
Received 2 August 2022, accepted 31 August 2022, date of publication 8 September 2022, date of current version 16 September 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3205125

An Effective Pricing Mechanism for Electricity
Trading Considering Customer Preference and
Reserved Price in Direct P2P Electricity Market
Under Uncertainty in Grid Supply
WAQAS AMIN 1, FAYYAZ AHMAD1, KHALID UMER2, ARSALAN HABIB KHAWAJA3,
MUHAMMAD AFZAL 2, SYED ADRESS AHMAD2, AND SURACHAI CHAITUSANEY 4
1Department of Electronics and Power Engineering, PN Engineering College, National University of Sciences and Technology, Karachi 75350, Pakistan
2Sichuan Provincial Key Laboratory of Power System Wide-Area Measurement and Control, School of Mechanical and Electrical Engineering, University of
Electronic Science and Technology of China, Chengdu 611731, China
3Department of Avionics Engineering, Institute of Space Technology, Islamabad 44000, Pakistan
4Department of Electrical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand

Corresponding author: Surachai Chaitusaney (surachai.c@chula.ac.th)

This work was supported by the Ratchadaphiseksomphot Endowment Fund of Chulalongkorn University.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

ABSTRACT Meeting electricity demand by the generation of electricity from locally distributed energy
sources has gained much success over the years. Among different frameworks for such renewable generation
and consumption, peer-to-peer (P2P) markets have proved to be an efficient solution. As the pricing
mechanism is an integral part of P2P markets, optimal price determination for electricity trading that ensures
the profitability of the participants is the key to success in such markets. In addition to profitability, the
pricing mechanism should be able to incorporate users’ reserved prices and grid supply uncertainty to be
implementable in developing countries. To achieve this objective and based on participants’ preferences,
an effective game-theoretic model is proposed to formulate the trading pairs among consumers and sellers.
Then, keeping in view the participants’ reserved prices for electricity trading, an effective and novel method
based on the game-theoretic approach is proposed to determine the electricity price in the direct P2P
electricity market. The proposed model is evaluated on a market having 22 participants. Among these,
11 participants act as electricity consumers, and the other 11 act as sellers. Simulation results show that
the proposed algorithm is more effective as it further reduces the electricity bills for consumers from 5% to
8% and increases the revenues of sellers from 13% to 15% as compared to other proposed mid-range auction
and uniform pricing models.

16 INDEX TERMS Pricing mechanism, peer-to-peer market, game theory, consumers, small-scale sellers.

NOMENCLATURE17

EU t Electricity trading units.
1ses Preference list of SESs.
r Total allowable round.
θi,j Trading Electricity amount from eci→ sesj.
θj,i Trading Electricity amount from sesj→ eci.
NSec→ ses Numerical score of the offered price

to the proposed price.
18
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Cses,ec Contract Pair.
EC Electricity consumer.
ROP Reserved offered price.
SI Satisfaction Index.
P2P Peer-to-peer.
1ec Preference list of ECs.
t Current round.
Ereq Electricity required by consumers.

αt (t/r)c
j
i Consensus environment.

NSses→ ec Numerical score of the proposed price
to the offered price.
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Ebill Electricity Bill.
γ Grid availability factor.
SES Small-scale electricity seller.
RPP Reserved proposed price.
DRES Distributed renewable energy sources.
SW Social Welfare.
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I. INTRODUCTION21

