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Abstract: Due to global warming and climate change, it is essential to produce power using renewable
sources, such as solar, wind, fuel cells, etc. The traditional grid shifts towards the smart grid by
infusing digital communication techniques and information technology. As the current power system
is shifting towards a smart grid, the utility and prosumers participate in the energy trading process.
Due to the distributed nature of the smart grid, providing a fair price among them is becoming
a difficult task. The article introduces a model for energy trading in a smart grid by allowing
participants to negotiate in multiple stages using a game-theory-based multi-stage Nash Bargaining
Solution (NBS). The model’s application of game theory enables the participants to decide on a
mutually acceptable price, thereby encouraging the utility, private parties and prosumers (those
who are able to generate and consume energy) to participate in the trading process. Since all parties
participate in the trading procedure, greenhouse gas emissions are reduced. The proposed model also
balances the benefits of consumers and producers in the final agreed fixed price. To demonstrate the
efficacy of the proposed work, we compare the analytical results with feed-in-tariff (FiT) techniques in
terms of consumers’ energy bills and producers’ revenue. For experimental analysis, 20 participants
are considered, where the percentage reduction in the bill of each consumer and the percentage
increment of revenue of each producer are compared to FiT. On average, the overall bill of the
consumer is reduced by 32.8%, and the producers’ revenue is increased by 64.83% compared to FiT. It
has been shown further that the proposed model shows better performance as compared to FiT with
an increase in the number of participants. The analysis of carbon emission reduction in the proposed
model has been analyzed, where, for 10 participants, the carbon emission reduction is approximately
28.48 kg/kWh, and for 100 participants is 342.397 kg/kWh.

Keywords: smart grid; energy trading; distributed energy resources; renewable energy; prosumers;
cooperative game theory; multi-stage bargaining; peer-to-peer (P2P) trading

1. Introduction

Global warming and climate change have become of significant concern for future
generations. In addition, the increasing demand for energy leads to fossil fuel depletion as
the current energy generation depends on fossil fuel. This method of energy generation
eventually causes environmental issues due to the greenhouse gas emission in the process.
Integrating the distributed renewable energy resources in small scale or large scale genera-
tion is one of the most promising solutions for these issues [1–4]. In a traditional power
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grid, some large generators produce energy in bulk and deliver it to many consumers. It
supports only a one-way flow of information and electricity which is shown in Figure 1.
Therefore, managing these distributed energy resources may be difficult or not possible in
the existing traditional electricity grid. Here, the concept of smart grid (SG) comes in this
field to manage the above problem [5].

Bulk power
Generation

Power
Distributer Consumers

Transmission Line

Pay Bill

Set Rules & Send Bill

Figure 1. Traditional power grid.

A secure and fair trading platform is required to facilitate trading among these dis-
tributed energy generators (DERs). Information and communication technologies (ICT) are
employed in the energy sector to avail trading among DERs [6,7]. With the emergence of
ICT in the energy sector, the small-scale energy generators are allowed to trade with the
main grid, where producers can sell their surplus energy to the grid and consumers can
buy energy from main grid, called the Feed-in-Tariff (FiT) technique. Figure 2 represents
this FiT scheme. The FiT technique gives more benefits to the main grid, so small-scale
energy generators are not interested in participating in the trading process. So, to motivate
these small-scale energy generators to participate in the trading process, there is a need for
a prosumer-centric market mechanism. A trading technique known as peer-to-peer trading
has been introduce to give this facility [8].

CONSUMERS PRODUCERS

MAIN GRID

Sell to GridBuy from Grid

Figure 2. Feed-in-Tariff (FiT) architecture.

The peer-to-peer trading technique facilitates energy trading between producers and
consumers instead of buying from the grid and selling to the grid. Prosumers can take
advantage of themselves in this type of trading. One of the most important things to make the
market successful is making prosumers participate in the trading market. Therefore, this paper
motivates the prosumers by assuring a mutually agreed price via a multi-stage negotiation.

The main contributions of the proposed work are as follows:

• Proposes an architecture for P2P energy trading market based on a multi-stage Nash
Bargaining Solution (NBS) among the prosumers.

• Design a methodology for determining the bargaining power of producers and con-
sumers using the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) algorithm based on parameters, such as consumers’ and producers’ prices,
the amount of energy demand, and the amount of energy surplus.
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• Proposes a heterogeneous trading model that allows P2P energy trading and trading
with the main grid.

• Comparative studies of the proposed methodology have been carried out on vari-
ous aspects, such as bill reduction in consumers, revenue increment of prosumers,
satisfactory factors of both consumers and producers, etc.

The organization of the article is as follows. The overview of the state-of-art in energy
trading in smart grid is discussed in Section 2. In Section 3, the overall proposed trading
architecture is explained in detail. A detailed explanation of the mathematical formulation
of the proposed bargaining model, bill, and revenue determination of the proposed model
is performed in Section 4. Further, in Section 5, the analytical results of the proposed trading
method are discussed. Finally, the proposed method is concluded in Section 6.

2. Related Work

In this section, the contribution of the various researchers around the globe on the
smart grid energy trading and energy management is presented.

