ug

P,
Pyer T Ppj > Dyg T1 n
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max 7
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Figure A10. Scenario 10: two-dimensional sketch of the tripartite game Nash equilibria.
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