Energy in the form of electricity is vital for any nations’22

economic growth and is now widely accepted as a valu-23

able human commodity [1]. The total electricity demand has24

increased by 2.5% over the last year and it is expected to25

reach 1000 EJ by 2050 [2], [3]. With a massive increase26

in demand, many regions of the world especially the South27

Asia region has undergone electricity shortage which not28

only affects the standard of living in these regions but29

also deteriorates the economic condition of several South30

Asian countries [4]. In order to meet the increase in elec-31

tricity demand, many developed countries are also strug-32

gling to make necessary arrangements and trying to mitigate33

the expected electricity shortage. For this purpose, several34

reforms are undertaken, such as, expanding the electricity35

generation capacity of existing plants and acquiring new sites36

for installing new generation plants. However, keeping the37

global warming threats and reduction in CO2 emission for a38

green and healthy environment [5], [6], these reformsmay not39

remain active for use in practice. Consequently, policymakers40

should reconsider their policies and recommendations.41

Public awareness of electricity utilization can be an effec-42

tive way to alert the consumers about the limited source43

of electricity generation [4]. However, the lack of buying44

power of consumers to change their existing high electricity45

consumption appliances to the new smart electricity con-46

sumption devices may also fail this strategy. Moreover, the47

consumers who belong to the high socioeconomic class may48

not agree to reduce their electricity consumptions [7], [8].49

In this precarious scenario, a shift from conventional electric-50

ity generation to any modern electricity generation networks51

may be needed. For this purpose, many developed countries52

are using distributed renewable energy sources (DRES) to53

shift their traditional unidirectional electricity framework to54

the new distributed bidirectional electricity framework [9].55

Peer-to-Peer electricity trading [10] is one of the types of56

new distributed electricity framework. In this framework,57

many consumers have deployed their own DRES to pro-58

duce their green electricity [11], [12]. In the case of excess59

electricity, these consumers are encouraged to trade with60

their neighbors hence changing their role from consumers61

only to the small-scale electricity sellers [13]. This promotes62

the sharing economy among not only the peers but also an63

efficient way to meet the local demand of consumers by64

employing renewable local generation [10]. Regulators give65

many incentives to DRES owners to encourage this sharing66

economy process, such as the abolition of grid costs, delivery67

levy, and so on [14].68

P2P electricity tradingmarkets based on their infrastructure 69

can be classified into three main types. (i) Community-based 70

P2P electricity market: It requires a centralized authority 71

known as a community manager or market operator to acti- 72

vate and supervise the trading activities among the peers. This 73

type of market has been reported in studies [9], [10], [15], 74

[16], [17]. (ii) Full P2P market: This type of market does 75

not include any intermediator inside the market to activate 76

the trading activities. Moreover, it provides full freedom 77

to each consumer and seller to select their trading partner. 78

Examples of such market can be found in [18], [20], and [21]. 79

(iii) Hybrid P2P market: It is a mixture of the above two 80

types where some trading activities are performed under the 81

supervision of the market operator while some activities are 82

performed in the absence of the operator. Examples of such 83

markets can be found in [22] and [23]. 84

Many countries are deploying pilot projects for P2P elec- 85

tricity trading integrated with the smart grid to meet local 86

demand and supply of electricity. Examples of pilot projects 87

include the SonnenCommunity in Germany [24], Vande- 88

bron in Netherlands [25], and Piclo in UK [26]. These pilot 89

projects have focused on providing incentives and tariffs 90

to electricity customers from the perspective of electricity 91

suppliers. The success of the P2P electricity trading market 92

is heavily dependent on the active and increased involvement 93

of the consumers and sellers. Financial benefits for both 94

consumers and small-scale sellers can be used as an effective 95

way to motivate them to increase their involvement in the 96

electricity market [10]. 97

For this purpose and to promote the benefits of the P2P 98

electricity market by highlighting the savings in electricity 99

bills for consumers and increase in revenues of small-scale 100

electricity sellers, researchers proposed different pricing 101

mechanisms. A mid-range or average pricing technique has 102

been proposed in [16], [17], and [27]. A supply-demand ratio 103

(SDR) based pricing technique has been proposed in [28] 104

and [29]. Vickrey-based auction mechanism has been pro- 105

posed in [31]. A flat rate and feed-in-tariff-based pricing tech- 106

nique has been proposed in [30]. In these works, centralized 107

authority is used to manage the trading activities. Moreover, 108

the preferences of consumers and sellers are not considered. 109

For direct P2P electricity trading, a pricing mechanism 110

that is based on the iterative double auction method has 111

been proposed in [32] and an average pricing technique is 112

proposed in [33]. A Blockchain-based double auctionmethod 113

has been proposed in [34] and [35]. A rule-based iterative 114

pricing algorithm (RIP) has been proposed in [19]. In these 115

works, the preferences of the participants are not discussed. 116

Moreover, the reserved prices for both consumers and sellers 117

are also not discussed. 118

In addition, due to the prevalence of blackout occurrences, 119

the electricity system has witnessed a dramatic develop- 120

ment in recent years, affecting the reliable operation of 121

the grid and inflicting major economic losses [37], [38]. 122

The planned and unplanned grid outages, which may be 123

caused by bad weather, maintenance purpose, component 124
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failure, or other uncontrollable reasons, also affect electricity125

users. Considering the outage or uncertainty in grid supply,126

a preference-based pricing method has been proposed in [39].127

This proposed model only handles the preferences of the128

consumers towards the selection of electricity supply source,129

i.e., grid or P2P market. Whereas, the preferences among the130

selection of consumers and sellers along with their reserved131

prices are not discussed. Moreover, the proposed method132

does not count the grid charges. A double-side auction-based133

pricing model that considers grid supply outage has been134

proposed in [40]. In this proposed method, neither the grid135

charges nor the participants’ preferences are considered. Fur-136

thermore, in this proposed system, the final trading price137

is higher than the grid prices, thus increasing the sellers’138

revenues and deteriorating the consumers’ savings. This pro-139

posed model also does not consider the reserved prices of the140

participants. A two-stage pricing model has been proposed141

in [41], which allows the consumers to reduce their electricity142

bills and increases the sellers’ revenues by accessing the143

better prices in a day-ahead electricity market. This proposed144

model does not provide any information about the preferences145

of the participants. Moreover, grid outages along with grid146

charges are also not discussed in this proposedmethod. Based147

on the interaction among consumers and sellers, a game-148

theoretic-based pricing method has been proposed [36]. This149

proposed system also does not discuss the participants’ pref-150

erences and grid supply uncertainty. Moreover, the reserved151

prices of the participants are not considered.152

II. MOTIVATIONS AND OBJECTIVES153

Based on the above-discussed literature it is worth noting154

that an optimal price determination will have a significant155

effect on the energy market participants. An effective pricing156

mechanism motivates participants and serves as a solid foun-157

dation for the p2p energy trading market.. In P2P energy trad-158

ing markets, several buyers and sellers are interacting with159

each other’s therefore, a model is imperatively needed in the160

P2P energy trading market that reflects the true preferences161

towards the selection of trading partner and determines the162

energy trading price while keeping their reserved prices in an163

account. The main contributions of this paper are as follows:164

1) A model is proposed that considers the uncertainty in165

grid supply and motivates the consumers and sellers166

to participate in the P2P electricity trading market by167

increasing their utilities, i.e., saving electricity bills for168

consumers and increasing revenues for sellers.169

2) A modified game-theoretic framework is proposed for170

stable contract formulation.171

3) A novel method is proposed for developing a con-172

sensus algorithm to determine the electricity price for173

the trading pair considering their reserved values and174

participants’ preferences.175

4) This proposed model also works effectively to dis-176

tribute the electricity among the participants when there177

is an imbalance between the demand and supply of 178

electricity in the absence of grid supply. 179

The proposed work uses a few assumptions which are given 180

below: 181

1) All energy participants use the smart meter in their 182

homes. 183

2) participants have no prior information about the grid 184

outage. 185

3) The proposed P2P energy trading market considers a 186

small community where the participants are located 187

nearby to each other’s therefor transmission and dis- 188

tribution losses can be considered as negligible [43] 189

4) It is assumed that a small-scale energy seller’s reserved 190

price includes all the exclusive prices such as cost of 191

renewable generation setup, transmission cost, battery, 192

and its associated constraints cost. Further, no battery 193

constraints are used in the proposed model. 194

The rest of the paper is organized as follows: Section II 195

describes the motivation and objective of the proposed work. 196

Section III describes the proposed model along with con- 197

sumers’ and small-scale sellers’ models. Section IV discusses 198

the proposed game for trading pair formulation. Section V 199

discusses proposed game formulation for consensus algo- 200

rithm and the Nash Equilibrium used for the consensus algo- 201

rithm to determine the electricity trading price among the 202

pair. Section VI discusses the results. In Section VII, the 203

conclusion and future work will be discussed. 204

III. PROPOSED MODEL 205

This paper considers a community that consists of several 206

electricity consumers (ECs) who demand electricity (Ereq) to 207

fulfill their routine works and the proprietors of renewable 208

energy sources (RESs) who wish to sell their excess electric- 209

ity (Esur ) beyond their usage. Hence, these act as small-scale 210

electricity sellers (SESs) as shown in Fig.(1). The community 211

microgrid is assumed to have limited storage capacity and is 212

connected to the main grid. It is assumed that the electricity 213

supply is not available for 24 hours from the main grid 214

and peers have no prior information about the grid outage. 215

This paper considers a case where there is an uncertainty in 216

electricity supply from the grid. 217

The proposed work develops a consensus algorithm to 218

determine the electricity trading price among the peers with- 219

out the involvement of any intermediator. It forms a direct 220

P2P electricity trading market. For this purpose, at every time 221

slot ‘t’ all electricity consumers (ECs) select their preferred 222

sellers (SESs) to whom they intend to trade electricity along 223

with their reservation price. Similarly, the SESs will also 224

select their preferred ECs considering their reserved price 225

for electricity trading. Based on preference lists of ECs and 226

SESs, a stable trading pair which will be briefly discussed in 227

Section IV is formed. This trading pair reflects the true prefer- 228

ences of both ECs and SESs. Then, a consensus algorithm that 229

is developed for the trading pair will be briefly discussed in 230

Section IV determines the electricity trading price. The grid 231
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FIGURE 1. Proposed model.