The authors in [9] designed an optimization method based on game theory to mini-
mize the cost of energy used by households. In this approach, fairness criteria should be
used to distribute the coalition’s value (or revenue), which is achieved by the amount of
cost savings the coalitional group. The authors in [10], introduce an adaptive dynamic
power management technique that supervises the overall power flow in the microgrid
system. The bus voltage variation increases when the mode of operation is continuously
altered, and the system’s stability also reduces. Morstyn et al. [11] proposed a bilateral
contract network for P2P energy trading which offered energy contracts between traditional
fossil-fuel-based providers, intermediaries, and prosumers with rigid, time-coupled flexible
loads. Rahimiyan et al. [12] proposed an energy management system that regulates price-
responsive demand within a cluster and offers an interface for energy trading between
suppliers and buyers. The authors in [13] developed a new day-ahead price-determining
mechanism to manage the uncertainty related to energy generation, demand, and pricing.
The scheme incorporates a non-cooperative Stackelberg model to trade energy between pro-
sumers and a power utility. According to classical game theory, the anticipated profits of the
prosumers were maximised by a unique pure-strategy Nash equilibrium. Hakimi et al. [14]
proposed a method for evaluating the viability of implementing a novel controller for a
cooling system in a smart grid environment with a significant proportion of renewable
energies. The authors in [15] proposed a motivational framework to motivate prosumers
psychologically for energy trading participation based on game theory to provide a stable
alliance. Amin et al. [16] designed a non-cooperative game-theoretical approach to encour-
age prosumers to participate in energy trading mechanisms, including both islanded and
grid-connected scenarios in which the participants determine the trading price. It solves
a centralized optimization problem and transmits signals to the individual participants.
Anoh et al. [17] proposed a clustering scheme for various prosumers to trade energy in
their locality through a game theoretical framework. In this scenario, interactions between
prosumers are modeled as a competitive game. Amin et al. [18] proposed a new framework
based on contracts for aggregating surplus power in a hierarchical energy trading system
with dynamic pricing. This will increase system uncertainty because renewable resources
are not dispatchable. Zhang et al. [19] developed a market for peer-to-peer energy trading
for the distribution grid. The author’s utilized auxiliary services to address issues such
as trade price-fixing for peer-to-peer energy sharing. Zhang et al. [20] proposed a PV
power forecasting indicator that maximizes flexible demand utilization. In addition, they
incentivize PV owners to submit lower bids and users to maximize energy consumption.
Lee et al. [21] proposed a promising approach for a peer-to-peer (P2P) energy trading
system that maximized the economic welfare that characterized the optimal price and
allocations. Li et al. [22] treated electric energy as a homogeneous commodity irrespective
of the sources, considered the heterogeneity in energy-supplying reliability of DERs, and
classified the energy into multiple grades. Wang et al. [23] proposed a centralized residen-



Energies 2023, 16, 4278 4 of 21

tial P2P energy trading platform that ensured all the participant’s fairness and transparency
using the supply function method. The residential energy trading and Battery Energy
Storage System (BESS) management problem is formulated by considering social welfare
and fair benefit distribution. Yang et al. [24], the authors introduced an energy supply point
(EPS) that collects the surplus energy from the retail customers and supplies energy contin-
uously to the telecom operator. They developed a three-stage game optimization problem
to determine the power allocation and energy transaction pricing strategy among utilities,
telecom operators, and ESP. Devi et al. [25] proposed an energy trading model based on
the priority values of participants considering the various parameters of participants.

Synthesis: The dynamic pricing technique for energy trading between consumers and
producers is proposed; in addition to this, the proposed approach allows energy trading
with the main utility grid if necessary. Apart from this, we also determine the bargaining
power of each of the participants based on their parameters, such as their initial price bid,
energy demand, and surplus energy, to facilitate the multiple stages of bargaining between
consumers and producers to decide the satisfied price among them. This determined value
is also used to map between consumers and producers. Table 1 shows the comparative
study of features with some of the existing P2P approaches. Those features give a great
impact on carrying out the trading model successful. The dynamic pricing features provides
the fairness among the participants. All the participants participate and agreed on one
price which provides benefit to both the parties. The satisfaction with price decision for all
the participants is obtained by providing the price negotiation in multiple stages before
fixing the price. This satisfaction factor is important to motivate the participants into
participating in the proposed trading model. P2P trading is a very important feature
for removing the existing centralised authorities to avoid single point failure and unfair
decisions for participants. A gaming approach in energy trading is adopted to make the
model interactive and profitable. Energy production using renewable energy depends
on time duration and the weather conditions; there may be energy deficiency and energy
wastage problems. To avoid these problems, the proposed model adopts the heterogeneous
energy trading approach. Further, the main contribution and the limitation of the some of
the closely related existing works are presented in Table 2. From this, it can be concluded
that the final price of energy trading for a time duration is decided without the opinion
of the prosumers. This may cause the demotivation of the small scale prosumers about
participating in the trading model. Therefore, the proposed trading model considered the
opinion of the prosumers while deciding the final trading price by providing multiple stage
of bargaining. From the above-discussed existing literature, it is noticed that none of the
previous research takes any of these approaches into consideration. Thus, the proposed
work facilitates multiple stages of negotiation according to their bargaining power to fix
the trading price between producers and consumers.

Table 1. Comparative study of features with previous P2P works.

Papers Dynamic
Pricing

Multi-Stage
Negotiation

P2P
Trading

Gaming
Approach

Heterogeneous
Trading

Rahimiyan [12] × × X X X

Rahi [13] × × × X ×
Tusher [15] × × X X X

Amin [16] X × X X X

Li [26] × × X X ×
Proposed Work X X X X X
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Table 2. Research gap and contribution of some of the existing works.

Papers Contribution Limitations

Rahimiyan [12]
Coordinates the price-responsive demands within
the cluster and maximizes the utility of demands.

Customers have to agree to the price
fixed by the system operators.

Rahi [13]
Optimized the energy trading between prosumers
and main grid by considering the price uncertainty.

The trading price is fixed by the
system coordinator and consumers
has to agree on this price.

Tusher [15]

Identified motivational psychological tool for
designing the trading model using the non-cooperative
game-theoretic model to motivate prosumers to
participate in the trading model.

The existence of the Nash
equilibrium of the trading model is
not discussed.

Amin [16]
Motivational trading platform for prosumers to make
the trading process successful using non-cooperative
game theory.

Lack of fairness while sharing
energy and pricing scheme.

Li [26]
Construct a stable coalition among prosumers based
on the cooperative game, which provides benefit to
the participants.

The strategy used for a multi-
hierarchical energy trading
system is not investigated properly.

3. Trading Model Architecture

In this section, we describe the detailed structure and functionalities of the proposed
trading model architecture. Figure 3 represents the overall components and functionality
of the architecture. The proposed architecture is based on two-layered architecture—the
first layer consists of the end-users like consumers and producers (i.e., prosumers). The
second layer is the control unit, where the management, negotiation, and mapping process
between consumers and producers are performed before the peer-to-peer energy trading
process is initiated. In this work, we considered m number of consumers and n numbers of
producers. Further, we discuss the detail of each of these components.

Management Unit

Negotiation Unit

Mapping Unit

Control Unit

Consumers

Producers

Main Grid

Prosumers

Energy Demand andprice bid

Energy Surplus and

price bid

Map to
 Producers

Map to Consumers

Buying energy fromgrid

Selling surplus energy

to Grid

Transfer
money

Transfer
Energy

Figure 3. Proposed trading model.