will impose a small fee on all SESs. This is considered as232

the grid charge. The advantage that sellers and buyers receive233

by exchanging a certain quantity of energy in the P2P energy234

trading market is known as social welfare. In the sellers’ case,235

it is the total profit a seller gets by trading all its energy minus236

the cost of generating that energy. In the buyers’ case, it is237

the utility a buyer gets by consuming that energy minus the238

cost of buying that energy [21]. The objective function of239

the proposed model is to maximize the social welfare (SW)240

among the market participants by increasing the savings of241

electricity bills for the consumers and increasing the revenues242

for the SESs.243

f = max(SW )∀i,j∈eci,sesj244

s.t Ereqi = 0 ∀i ∈ eci245

Esurj = 0 ∀j ∈ sesj (1)246

The proposed work is based on the following assumptions:247

(i) all consumers and small scale sellers inform the system248

about the upper and lower bound of prices as reserved prices.249

(ii) All consumers and sellers prefer to participate in the P2P250

electricity trading market rather than trading with the grid.251

(iii) Grid charges are imposed on sellers to boost the saving252

of the consumers.253

A. CONSUMERS’ MODELING254

In the P2P electricity market, EC can interact with several255

SESs to trade electricity to fulfill their demands. The selection256

among the various SESs depends upon several factors such257

as price, amount, distance, and product differentiation, i.e.,258

acquiring electricity either from the grid, Photovoltaic panels259

(PV), wind, biomass, and trading preference with the neigh-260

bors. In the P2P electricity trading market, ECs can purchase261

electricity either from the grid or from peers. Generally, the262

electricity trading price offered by peers in the P2P electric-263

ity market is lower than the grid import price (Pimp) [10].264

Therefore, ECs would want to trade electricity with peers265

on a prior basis so that their electricity bills can be reduced.266

Furthermore, in the direct P2P electricity market, ECs have267

the freedom to choose their SESs to promote a green energy 268

environment and enhance society values and social welfare 269

among the peers. In the proposed system, each consumer 270

chooses the preferred small-scale seller. The preferred list for 271

SESs of an eci can be expressed as 1eci = ses1 ≺ ses2 ≺ 272

ses3 ≺, . . . ,≺ sesn. 273

In the proposed system, each consumer uses some reserved 274

offer price (ROP) which reflects the range of minimum and 275

maximum buying capacity of a consumer eci. In the proposed 276

system the reserved offer price (ROP) will further have two 277

prices ROPγ=1 and ROPγ=0 where ROPγ=1 represents the 278

reserved offer price when the grid is available and ROPγ=0 279

represents the reserved offer price when the grid is not 280

available. 281

Furthermore, in the proposed system, an ECi can interact 282

with several energy sellers SESj to fulfil his/her electricity 283

needs if his/her electricity need cannot be met with one 284

peer. If Ereqi is the demand of an electricity consumer ECi 285

and let θi,j, θi+1,j, θi+2,j, . . . , θi=n,j be the amount of electric- 286

ity in which a consumer ECi trades with his/her preferred 287

small-scale seller SESj, SESj+1, SESj+2, . . . , SESj=n at the 288

trading price Tp1,Tp2,Tp3, . . . ,Tpn. The electricity bill for 289

a consumer ECi can be found as: 290

Ebill =
N∑
j=1

θi,j × Tpi,j (2) 291

The satisfaction index (SI ) of a consumer with respect to 292

the obtained electricity in the P2P electricity market is an 293

important characteristic that motivates the peers to increase 294

their participation in the P2P electricity trading market. Con- 295

sumers’ SI can vary from [0 − 1] depending on the amount 296

of electricity he/she obtained in the P2P electricity trading 297

market. The SI with respect to the allocated electricity of a 298

consumer ECi can be calculated as: 299

SIi =
Eobtained
Edem

(3) 300

B. SMALL-SCALE ELECTRICITY SELLERS’ MODELING 301

Distributed energy resources (DERs) create a new model 302

in the electricity generation industry. These DERs may 303

include photovoltaic panels (PV), rooftop wind turbines, 304

small hydro, biomass, fuel cells, etc. Based on the installed 305

capacity, these DERs can be classified as micro, mini, small, 306

medium, and large DERs. However, for domestic usage, 307

micro to medium DERs can be used effectively in the P2P 308

electricity market. Such proprietors of DERs can be called 309

small-scale electricity sellers (SESs) in the P2P electricity 310

market. In the proposed system, similar to the consumer a 311

small-scale seller can trade his/her surplus electricity to a 312

number of consumers if his/her surplus electricity is not used 313

up in one contract. If Esurj is the surplus of a electricity con- 314

sumer SESj and let θj,i, θj+1,i, θj+2,i, . . . , θj=n,i be the amount 315

of electricity which a small-scale seller SEj trades with 316

his/her preferred consumer ECi,ECi+1,ECi+2, . . . ,ECi=n at 317

the trading price Tp1,Tp2,Tp3, . . . ,Tpn. The revenue for a 318
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small scale seller SESj can be found as:319