3.1. End Users

The end user consists of consumers and producers.

• Consumers: Consumers are those who purchase energy from producers, the main grid, or
both for their needs. Consumers also include prosumers (who can also produce energy) with
insufficient power for their use.

• Producers: Producers are those who have surplus energy for selling purposes. These include
prosumers with surplus energy, distributed energy producers like solar energy farms or wind
energy farms.
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3.2. Control Unit

The distributed energy trading model is not straightforward to make fair and prosper-
ous. For the trading model to be successful, prosumers must be motivated to participate
in the trading process. This proposed trading model is mainly focused on this by making
it a prosumer-centric market. The control unit makes it possible for all the prosumers to
participate in the bargaining process. This unit consists of three subunits, the management
unit, the negotiation unit, and the mapping unit. Further, we will discuss the detail of
these components.

3.2.1. Management Unit

The management unit is responsible for categorizing consumers and producers accord-
ing to the energy demand and surplus energy, respectively, and calculating participants’
bargaining power in the trading process. The trading participants will provide their initial
bidding price, consumers’ energy demand, and producers’ energy surplus. Then, using
those parameters of consumers and producers, the bargaining power of the consumers and
producers is calculated using the TOPSIS technique.

3.2.2. Negotiation Unit

The Negotiation Unit is responsible for the bargaining process between producers and
consumers to produce the agreement price. The negotiation process between the consumers
and producers continues until it reaches the agreed price in multiple stages cooperatively.
Algorithm 1 is responsible for the negotiation process. In this, the consumer raises their
price as shown in line 21 according to Equation (27). At the same time, the producer lowers
their price by a fraction based on their negotiation power at each stage, which is shown
at line 15 with respect to Equation (25), respectively. After negotiating some stages, there
comes a situation where the price of the consumer is greater than the producer’s price, as
shown in Line 26. At this stage, the negotiation process will end. The final price between
them will be fixed by taking the mean value of consumer and producer price of this stage,
which is shown at line 27. In this way, the price between consumers and producers will be
finalized and stored in a final price matrix.

3.2.3. Mapping Unit

The Mapping Unit is responsible for mapping consumers and producers. Algorithm 2
describes the steps involved in mapping process. This unit utilizes the price matrix calcu-
lated in the negotiation process to finalize the price between consumers and producers, as
shown in Equation (1).

Price_Matrix =


P1 P2 · · · Pn

C1 ρ1,1 ρ1,2 . . . ρ1,n
C2 ρ2,1 ρ2,2 . . . ρ2,n
...

...
...

. . .
...

Cm ρm,1 ρm,2 . . . ρm,n

 (1)

where ρi,j is the price of ith consumer and jth producer after negotiation.
In the trading process, consumers seek minimum prices, and producers try to max-

imize their prices, as shown in line 2 and 5, respectively. The price is set by taking the
mean value of consumers’ minimum price and producers’ maximum price to meet the
balance price between them, as shown in line 9. After this process, the mapping between
the consumer and producers is performed concerning the following given conditions.

1. EDtotal = EStotal : In this, the total energy demand and total energy surplus are equal.
Here, the consumer with the highest bargaining power will obtain the highest priority
and have the opportunity to buy energy from the producer who agrees to trade at a
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lower price. In this way, the energy trading process will be carried on with respect to
their bargaining power. This process is performed in lines 36–47.

2. EDtotal < EStotal : In this case, the total energy demand is less than the total energy
surplus. The consumers will buy part of the energy from their energy demand from
producers to facilitate all consumers to trade with producers in P2P trading which is
performed in line 13. The amount of energy that consumer i buy from P2P trading is
calculated as follows:

ϑi = EDi ×
EStotal
EDtotal

(2)

3. EDtotal > EStotal : This condition specifies that the total energy surplus is less than the
total energy demand. In this condition, some producers will not participate in P2P
energy trading. They can trade their surplus energy with the main grid. Therefore,
to allow all the producers to participate in P2P trading, producers trade their part of
surplus energy in the P2P trading process and trade the remaining amount with the
main grid as shown in line 20. For producer j, the amount of energy to be sold in P2P
trading is decided using the following equation.

ϕj = ESj ×
EDtotal
EStotal

(3)

Algorithm 1 Negotiation unit
Input:
1. Initial Price bid - CPmin

i,t (Consumer) and PPmax
j,t (Producer)

2. Initial Energy Demand - EDi,t
3. Initial Energy Surplus - ESj,t
∀i = 1, . . . , m, j = 1, . . . , n
Output: Negotiated price matrix (Price_Matrix)

1: Calculate bargaining powers σi and γj using TOPSIS

∀i = 1, . . . , m, j = 1, ..., n . σi , γj → priority value of Ci and Pj

2: Sort Consumers (Ci ) according to the decreasing order of their σi
∀i = 1, . . . , m

3: Sort Producers (Pj ) according to the decreasing order of their γj ,

∀j = 1, . . . , n

4: stage← 0

5: if stage = 0 then // Initializing variables in first stage

6: CPi,t ← CPmin
i,t

7: PrevCPi,t ← CPmin
i,t

8: PPj,t ← PPmax
j,t

9: PrevPPj,t ← PPmax
j,t

10: end if
11: Repeat:

12: for j = 0 to n do

13: if ESj > 0 then // Checking for available energy surplus of jth producer at time t

14: PrevPPj,t = PPj,t

15: PPj,t = F
(

PrevPPj,t , PPj,t
)

. PrevPPj,t : input

16: end if . PPj,t : output

17: end for
18: for i = 0 to m do
19: if EDi > 0 then // Checking for energy demand of ith consumer at time t

20: PrevCPi,t = CPi,t
21: CPi,t = F

(
CPi,t , PrevCPi,t

)
. PrevCPi,t : input

22: end if . CPi,t : output

23: end for
24: for i = 0 to m do
25: for j = 0 to n do

26: if CPi,t ≥ PPj,t && Price_Matrixi,j is not assigned then

27: Price_Matrixi,j ← (PrevCPi,t + PrevPPj,t )/2

28: end if
29: end for
30: end for
31: stage← stage + 1

32: Reset t
33: StopNegotiation← f alse

34: if Price_Matrixi,j is fill, ∀i = 1, . . . , m, j = 1, . . . , n then

35: StopNegotiation← true

36: end if
37: if StopNegotiation ! = true then

38: goto Repeat

39: end if
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Algorithm 2 Mapping procedure
Input: Negotiated price matrix (Price_Matrix)
Output: Mapping between Consumers (C) and Producers (P)