Revenue = (
N∑
i=1

θj,i × Tpj,i)− Grid fee (4)320

In the proposed system, the grid fee is assumed to apply321

only to the sellers as used in [16]. In the P2P electricity trading322

market, the SESs intend to increase their revenues. Generally,323

in the P2P electricity trading market, the buying price offered324

by the grid (Pexp) to SESs is lower than the price offered325

by peers [10]. Therefore, SESs will always try to trade their326

excess electricity with the peers. Similar to ECs, SESs will327

also have the freedom to select their preferred trading peers.328

For this purpose, each seller will also form a preference list329

that reflects the preferred electricity consumers for electricity330

trading. The preference list for ECs of a sesi can be expressed331

as 1sesi = ec1 ≺ ec2 ≺ ec3 ≺, . . . ,≺ ecn.332

Like consumers, each seller also has some reserved pur-333

chase price (RPP) for electricity trading. RPP reflects the334

maximum and minimum range of purchase price at which335

each seller intends to trade their surplus electricity. Further,336

RPP is classified as RPPγ=1 or RPPγ=0.337

IV. PROPOSED GAME FOR TRADING PAIR338

FORMULATION339

Freedom to select trading partners is one of the main char-340

acteristics of the direct P2P electricity trading market [10].341

For this purpose, with reference to the proposed game [16],342

a modification is made to form a trading pair. The pro-343

posed game starts at time ‘t’. Every EC and SES select their344

preferred candidates for electricity trading in the form of345

descending order of preference. These preference lists are346

supposed to be hidden from each other. The objective of this347

game is to form a trading pair that reflects the true preference348

of both consumers and small-scale sellers.349

Formally, a game 4 among the market participants can be350

expressed as:351

4 = 〈N ,A,U〉 (5)352

where, N represents the number of players compris-353

ing EC = {ec1, ec2, ec3, . . . , ecn} and SES =354

{ses1, ses2, ses3, . . . , sesm} as a disjoint set such that355

eci
⋂
sesi = 0, A is the action profile of the players and it356

contains the preference lists for both EC and SES as strategies357

i.e., A = {1eci ,1sesi}; andU : A1×A2×A3,×, . . . ,×An→358

R is the ith player utility.359

Each sesi ∈ SES has a utility match usesij with eci ∈360

EC∪φ, whereφ represents nomatch. Similarly, for each ecj ∈361

EC, uecij is the match utility from matching to sesi ∈ SES ∪φ.362

We denote U ses
= (usesij )i∈SES,j∈EC as a small-scale seller and363

consumer pair for electricity trading. Moreover, a strict pref-364

erence for a SES sesi, usesij 6= usesij′ for an j, j
′
∈ EC∪φ and for365

any EC ecj, uecij 6= uecij′ for any i, j ∈ SES ∪ φ. Match utilities366

are strictly positive for all sesi ∈ SES and ecj ∈ EC, uSESij >367

0 for all ecj ∈ EC and sesi ∈ SES, uECij′ > 0. All ECs368

and SESs prefer to be matched over remaining unmatched.369

FIGURE 2. Flow-chart for the pair formulation.

Therefore for any sesi ∈ SES, a ECs are acceptable where 370

usesij > usesiφ and for any ecj ∈ EC , a SESs sesi ∈ SES are 371

acceptable where uecij > uecφj. 372

Fig.2 represents the flow-chart for the pair formulation in 373

the proposed work. 374

V. PROPOSED GAME FORMULATION FOR CONSENSUS 375

ALGORITHM 376

Generally, in the P2P electricity trading market, the trading 377

price of electricity is relatively low for ECs with respect to 378

the grid import rate of electricity and also high for SESs with 379

respect to the grid export rate [16]. The proposed game starts 380

at time ‘t’ when the grid issues its export rate (Pexp) and 381

import rate (Pimp) for electricity trading. With respect to this 382

pricing signal, all ECs and SESs will place their offered and 383

proposed prices together with their reserved values. These 384

reserved prices reflect the maximum and minimum buying 385

and seller capacity of ECs and SESs respectively. Further, 386

these reserved prices are assumed to be kept hidden from each 387

other. 388

Formally, a game4′ among the market participants can be 389

expressed as: 390

4′ = 〈N ,A,U〉 (6) 391

where N is the number of players i.e., ECs and SESs. A is 392

the action profile and strategies of the players and it con- 393

tains the offered and proposed prices of the EC and SES and 394

U is the utility of a player. 395
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TABLE 1. Preference list of buyers and sellers.

As the objective of the ECs is to minimize their electricity396

bill and maximize their utility function during the negotiation397

process. Consumers’ eci initial offered price to sesj can be398

written as:399

eci→ secj(EU t
i ) = {x

eci→secj
t (EU t

i )}
m
j=1 (7)400

where (EU t
i ) presents the electricity trading units in which the401

price is to be determined and x
eci→secj
t is the offered price of402

a buyer eci ∈ EC to a small-scale seller sesj ∈ SES at t .403

[x
eci→secj
t (EU t

i )γ=1 = min(ROP)+ αt (max(ROP)404

− min(ROP))] (8)405

And406

[x
eci→secj
t (EU t

i )γ=0 = max(ROP)+ αt (max(ROP)407

− min(ROP))] (9)408

where αt = (t/r)c
j
i is the consensus environment which is409

based on a specific number of negotiation rounds. On this410

initial offered price from EC, the SES proposed price can be411

written as:412

sesj→ eci(EU t
i ) = {x

sesj→eci
t (EU )ti }

m
i=1 (10)413

where414

[x
sesj→eci
t (EU t

i )γ=1 = max(RPP)− αt (max(RPP)415

− min(RPP))] (11)416

and417

[x
sesj→eci
t (EU t

i )γ=0 = min(RPP)− αt (max(RPP)418

− min(RPP))] (12)419

On reception of SESs proposed price, the proposed consensus420

algorithm evaluates the numerical score for both the ECs’ and421

SESs’ offered and proposed prices. The numerical score for422

ECs’ offered price at time ‘t’ can be found as:423

NS (EU )
eci→sesj
t =

m∑
j=1

NS (x
eci→sesj
t (EU t

i ))×W
j
i (13)424

where425

NS (x
eci→sesj
t (EU t

i ))γ=1 =
max(ROP)− x

eci→sesj
t (EU t

i )

max(ROP)−min(ROP)
426

(14)427

and 428

NS (x
eci→sesj
t (EU t

i ))γ=0 =
x
eci→sesj
t (EU j

i )−min(ROP)

max(ROP)−min(ROP)
429

(15) 430

Similarly, the numerical score to evaluate the SESs’ proposed 431

price at time ‘t’ can be found as: 432

NS (EU
sesj→eci
t ) =

m∑
i=1

NS (x
sesj→eci
t (EU t

i ))×W
j
i 433

(16) 434

where 435

NS (x
sesj→eci
t (EU t

i ))γ=1 =
(x
sesj→eci
t (EU t

i ))−min(RPP)

max(RPP)−min(RPP)
436

(17) 437

and 438

NS (x
sesj→eci
t (EU t

i ))γ=0 =
max(RPP)− x

sesj→eci
t (EU j

i )