1: for i = 0 to m do
2: Mini ←Minimum

{
Price_Matrixi,j , ∀j = 1, . . . , n

}
3: end for
4: for j = 0 to n do
5: Maxj ←Maximum

{
Price_Matrixi,j , ∀i = 1, . . . , m

}
6: end for
7: for i = 0 to m do
8: for j = 0 to n do
9: Final_Price_Matrixi,j ← Avg(Mini , Maxj)

10: end for
11: end for
12: Sort Consumers (Ci) according to the decreasing order of their σi
∀i = 1, . . . , m

13: if EDtotal > EStotal then //Checking for consumer to buy deficit energy from grid
14: for i = 0 to m do
15: ϑi ← EDi ×

EStotal
EDtotal

16: end for
17: for j = 0 to n do
18: ϕj ← ESj

19: end for
20: else if EDtotal < EStotal then // Checking for producers to sell extra surplus energy to grid
21: for i = 0 to m do
22: ϑi ← EDi
23: end for
24: for j = 0 to n do
25: ϕj ← ESj ×

EDtotal
EStotal

26: end for
27: else
28: for i = 0 to m do
29: ϑi ← EDi
30: end for
31: for j = 0 to n do
32: ϕj ← ESj

33: end for
34: end if
35: for i = 0 to m do
36: Sort Producers (Pj) according to the increasing order of Final_Price_Matrixi,j , ∀j = 1, . . . , n
37: for j = 0 to n do
38: if ϑi > 0 && ϕj > 0 then
39: if ϑi < ϕj then
40: ϕj = ϕj − ϑi

41: ϑi = 0
42: else if ϑi > ϕj then
43: ϑi = ϑi − ϕj

44: ϕj = 0
45: else
46: ϑi = 0
47: ϕj = 0
48: end if
49: end if
50: end for
51: end for

4. Mathematical Framework

This section will discuss the mathematical models for calculating consumers’ and pro-
ducers’ bargaining power and the proposed multi-stage bargaining solution. To calculate
the proposed mathematical model, we assume that the energy demand and supply of pro-
sumers are fixed for a time duration t. We also consider m and n number of consumers and
producers, respectively, to describe the mathematical models mentioned above. Further, we
demonstrate the mathematical solution of participants’ bargaining power and multi-stage
NBS for the negotiation process.

4.1. Mathematical Framework for Bargaining Power

The bargaining power of the consumers and producers is calculated based on their
attributes, such as the amount of surplus energy, energy demand, and initial bidding
price. To obtain the value which is far from the worst choice and nearer to the best
solution, we used a multi-criteria decision analysis technique called TOPSIS (Technique
for Order of Preference by Similarity to Ideal Solution) considering the above-mentioned



Energies 2023, 16, 4278 9 of 21

specifications [27]. Further, we present the mathematical models involved in TOPSIS with
x number of attributes (A) for each producer.

1. Evaluation Matrix Calculation: For producer P, the evaluation Matrix is formed by
parameters like initial price bid and energy surplus of producers. If the number of
parameters and the number of producers is x and n, respectively, then the evaluation
matrix (EM) with n× x is formed as follows:

EM =


A1 A2 · · · Ax

P1 β1,1 β1,2 . . . β1,x
P2 β2,1 β2,2 . . . β2,x
...

...
...

. . .
...

Pn βn,1 βn,2 . . . βn,x

 (4)

where β j,k is kth parameter of jth producer.
2. Matrix Normalization: The normalization of EM between 0 and 1 is performed to

simplify the calculation process. Here, NM represents the normalization matrix
of producers.

NM =


A1 A2 · · · Ax

P1 l1,1 l1,2 . . . l1,x
P2 l2,1 l2,2 . . . l2,x
...

...
...

. . .
...

Pn ln,1 ln,2 . . . ln,x

 (5)

where, lj,k =
β j,k√

∑n
j=1 β2

j,k

, j = 1, 2, . . . , n and k = 1, 2, . . . , x

3. Selection of ideal best and ideal worst: Further, we select the ideal best (Ib) and
worst (Iw) from the column of NM concerning the impact of those parameters on the
process of decision-making. Given below is the mathematical form of the Ib and Iw.

Ib =


max(li,j), if Aj ∈ Γ

min(li,j), if Aj ∈ Γ′
(6)

Iw =


min(li,j), if Aj ∈ Γ

max(li,j), if Aj ∈ Γ′
(7)

where Γ and Γ′ represent the positive impact attribute and the negative impact at-
tribute, respectively.

4. Euclidean distance from ideal best and ideal worst: Euclidean distance from Ib and
Iw is calculated as follows:

djb =

√
x

∑
k=1

(
lj,k − Ib)2 , ∀ j = 1, . . . , n. (8)

djw =

√
x

∑
k=1

(
lj,k − Iw)2 , ∀ j = 1, . . . , n. (9)
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5. Calculation of bargaining power: Finally, the bargaining power of producers (γj) is
calculated as:

γj =
djw

djb + djw
, ∀ j = 1, . . . , n. (10)

The bargaining power of consumers (σi, ∀ i = 1, . . . , m) is calculated in the same
manner as producers, which involved the equations mentioned above.

4.2. Mathematical Framework for Bargaining Solution

In this part, we present a price negotiation problem among producers and consumers
in a cooperative game theoretical manner, where the consent of each of the participants is
considered to fix the price. The consumer tries to minimize the price, and the producers try
to maximize the price. From the work [28], we are motivated to use a multi-stage bargaining
solution to decide the price of consumers and producers in a cooperative manner that
benefits both parties.

We considered the m and n number of consumers and producers, respectively, partici-
pating in the bargaining process. They place their initial price bidding, energy demand, and
energy surplus in relation to the control unit. From this, we procure the utility function of all
the consumers and producers based on their initial bidding price. The price utility function
of ith consumer and jth producer at time t is expressed as Ui(CPi,t) and Uj(PPj,t), where
i = 1, 2, . . . , m and j = 1, 2, . . . , n. Further, we can represent the possible joint utility set or
the feasible set of consumers and producers by closed set JCP and JPP, respectively, [29].

JCP = {U1(CP1), U2(CP2), . . . , Um(CPm)} ∈ Rm (11)

JPP = {U1(PP1), U2(PP2), . . . , Un(PPn)} ∈ Rn (12)

Definition 1. (Utility of producer): The utility of jth producer at time t is defined as:

Uj(PPj,t) = PPmax
j,t − PPj,t

subject to ,
n
∑

j=1
PPj,t ≥ n · gs

(13)

where gs is the price per unit of energy when producer sell to grid and n is the number of
producers at time t. In this, n · gs gives total price when n producer sell their energy to the
main grid. PPj,t and PPmax

j,t are the producer jth price at time t and initial bidding price of
jth producer, respectively.

Definition 2. (Utility of consumer): The utility of ith consumer at time t is defined as:

Ui(CPi,t) = CPmin
i,t + CPi,t

subject to ,
m
∑

i=1
CPi,t ≤ m · gb

(14)

where gb is the price per unit when consumer buy energy from the grid at time t, CPi,t and
CPmin

i,t are the consumer ith price at time t and initial bidding price of ith consumer, respectively.

Theorem 1. The joint utility set or the feasible set JPP and JCP are convex.

Proof. If µp + (1− µ)q ∈ F, ∀p, q ∈ F and 0 < µ < 1 for any µ, then a set F is convex. In
this, the joint utility set is JPP = {U1(PP1), U2(PP2), . . . , Un(PPn)}.

Let s and t be two utility point in set JPP. Then, JPP is convex if µs + (1− µ)t ∈ JPP.
From Equation (13), we obtain

PPj,t = PPmax
j,t −Uj(PPj,t) (15)
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=⇒
n

∑
j=1

PPj,t =
n

∑
j=1

PPmax
j,t −

n

∑
j=1

Uj(PPj,t)

=⇒
n

∑
j=1

Uj(PPj,t) ≤
n

∑
j=1

PPmax
j,t − n.gs

Then, we can express the set of utility function as,

JPP =
{

Uj,t

n

∑
j=1

Uj(PPj,t) ≤
n

∑
j=1

PPmax
j,t − n.gs

}
(16)

Next, we need to prove f (ξ) = ∑n
j=1 ξUj(pj,t) + (1− ξ)Uj(qj,t) is convex to prove the

convexity of JPP.
For this, f (ξ) should be non-negative function for ξ = 0 and 1, and the first derivative

of f (ξ) is also a non-negative ∀ 0 < ξ < 1.
In function f (ξ), Uj(pj,t), and Uj(qj,t) is non-negative utilities so, f (ξ) is non-negative

for ξ = 0 and 1. Then, f ′j (ξ) = ∑n
j=1 Uj(pj,t) − Uj(qj,t) is also a non-negative function.

Hence, the function f j(ξ) is a convex function. Therefore, f (ξ) is also a convex function as
the sum of the convex functions is also convex.

Similarly, we can prove that the utility set of consumer JCP is also a convex set.

The price negotiation’s optimization function for the bargaining solution F(PPmax
t , PPt)

must satisfy the four NBS Nash axioms described in [29]. The following points show how
the proposed function F(PPmax

t , PPt) satisfies the NBS axioms for a pair of user.

(i) Pareto Efficiency: Suppose there exist PP′1,t and PP′2,t, such that PP′1,t > PP1,t and
PP′2,t > PP2,t, then (PPmax

1,t − PP′1,t)(PPmax
2,t − PP′2,t) > (PPmax

1,t − PP1,t)(PPmax
2,t − PP′2,t),

implies F(PPmax
t , PP′t ) > F(PPmax

t , PPt). This violates the notion of optimization
function. Hence, it satisfies the Pareto Efficiency.

(ii) Symmetry: The maximum value of function, F(PPmax
t , PPt) remains unchanged, even

if the value of the each of the user is interchanged, as it is symmetry.
(iii) Invariance: If PPl,max

t and PPl
t be the linear transformation of bargaining solution

of PPmax
t and PPt, then we can express F(PPl,max

t , PPl
t ) as (a1PPmax

1,t + b1 − a1PP1,t −
b1)(a2PPmax

2,t + b2 − a2PP2,t − b2), implies a1a2F(PPmax
t , PPt). Therefore, the proposed

function is invariance.
(iv) Independence of irrelevant alternatives: Suppose (PPmax

t , Pa
t ) and (PPmax

t , PPt) be
two bargaining solutions, where Pa ⊆ JPP. If F : (PPmax

t , PPt) ∈ Pa, then F :
(PPmax

t , Pa
t ) = F : (PPmax

t , PPt). We may deduce that if the utility area JPP is in a
solution F, that lies in the subset Pa of JPP then, the bargaining in a smaller region Pa

will obtain the same result. Hence, it is independence of irrelevant alternatives.

A unique solution for price negotiation among producers and consumers should exist
as it satisfies the four axioms. Now, we can derive the unique solution of the optimiza-
tion function for n producers and m consumers using the Lagrange Multiplier approach.
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The following optimization function is the price negotiation optimization function for
n producers.

F(PPmax
t , PPt) = arg max

(PP1,t ...PPn,t)

n

∏
j=1

Uj(PPj,t)
γj,t

=⇒ F(PPmax
t , PPt) = arg max

(PP1,t ...PPn,t)

n

∏
j=1

(PPmax
j,t − PPj,t)

γj,t (17)

subject to,
n

∑
j=1

PPj,t ≥ n.gb and PPj,t ≤ PPmax
j,t .