max(RPP)−min(RPP)
439

(18) 440

If at the given time ‘t’, the score of ECs’ is greater than or 441

equal to the SESs’ score, then this proposed price will be 442

selected as the trading price among the trading pair of EC 443

and SES. However, if ECs’ score is less than the SESs’ score, 444

the consensus algorithm will offer the next price to the SES. 445

This subsequent offered price by the EC can be written as: 446

(x
eci→sesj
t (EU )ti )γ=1 = x

eci→sesj
t−1 (EU )ti + αt (max(ROP) 447

− x
eci→sesj
t−1 (EU )ti ) (19) 448

(x
eci→sesj
t (EU )ti )γ=0 = x

eci→sesj
t−1 (EU )ti + αt (x

eci→sesj
t−1 449

× (EU )ti −min(ROP)) (20) 450

On this subsequent offered price, the counter proposal from 451

a SES can be written as: 452

(x
sesj→eci
t (EU )ti )γ=1 = x

sesj→eci
t−1 (EU )ti − αt (x

sesj→eci
t−1 453

× (EU )ti −min(RPP)) (21) 454

(x
sesj→eci
t (EU )ti )γ=0 = x

sesj→eci
t−1 (EU )ti − αt (min(RPP) 455

− x
sesj→eci
t−1 (EU )ti ) (22) 456

The process will continue until the ECs’ score on their offered 457

prices will be equal to or greater than the SESs’ proposed 458
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price. This leads the game towards the stable condition known459

as Nash Equilibrium. The proposed game is also used to460

distribute electricity among a trading pair.461

Let (A, f ) be the action profiles of a consumer eci ∈ EC462

and sesj ∈ SES and f is the function that translates the action463

profile of the players to their expected payoff. According to464

the formal definition of Nash-equilibrium the expected payoff465

or utility function fc of a player eci ∈ EC if he chooses466

the strategy as ai∗ and the other player a small-scale seller,467

chooses the strategy aj then his expected payoff function468

(fc) should be greater than or equal to the expected payoff469

function (fc) if he chooses another strategy as ai. Using the470

formal definition of Nash-Equilibrium it can be written as:471

∀i,j ∈ EC, SES : fc(ai∗, ai) ≥ fc(ai, aj) (23)472

Algorithm 1 represents the pseudocode for finding the473

Nash Equilibrium for the proposed game.

Algorithm 1 Pseudocode for Finding Nash Equilibrium
1) Initialize the minimum and maximum range for ECs’ ROP.
2) Initialize the minimum and maximum range for SESs’ RPP.
3) Consumer evaluates the value of cji and identifies the values
of ttot and r depending upon the consensus environment.
4) Consumer initially generates the offered price (eci, sesi) and
becomes engaged (Poffered = x

eci→sesj
t (EU )ti ) and submit to the

small-scale seller.
5) Small-scale seller generates the proposed price (Ppro =
x
sesj→eci
t (EU )ti )
6) Consumer evaluates its score NS (EU

sesj→eci
t )

7) Consumer does the following calculations.
if t = tend or t = r then

Compute NS (EU
eci→sesj
tend ).

if NS (EU
sesj→eci
t ) ≥ NS (EU

eci→sesj
tend ) then

Accept it as a trading price.
else

Reject the proposed price.
end if

else
Generate x

eci→sesj
t+1 (EU t

i ).
if NS (EU )

sesj→eci
t ≥ NS (x

eci→sesj
t+1 (EU )ti ) then

Accept it as a trading price.
else

Submit x
eci→sesj
t+1 (EU )ti , t = t + 1; go to Step 6.

end if
end if

474

VI. RESULTS AND DISCUSSION475

This section presents the simulation results for the proposed476

consensus algorithm to determine the electricity trading price477

in the P2P electricity trading market. For this purpose,478

we assume a total of 22 players as market participants.479

Among these 22 players, 11 players are acting as ECs and480

11 players are acting as SESs. Among these SESs, six sellers481

are assumed to be equipped with storage capacity and the482

others are assumed without storage capacity. The ECs’ load483

demand, SESs’ surplus electricity data along with import484

and export electricity rate and grid charges are applicable to485

the sellers are obtained from [16]. The grid availability with486

FIGURE 3. Scalability analysis.

8-hours outage in a day is assumed arbitrary. The ECs’ and 487

SESs’ preferences are selected arbitrarily and presented in 488

Table 1. Further, it is assumed that the grid can store only 489

90kW electricity at time ‘t’. The price of the grid import rate 490

of the stored electricity is assumed to be 11.5 c/kWh. To show 491

the effectiveness of the proposed model, we take a random 492

time slot at time t = 5 with grid availability γ = 1. The 493

electricity required by ECs, Ereq, and the surplus electricity, 494

Esur , from SESs are given as: 495

Ereq(kWh) = {7.6774, 9.9088, 4.9540, 0.6008, 2.7455, 496

× 2.4272, 1.0550, 0.4194, 0.5149, 1.2775, 497

× 1.8731} (24) 498

Esur (kWh) = {2.6324, 1.8548, 3.8437, 1.0780, 2.6438, 499

× 6.5318, 8.4248, 12.9793, 0.9068, 14.1599, 500

× 3.7128} (25) 501

The first step of the proposed system is to make trad- 502

ing pairs based on preferences of both ECs and SESs. For 503

this purpose, let us take the preference list of EC ec3 and 504

demonstrate how the proposed flow-chart presented in Fig.2 505

works. From Table 1, the preference list of ec3 is given as 506

1ec3 = {8 ≺ 7 ≺ 9 ≺ 10 ≺ 11 ≺ 5 ≺ 4 ≺ 3 ≺ 2 ≺ 1 ≺ 6}. 507

From the preference list, it can be seen that ec3 wants to 508

make an electricity trading pair with ses8. But the preference 509

list of ses8 presented in Table 1 shows that ses8 gives high 510

preference to ECs (5, 8, 9, 10, 11, 2) over ec3. Therefore, 511

a trading pair among (ec3 & ses8) cannot be formed. The next 512

potential candidate in the list of ec3 is ses7. Again evaluating 513

the preference list of ses7, it can be seen that ses7 prefers to 514

trade electricity with ec4 over ec3. Therefore, a pair between 515

(ec3 & ses7) will not be formed. The next potential candidate 516

in the list of ec3 is ses9. The preference list of ses9 reflects 517

that the seller, ses9 prefers to trade electricity with consumers 518
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TABLE 2. Offered and proposed prices.

TABLE 3. Price determination between (ec8 & ses8).

TABLE 4. Electricity bills for consumers over one-year simulated data.

(11, 10, 8, 9, 7, 6, 4, 2, 1) rather than ec3. Therefore pairing519

with this candidate is also not possible. The next potential520

candidate in the list of ec3 is ses10. This seller gives high521

preferences to consumers (7, 5, 4) over ec3. The next poten-522

tial candidate in the list of ec3 is ses11. This seller gives high523

preferences to consumers (9, 5, 6, 2, 1) over ec3. The next524

potential candidate in the list of ec3 is ses5. This seller gives525

high preferences to consumers (5, 7, 8, 9, 11, 6) over ec3. The526

next potential candidate in the list of ec3 is ses4. This seller527

gives high preferences to consumers (5, 6, 7, 8, 9, 10, 11, 2)528

over ec3. Therefore, the trading pair with this seller is also529

not possible. The next potential candidate in the list of ec3530

is ses3. This seller gives high preferences to the consumers531

(2, 4) over ec3. The next potential candidate in the list of ec3532

is ses2. This seller, ses2, gives high priority to ec3. Therefore, 533

a stable trading pair among (ec3 & ses2) which reflects the 534

true preferences for both the EC and SES is formulated. 535

It can be seen from Fig 9 that the proposed method 536

increases the satisfaction index of the consumers more as 537

compared to the method used in [42]. 538

The process will continue for all other ECs and SESs 539

until all participants are matched into trading pairs. The 540

trading pairs along with their offered and proposed prices 541

are represented in Table 2. The next objective is to develop a 542

consensus algorithm among a pair to determine the price for 543

electricity trading. For this purpose, we pick a random pair 544

(ses8 → ec8) to demonstrate how the proposed Algorithm 1 545

is used to determine the electricity price. Since for the given 546
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TABLE 5. Revenues for sellers over one-year simulated data.

FIGURE 4. Electricity bills for buyers of one week simulated data.

time slot, the grid availability γ = 1, therefore, the values547

for the off-grid price will not be used for this time slot.548

From Table 2, the range of ec′8s offered price is taken as549

(ROP = 6.5 − 7) and the range of ses′8s proposed price is550

taken as (RPP = 6.45 − 7). A total of ten rounds (r = 10)551

is assumed in the consensus algorithm when determining the552

trading price. Following Eq.(8) the ec′8s offered price at time 553

‘t = 1’ will be (ROP = 6.5050). At this offered price, the 554

ses8 proposed price following the Eq.(11) will be (RPP = 555

6.9450). Since at these prices the condition described at step- 556

7(a) in Algorithm 1 cannot be met therefore ec′8s will reject 557

this proposed price and offer a new price (ROP = 6.5248) at 558
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FIGURE 5. Revenues graphs over one week dataset.

‘t = 2’ and compute Eq.(14). On receiving this new offered559

price and after the Eq.(17) calculation the ses′8s new proposed560

price at ‘t = 2’ will be (RPP = 6.8460). Again at these561

prices, the condition for selecting the trading price is not562

met. Hence ec8 will offer a new price to ses8. The process563

will continue until the condition described in step-7 (a) in564

Algorithm 1 is met. The overall process with respect to time565

’t’ for determining the trading price is given in Table 3.566

Knowing the numerical values of (Ereq) and (Esur ) in a pair567

from Table 2, it can be seen that some pairs have a mismatch568

between the asked demand and available surplus e.g., in a 569

pair ses1 → es1 where EC demand is (7.6774 kWh) and 570

SES available surplus is 2.6324 kWh. Therefore, after trading 571

with this peer, the proposed algorithm will make the next pair 572

according to its preference. 573

Fig. 3 presents the scalability analysis of the proposed 574

model to themodels used in [16], [17], and [30]. FromFig. 3 it 575

can be seen that the proposed system scalability is lesser than 576

the others used in [16], [17], and [30]. However, by compar- 577

ing the revenues and electricity bills from Tables (4 and 5) it 578
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FIGURE 6. Bill and revenues graphs over one year dataset.

can ensure that the proposed system is more beneficial to the579

participants.580

Fig. 4 and Fig. 5 present the revenues and electricity bills of581

some sellers and consumers using one week of simulated data582

TABLE 6. Preference list of buyers and sellers at t = 3.

FIGURE 7. Electricity bill of consumers at t = 3.

by varying demand, generation, prices and compared with the 583

methods proposed in [16], [17], and [30]. 584
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TABLE 7. Contract formulation Stage-1.

FIGURE 8. Revenue of sellers at t = 3.

FIGURE 9. Satisfaction index t = 3.

The experiment is performed over the one-year dataset585

with varying prices, demand, and surplus and the simulated586

results is presented in Fig. 5. Tables (5 & 6) present the587

percentage savings in electricity bills for the consumers and588

percentage increase in revenues for the sellers with respect to589

methods proposed in [16], [17], and [30]. It can be seen that590

TABLE 8. Contract formulation Stage-2.