We simplify the Equation (17) by taking the logarithm of the same as this operation
does not affect the expected outcome of the function. Then, the Equation (17) is express
as follows:

F(PPmax
t , PPt) = arg max

(PP1,t ...PPn,t)

n

∑
j=1

γj,tlog(PPmax
j,t − PPj,t) (18)

To maximize the above Equation (18), we used the Lagrange Multiplier technique
as follows:

L =
n

∑
j=1

γj,tlog(PPmax
j,t − PPj,t)− λ(

n

∑
j=1

PPj,t − n.gb) (19)

Now, after taking partial derivatives with respect to PPj,t, we obtain

δL
δPP1,t

= γ1,t
1

(PPmax
1,t − PP1,t)

− λ =
γ1,t

(PPmax
1,t − PP1,t)

− λ

δL
δPP2,t

=
γ2,t

(PPmax
2,t − PP2,t)

− λ (20)

Then, the nth term of partial derivative is

δL
δPPn,t

=
γn,t

(PPmax
n,t − PPn,t)

− λ (21)

and the partial derivative with respect to λ is

δL
δλ

= n.gb −
n

∑
j=1

PPj,t (22)

After equating Equations (20) to (21) to zero and solving the individual equation, we
obtain the jth term as follows

PPj,t = PPmax
j,t −

γj,t

λ
(23)

and after equating Equation (22) to zero, we obtain the following equation.

1
λ
=

∑n
j=1 PPmax

j,t − n.gb

∑n
j=1 γj,t

(24)
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After solving Equations (23) and (24), we obtain the bargaining solution as follows:

PPj,t = PPmax
j,t −

γj,t

∑n
j=1 γj,t

( n

∑
j=1

PPmax
j,t − n.gb

)
(25)

For consumers, the price negotiation optimization function of m consumers is as follows:

F(CPt, CPmin
t ) = arg max

(CP1,t ...CPm,t)

m

∏
i=1

Ui(CPi,t)
σi,t

=⇒ F(CPt, CPmin
t ) = arg max

(CP1,t ...CPm,t)

m

∏
i=1

(CPmin
i,t + CPi,t)

σi,t (26)

subject to,
m

∑
i=1

CPi,t ≤ m.gs and CPi,t ≥ CPmin
i,t

After solving Equation (26), we obtain the following bargaining solution for ith con-
sumer at time t with σi,t bargaining power.

CPi,t = CPmin
i,t +

σi,t

∑m
i=1 σi,t

(
m.gs −

m

∑
i=1

CPmin
i,t

)
(27)

The overall flow of the proposed mathematical formulation discussed above is pre-
sented in Figure 4. In this, how the bargaining power of the proposed model is determined
and also how the bargaining solution is determine using cooperative game theory are
presented step by step.

Formation of
evaluation matrix
(EM) (Equation 4)

Normalized the EM
(Equation 5)

Select the best and
worst alternatives for

each parameter

Determine the
Euclidean distance
for best and worst

alternatives

Calculate the
bargaining power
using Equation 10

Determination of
Bargaining power 

Define utility of
consumers and

producers (Equation
13 and 14)

Proof the joint utility
set are convex for

existence of unique
solution in Theorem 1

Proof for four axioms
for the existence of
unique solution of

optimization function

Derive unique
solution using

Lagrange multiplier
approach (Equation

17 to 26) 

Determination of
bargaining solution

Figure 4. Flow diagram of the overall process of the above defined equations.
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4.3. Mathematical Framework for Energy Bill and Revenue

Definition 3. Energy Bill of consumer (B): The energy bill of the consumer is calculated in two ways.

• First: When consumers buy the whole amount of energy demand from the producers.
• Second: When some consumers buy a part of energy demand from producers and the

remaining portion from the main grid

Mathematically, the energy bill of consumer can be expressed as:
In the first case,

Bi =
n

∑
j=1

pij × Eij (28)

where pij is the final price after the negotiation between ith consumer and jth producer,
and Eij is the amount of energy buy by ith consumer from jth producer.

In the second case,

Bi =
n

∑
j=1

pij × Eij + gs × (Eid −
n

∑
j=1

Eij) (29)

where gs is the selling price per unit of main grid, and Eid is the energy demand for
ith consumer.

Definition 4. Revenue of producer (R): The producers’ revenue is evaluated in two cases.

• Case 1: When producers sell the whole amount of their surplus energy to consumers.
• Case 2: When some producers sell a portion of the energy surplus to the consumers

and remaining to the main grid.

The revenue of the producer can be calculated by using the following equations. Case 1:

Rj =
m

∑
i=1

pij × Sij (30)

where Sij denotes the amount of surplus energy sell by the jth producer to the ith consumer,
and pij is the final fixed price after the negotiation process for ith consumer and jth producer.

Case 2:

Rj =
m

∑
i=1

pij × Sij + gb × (Ejs −
m

∑
i=1

Sij) (31)

where gb is the buying price of energy per unit by grid from producer, and Ejs is the total
amount of energy surplus of jth producer.

Definition 5. Carbon Emission Reduction (Υ): The carbon emission reduction in the proposed
work is calculated using the following equation.

Υ = CE× EStotal (32)

where Υ is the carbon emission reduction, CE is the rate of carbon emission reduction in
kg/kWh, and EStotal is the total energy surplus for producers.

Definition 6. Satisfactory factor of consumers and producers (ςc and ςp): The satisfactory
factor of consumers (ςc) and producers (ςp) in terms of price is the difference between the
average price fixed for consumers and the initial price bid of consumers and the difference
between the average price fixed for producers and the initial price bid of producers,
respectively. The smaller the difference the higher is the satisfaction. The mathematical
formulation of the percentage satisfactory factor of consumers and producers as follows.

ςc =

[
1−

(
f inal f ixedprice− Initialbid

Initialbid

)]
× 100 (33)
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ςp =

[
1−

(
Initialbid− f inal f ixedprice

Initialbid

)]
× 100 (34)

5. Results and Discussion
5.1. Experimental Setup

This section presents the analytical result of the proposed work with 10 producers
and 10 consumers. Table 3 contains the assumption of amount of energy demand, and
energy surplus to analyze the proposed model and also contains the initial bidding price of
consumers and producers, which is generated randomly between the grid selling (gs) and
buying (gb) price [25]. This also contains the cost of energy per unit of the main grid (these
values are referenced from the electricity price in Brisbane, Australia, as an example) [30].
We analyzed the result of the proposed method based on these data. The experimental
analysis has been carried out on a system with an Intel i5-9300H, 2.40 GHz, 4 cores, 8 GB
RAM, Window 11, and for implementation, the C++ programming language is used.

Table 3. Simulation parameters [25].