the proposed model further reduces the electricity bills of the 591

consumers by 5% to 8% and increases the revenues of the 592

sellers from 13% to 15% when compared to other proposed 593

algorithms in [16], [17], and [30]. 594

VII. CONCLUSION 595

A growing number of participants in the P2P electricity 596

trading market ensures the success of the P2P trading mar- 597

ket. Increase in the involvement of the participants in the 598

P2P electricity trading market ensures success. Moreover, 599

an effective pricing scheme that increases the utilities of 600

participants while considering their reserved prices further 601

incentives them to take part in trading activities. For this 602

purpose, based on the game-theoretic framework, an effective 603

pricing scheme that considers participants’ reserved prices for 604

determining the electricity trading price is proposed. It can 605

be seen that the proposed algorithm is more effective as 606

compared to those of others as it further reduces the electricity 607

bill of consumers from 5% to 8% and increases the revenues 608

of the sellers from 13% to 15% when compared to other 609

proposed algorithms. Compared with the other state of art 610

methods, the proposed method is more effective as it brings 611

more savings and profitability for consumers and sellers with 612

a marginal increase in the iteration time. However, several 613

factors have been ignored in this proposed method, such 614

as network constraints and battery constraints. Furthermore, 615

blockchain can be deployed to make the model more secure 616

for financial transactions and minimum sharing of peers’ 617

information. 618

APPENDIX. ANOTHER EXAMPLE I.E., WHEN DEMAND IS 619

GREATER THAN SUPPLY AND GRID IS NOT AVAILABLE 620

To show the effectiveness of the proposed model, we take 621

a random time slot at time t = 3 with grid availability 622

γ = 0. The electricity required by ECs, Ereq, and the surplus 623

96208 VOLUME 10, 2022



W. Amin et al.: Effective Pricing Mechanism for Electricity Trading Considering Customer Preference and Reserved Price

electricity, Esur , from SESs, are given as:624

Ereq(kWh) = {9.7654, 47.8030, 4.9540, 0.6454, 2.8437,625

× 2.5299, 1.0538, 0.4183, 0.4958, 1.3348,626

× 1.9542} (26)627

Esur (kWh) = {2.1270, 1.9578, 3.5537, 1.4602, 2.7472,628

× 6.0000, 9.0000, 12.9078, 0.4018, 13.9490,629

× 4.6757} (27)630

The list of preferences for all consumers and small scale631

sellers at time t = 3 is presented in Table 6.632

For analyzing the working principle of the proposed game633

for contract formulation, we pick a random EC ec4 and from634

Table 6 its preference list is taken as 1ec4 = {10 ≺ 8 ≺ 9 ≺635

1 ≺ 3 ≺ 4 ≺ 6 ≺ 7 ≺ 2 ≺ 5 ≺ 11}.636

For a better understanding of the proposed game contract637

formulation model, we discuss the contract formulation in638

different stages. At the start of the game (stage-1), by evaluat-639

ing the preference list of ec4, it can be seen that the ec4 wants640

to perform electricity trading pairing with ses10. But the pref-641

erence list of ses10 presented in Table 6 shows that ses10 gives642

high preference to ECs 6, 5 over ec4. Therefore, a trading643

pair among (ec4 and ses10) cannot form. The next potential644

candidate in the preference list of ec4 is ses8. By evaluating645

the preference list of ses8, it can be seen that ses8 gives a646

high preference to ec4 over all other consumers. Therefore,647

a stable trading pair between (ec4 and ses8) which reflects648

the true preferences for both the EC and SES, is formulated.649

Following the method described above, a further contract650

formulation at Stage-2 is presented in Table 8. From Table 7 it651

can be seen that at the end of Stage-1, the demand and surplus652

of several ECs and SESs is zero. Hence this is not included in653

the second stage of the contract formulation as presented in654

Table 8.655

From Tables 7 and 8 it can be seen that all ECs demand656

except ec2 and ec1 are zero.Whereas, all SESs surplus except657

(ses1, ses2, ses3, ses7, ses8) are zero. By examining the pref-658

erences list of these sellers it can be seen that these sellers pre-659

fer ec2 over ec1. Therefore, all these sellers trade their surplus660

electricity to consumer ec2 which results the net remaining661

demand of ec2 as 9.9285kWh and ec1 as 4.0437kWh. These662

consumers will obtained this amount of electricity from the663

grid storage.664

Figs 7 and 8 present the electricity bills and revenues for665

all consumers and sellers at time t = 3.666

The proposed game used for contract formulation to deter-667

mine the electricity trading price also helps to distribute the668

electricity among the peers to increase the consumers’ satis-669

faction index, especially when grid supply is not available,670

and there is an imbalance between the demand asked by the671

consumers and surplus offered by the sellers. For this pur-672

pose, Fig 9 presents the satisfaction index for all consumers at673

time t = 3. To compare the satisfaction index of the proposed674

method with the other state of art methods such as the work675

proposed in [42]. We assume that consumers are treated as676

those in a standalone microgrid and based on their electricity 677

demand, the sorted values for electricity demand set is given 678

as: 679

Ereq(kWh) = {47.8030, 9.7654, 4.9540, 2.8437, 2.5299, 680

× 1.9542, 1.3348, 1.0538, 0.6454, 0.4958, 681

× 0.4183} (28) 682

683

REFERENCES 684

[1] N. H. Mirjat, M. A. Uqaili, K. Harijan, G. D. Valasai, F. Shaikh, and 685

M. Waris, ‘‘A review of energy and power planning and policies of 686

Pakistan,’’ Renew. Sustain. Energy Rev., vol. 79, pp. 110–127, Nov. 2017. 687

[2] Global Energy Demand Rose by 2.3% in 2018, its Fastest Pace in the Last 688

Decade, Int. Energy Assoc., Paris, France, 2019. 689

[3] D. Zhu, S. M. Mortazavi, A. Maleki, A. Aslani, and H. Yousefi, ‘‘Analysis 690

of the robustness of energy supply in Japan: Role of renewable energy,’’ 691

Energy Rep., vol. 6, pp. 378–391, Nov. 2020. 692

[4] S. Z. Abbas, A. Kousar, S. Razzaq, A. Saeed, M. Alam, and A. Mahmood, 693

‘‘Energy management in South Asia,’’ Energy Strategy Rev., vol. 21, 694

pp. 25–34, Aug. 2018. 695

[5] P. Moriarty and D. Honnery, ‘‘Preparing for a low-energy future,’’ Futures, 696

vol. 44, pp. 883–892, Dec. 2012. 697

[6] B. K. Sovacool, ‘‘Design principles for renewable energy programs in 698

developing countries,’’ Energy Environ. Sci., vol. 5, no. 11, pp. 9157–9162, 699

2012. 700

[7] L. Susanti, P. Fithri, and K. Bestarina, ‘‘Demographic characteristics in 701