Producer ID jth Producer Initial
Price Bid

Energy Surplus
for Producer

Consumer ID ith Consumer Initial
Price Bid

Energy Demand
for Consumer

P1 15.48 8.85 C1 12.08 15.86

P2 18.47 9.98 C2 14.6 12.6

P3 22.92 6.13 C3 10.71 16.8

P4 24.33 8.45 C4 13.77 6.48

P5 16.58 18.37 C5 11.59 5.03

P6 19.16 10.04 C6 11.45 14.6

P7 24.51 17.66 C7 15 17.17

P8 21.84 17.05 C8 11.31 11.75

P9 21.41 13.98 C9 14.96 5.52

P10 19.37 10.33 C10 14.82 18.26

Selling Price of Grid to prosumers (gs) = $24.6 kW/h; Buying Price of grid from prosumers (gb) = $10 kW/h;
Range of Energy Demand for Consumer (ED) = (5–20) kW; Range of Energy Surplus for Producer (ES) = (5–20)
kW; Carbon Emission rate (CE) = 0.55 kg/kWh.

5.2. Analytical Results

The bargaining power of the consumers and the producers are calculated based on
the attributes, such as energy demand, energy surplus, and initial price bidding. Figure 5
shows how the parameters of the consumers and the producers impact their bargaining
power. From this, we can clearly say that consumers with higher values of attributes (energy
demand and price bid) will obtain higher bargaining power, and producers with higher
surplus energy and low price bid will obtain a higher value of bargaining power. This value
is used in the process of price negotiation or bargaining between producers and consumers.
According to this value, consumer increases their price and producers reduces their price
in each stage of negotiation. From Figure 5a,b, we can conclude that C10 and P5 have the
highest bargaining power among consumers and producers, respectively. Figure 6 shows
the price negotiation performed in multiple stages in the proposed model. Figure 6a,b
shows price negotiation performed for different set of consumer (m) and producer (n). In
this, the price per unit means the price of the particular consumer and the producer of the
energy in unit ($/kWh) by considering various number of participants in each stages.
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(a)

(b)
Figure 5. Parameters value and bargaining power of producers and consumers. (a) Consumers and
(b) Producers.
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Figure 6. Average Price Negotiation in different stages for different sets of consumers and producers.
(a) For m = 5 and n = 5, (b) For m = 10 and n = 10, (c) For m = 15 and n = 15, (d) For m = 20 and n = 20.
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The energy price per unit is fixed and calculated by taking an average of gb and gs
in [15], and the final price is fixed by taking an average of the consumers and producers’
initial price bidding in [16]. In our proposed work, the final price between consumers
and producers is fixed after negotiating in various stages. Table 4 shows how the price of
consumers and producers are changing in each stage. In each stage, consumers increase
their price, and producers reduce their price according to their bargaining power. The
negotiation process can be stopped on two conditions. One, when the consumer and
producer had finally agreed upon a price between them. Second, it will be automatically
stopped when consumer price had reached the grid selling or producer price has gone
down the grid buying price. If the negotiation is stopped on the second condition, then the
proposed model computes the final price by taking the average of the price of consumers
and producers at the final stage.

Table 4. Price changes in different stages for consumers and producers.

C/P ID

Price/Unit in Different Stages

Initial Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

C P C P C P C P C P C P

1 13.60 14.61 14.97 13.82 16.21 13.11 17.32 12.48 18.31 11.90 19.21 11.37

2 15.83 17.62 16.94 16.86 17.94 16.17 18.84 15.55 19.65 14.99 20.38 14.47

3 12.19 22.77 13.52 22.63 14.72 22.50 15.79 22.39 16.76 22.29 17.64 22.19

4 14.23 23.95 14.64 23.62 15.02 23.31 15.35 23.04 15.66 22.79 15.93 22.56

5 11.72 14.48 11.83 12.59 11.93 10.89 12.02 10 12.11 10 12.18 10

6 12.79 18.34 13.99 17.60 15.08 16.93 16.05 16.33 16.93 15.79 17.72 15.29

7 16.89 23.03 18.60 21.70 20.13 20.49 21.51 19.41 22.75 18.43 23.87 17.52

8 12.28 20.24 13.16 18.80 13.94 17.49 14.65 16.30 15.29 15.26 15.87 14.28

9 15.48 20.12 15.95 18.95 16.37 17.91 16.75 16.96 17.09 16.11 17.40 15.32

10 16.85 18.52 18.67 17.75 20.31 17.06 21.79 16.44 23.12 15.88 24.32 15.36
C→ Consumers, P→ Producers.

We compare our proposed work with the feed-in-tariff scheme on energy bill of
consumers and revenue of producers. Figure 7a shows how the bill of the consumer is
reduced for different numbers of participation in the proposed trading model. The revenue
increases for producers as the number of participants in the trading model is increases,
which is shown in Figure 7b. Table 5 contains the reduction in energy bill and increase
in revenue for each consumer and producer, respectively, as compared to the FiT scheme.
Compared to FiT, the overall percentage reduction in the bill for consumers is 32.86%, and
the overall percentage increase in revenue for producers is 64.83% according to the assumed
values. The proposed model integrates the green energy resources in the trading process.
Therefore, it will reduce carbon emissions due to fossil fuel use in power generation. We
calculate the carbon emission reduction in the proposed model by using Equation (32).
Table 6 shows that using the proposed model the carbon emission reduces as the number
of participants increases.
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Table 5. Comparison of a consumers’ bill and producers’ revenue.

Consumer
Proposed FiT Reduction of

Producer
Proposed FiT Increase in

Bill Bill Bill (%) Revenue Revenue Revenue (%)

C1 267.92 390.16 31.33 P1 134.48 88.5 51.95

C2 215.29 309.96 30.54 P2 162.16 99.8 62.49

C3 268.57 413.28 35.02 P3 114.41 61.3 86.65

C4 105.81 159.41 33.62 P4 155.90 84.5 84.50

C5 76.50 123.74 38.18 P5 278.31 183.7 51.50

C6 250.46 359.16 30.27 P6 155.37 100.4 54.75

C7 299.22 422.38 29.16 P7 299.86 176.6 69.80

C8 191.59 289.05 33.72 P8 284.07 170.5 66.61

C9 95.02 135.79 30.03 P9 230.40 139.8 64.81

C10 284.39 449.19 36.69 P10 160.34 103.3 55.22

Table 6. Analysis of carbon emission reduction in proposed model for different number of participants.

Number of
Participants 10 20 30 40 50 60 70 80 90 100

Carbon Emission
Reduction (kg/kWh) 28.48 62.06 99.06 139.08 177.85 212.01 242.42 279.34 308.86 342.40

(a) Consumers (b) Producers
Figure 7. Total Energy Bill and Revenue Comparison Between Proposed Work and Feed-in-Tariff.
(a) Total Energy Bill Proposed vs. FiT. (b) Total Revenue Proposed vs. FiT.

5.3. Discussion and Future Work

Furthermore, we compare the proposed trading model with [15] and Amin et al. [16] in
terms of the satisfactory factor with respect to the price fixing in the trading model, as
presented in Table 7. The proposed work considered both consumers’ and producers’ price
bids in the process of price fixing by providing multiple stages of negotiation, considering
their bargaining power. Therefore, the proposed technique obtained a higher percentage of
satisfaction factors. Thus, the proposed trading model motivates small-scale prosumers to
participate in the trading process that results in a successful trading platform. The proposed
model also achieved a reduction in consumers’ bills and an increase in producers’ revenues
as compared to FiT.

The proposed trading model is simulated based on randomly generated data due to
the lack of infrastructure and the availability of real time data. However, these results will
be close to the actual solution as we considered the real-time range of data. Further, we
will be considering real-time data and simulating based on that real data in the future.
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Table 7. Comparison on satisfactory factor with some existing works.

Buyer
Bid Price

Seller
Bid Price

Proposed Amin Tusher

AFPC AFPP SS % BS % AFPC AFPP SS % BS % AFPC AFPP SS % BS %

12.08 15.48 16.89 15.195 60.16 98.16 21.84 10 19.20 64.60 17.3 17.3 56.79 111.76

14.6 18.47 17.08 16.2486 82.97 87.97 20.17 18.47 61.86 100 17.3 17.3 81.51 93.66

10.71 22.92 15.98 18.6646 50.74 81.43 18.89 22.92 23.59 100 17.3 17.3 38.47 75.48

13.77 24.33 16.32 18.4499 81.42 75.83 24.6 24.33 21.35 100 17.3 17.3 74.36 71.11

11.59 16.58 15.21 15.1501 68.78 91.38 24.6 13.82 0 83.36 17.3 17.3 50.73 104.34

11.45 19.16 17.15 15.4747 50.18 80.77 21.44 10 12.71 52.19 17.3 17.3 48.91 90.29

15 24.51 17.43 16.9796 83.82 69.28 24.47 24.51 36.89 100 17.3 17.3 84.67 70.58

11.31 21.84 16.31 16.6608 55.83 76.29 19.39 21.84 28.53 100 17.3 17.3 47.04 79.21

14.96 21.41 17.21 16.4809 84.94 76.98 24.6 21.41 35.56 100 17.3 17.3 84.36 80.80

14.82 19.37 15.57 15.5217 94.91 80.13 24.51 19.37 34.59 100 17.3 17.3 83.27 89.31

BS → Buyer Satisfactory, SS → Seller Satisfactory, AFPC → Average final price unit for consumer, AFPP →
Average finale price per unit for producer.

6. Conclusions

This paper proposed an energy trading model based on a generic Nash bargaining
solution that facilitates multi-stage negotiation and provides a mutually agreed trading
price between consumers and producers. In this approach, consumers and producers
negotiate in multiple stages before settling the price between them to provide a mutually
agreed price. We used the bargaining power of each consumer and producer, which is
calculated by using parameters such as the amount of energy demand, the amount of
surplus energy, and their initial price bidding amount in the negotiation process. This
approach motivates energy trading participants to participate in the energy trading process.
Experimental analysis has been carried out assuming 20 participants (10 producers and
10 consumers) participating in the negotiation process. It is shown that there is a change in
the price at each stage in the negotiation process due to the price bids by producers and
consumers. Finally, the mutually agreed price has been fixed. This process has given equal
opportunity to all types of consumers and producers in deciding the trading price, thereby
motivating them to use the proposed model. To show the efficacy of the proposed work,
we compare the proposed work with feed-in-tariff and found that, on average, the bill of
the consumer is reduced by 32.86% and the revenue of the producer is increased by 64.83%
as compared to FiT as per the assume the initial price of consumers and producers. We
have also shown the carbon emission reduction rate per number of participants. As per our
result, we obtained from 10 participants the carbon emission reduction is approximately
28.48 kg/kWh and for 100 is 342.397 kg/kWh. The proposed trading model also facilitates
the reduction in carbon emissions when the number of participants increases. A secure
energy trading framework with the privacy preservation of participants could be a possible
future work.
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Abbreviations
The following abbreviations are used in this manuscript:

Ci ith consumer
EDtotal (kW/h) Total energy demand of consumers
EStotal (kW/h) Total energy surplus of producers
ϑi Amount of energy buy by consumer i at time t
ϕj Amount of energy sell by producer j at time t
Price_Matrix Price matrix after negotiation
Mini Minimum price from the price of consumer i with n producers
Maxj Maximum price from the price of producer j with m consumers
Final_Price_Matrix Final Price matrix of consumers and producers
CPmin

i,t Consumer Initial Price bid
Pj jth producer
PPmax

j,t ($/kWh) Producer Initial price bid
m Number of consumer
EDi,t (kW/h) Energy demand of consumer i at time t
n Number of producer
ESj,t (kW/h) Energy surplus of producer j at time t
stage Stage number
PrevCPi,t ($/kWh) Previous stage price of consumer i
StopNegotiation Stopping Criteria of Negotiation
PrevPPj,t ($/kWh) Previous stage price of producer j
φij,t ($/kWh) Average price after negotiation
σi ($/kWh) Bargaining power of consumer i
pij,t ($/kWh) Final price of consumer i and producer j at time t
γj Bargaining power of producer j
Υ (kg/kWh) Carbon emission reduction
Bi Bill of consumer i
Rj Revenue of producer j
Ui(CPi,t) Utility of consumer i at time t
Uj(PPj,t) Utility of producer j at time t
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