correlation with household electricity use,’’ in Industrial Engineering, 702

Management Science and Applications. Berlin, Germany: Springer, 2015, 703

pp. 959–968. 704

[8] G. Newsham, B. J. Birt, and I. H. Rowlands, ‘‘The effect of household 705

characteristics on total and peak electricity use in summer,’’ Energy Stud. 706

Rev. vol. 18, pp. 20–33, Jan. 2011. 707

[9] W. Amin, Q. Huang, M. Afzal, A. A. Khan, Z. Zhang, K. Umer, and 708

S. A. Ahmed, ‘‘Consumers’ preference based optimal price determina- 709

tion model for P2P energy trading,’’ Electr. Power Syst. Res., vol. 187, 710

Oct. 2020, Art. no. 106488. 711

[10] W. Amin, Q. Huang, K. Umer, Z. Zhang, M. Afzal, A. A. Khan, and 712

S. A. Ahmed, ‘‘A motivational game-theoretic approach for peer-to-peer 713

energy trading in islanded and grid-connected microgrid,’’ Int. J. Electr. 714

Power Energy Syst., vol. 123, Dec. 2020, Art. no. 106307. 715

[11] K. Anoh, S. Maharjan, A. Ikpehai, Y. Zhang, and B. Adebisi, ‘‘Energy 716

peer-to-peer trading in virtual microgrids in smart grids: A game-theoretic 717

approach,’’ IEEE Trans. Smart Grid, vol. 11, no. 2, pp. 1264–1275, 718

Mar. 2020. 719

[12] R. Ghorani, M. Fotuhi-Firuzabad, and M. Moeini-Aghtaie, ‘‘Optimal bid- 720

ding strategy of transactive agents in local energy markets,’’ IEEE Trans. 721

Smart Grid, vol. 10, no. 5, pp. 5152–5162, Sep. 2019. 722

[13] N. Liu, X. H. Yu, C. Wang, C. J. Li, L. Ma, and J. Y. Lei, ‘‘Energy- 723

sharingmodel with price-based demand response formicrogrids of peer-to- 724

peer prosumers,’’ IEEE Trans. Power Syst., vol. 32, no. 5, pp. 3569–3583, 725

Sep. 2017. 726

[14] C. Inês, P. L. Guilherme, M.-G. Esther, G. Swantje, H. Stephen, and 727

H. Lars, ‘‘Regulatory challenges and opportunities for collective renew- 728

able energy prosumers in the EU,’’ Energy Policy, vol. 138, Mar. 2020, 729

Art. no. 111212. 730

[15] A. Asrari, M. Ansari, J. Khazaei, and P. Fajri, ‘‘A market framework for 731

decentralized congestion management in smart distribution grids consider- 732

ing collaboration among electric vehicle aggregators,’’ IEEE Trans. Smart 733

Grid, vol. 11, no. 2, pp. 1147–1158, Mar. 2020. 734

[16] W. Amin, Q. Huang, M. Afzal, A. A. Khan, K. Umer, and S. A. Ahmed, 735

‘‘A converging non-cooperative & cooperative game theory approach 736

for stabilizing peer-to-peer electricity trading,’’ Electr. Power Syst. Res., 737

vol. 183, Jun. 2020, Art. no. 106278. 738

[17] W. Tushar, T. K. Saha, C. Yuen, T. Morstyn, M. D. McCulloch, H. V. Poor, 739

and K. L. Wood, ‘‘A motivational game-theoretic approach for peer-to- 740

peer energy trading in the smart grid,’’ Appl. Energy, vol. 243, pp. 10–20, 741

Jun. 2019. 742

VOLUME 10, 2022 96209



W. Amin et al.: Effective Pricing Mechanism for Electricity Trading Considering Customer Preference and Reserved Price

[18] E. Mengelkamp, J. Gärttner, K. Rock, S. Kessler, L. Orsini, and743

C. Weinhardt, ‘‘Designing microgrid energy markets: A case study:744

The BrooklynMicrogrid,’’ Appl. Energy, vol. 210, pp. 870–880, Jan. 2018.745

[19] Y. Jiang, K. Zhou, X. Lu, and S. Yang, ‘‘Electricity trading pricing among746

prosumers with game theory-based model in energy blockchain environ-747

ment,’’ Appl. Energy, vol. 271, Aug. 2020, Art. no. 115239.748

[20] R. Alvaro-Hermana, J. Fraile-Ardanuy, D. Janssens, L. Knapen, and749

P. J. Zufiria, ‘‘Peer to peer energy trading with electric vehicles,’’ IEEE750

Intell. Transp. Syst. Mag., vol. 8, no. 3, pp. 33–44, Jul. 2016.751

[21] M. Khorasany, Y. Mishra, and G. Ledwich, ‘‘A decentralized bilateral752

energy trading system for peer-to-peer electricity markets,’’ IEEE Trans.753

Ind. Electron., vol. 67, no. 6, pp. 4646–4657, Jun. 2020.754

[22] C. Long, J. Wu, C. Zhang, M. Cheng, and A. Al-Wakeel, ‘‘Feasibility755

of peer-to-peer energy trading in low voltage electrical distribution net-756

works,’’ Energy Proc., vol. 105, pp. 2227–2232, May 2017.757

[23] W. Tushar, T. K. Saha, C. Yuen, M. I. Azim, T. Morstyn, H. V. Poor,758

D. Niyato, and R. Bean, ‘‘A coalition formation game framework759

for peer-to-peer energy trading,’’ Appl. Energy, vol. 261, Mar. 2020,760

Art. no. 114436.761

[24] (Nov. 2015). SonnenCommunity Connects Households and Makes762

Conventional Electricity Suppliers Obsolete Through Self-Generated763

Power. [Online]. Available: https://www.prnewswire.com/news-764

releases/sonnencommunity-connects-households-and-makes-765

conventional-electricity-suppliers-obsolete-through-self-generated-766

power-300184496.html767

[25] Network Business Model Evolution, ENA, Chennai, India, 2015.768

[26] Shaping the Future of Energy With the Piclo Trial, Good Energy,769

Chippenham, U.K., 2015.770

[27] C. Long, J. Wu, C. Zhang, L. Thomas, M. Cheng, and N. Jenkins, ‘‘Peer-771

to-peer energy trading in a community microgrid,’’ in Proc. IEEE Power772

Energy Soc. Gen. Meeting, Jul. 2017, pp. 1–5.773

[28] N. Liu, X. H. Yu, C. Wang, C. J. Li, L. Ma, and J. Y. Lei, ‘‘Energy-774

sharingmodel with price-based demand response formicrogrids of peer-to-775

peer prosumers,’’ IEEE Trans. Power Syst., vol. 32, no. 5, pp. 3569–3583,776

Sep. 2017.777

[29] D. Ilic, P. Goncalves Da Silva, S. Karnouskos, and M. Griesemer,778

‘‘An energy market for trading electricity in smart grid neighbourhoods,’’779

in Proc. 6th IEEE Int. Conf. Digit. Ecosystems Technol. (DEST), Jun. 2012,780

pp. 1–6.781

[30] R. Fernández-Blanco, J. M. Arroyo, and N. Alguacil, ‘‘Consumer payment782

minimization under uniform pricing: A mixed-integer linear programming783

approach,’’ Appl. Energy, vol. 114, pp. 676–686, Feb. 2014.784

[31] W. Tushar, B. Chai, and H. Chau, ‘‘Energy storage sharing in smart grid:785

A modified auction-based approach,’’ IEEE Trans. Smart Grid, vol. 7,786

no. 3, pp. 1462–1475, May 2016.787

[32] J. Kang, R. Yu, X. Huang, S. Maharjan, Y. Zhang, and E. Hossain,788

‘‘Enabling localized peer-to-peer electricity trading among plug-in hybrid789

electric vehicles using consortium blockchains,’’ IEEE Trans. Ind. Infor-790

mat., vol. 13, no. 6, pp. 3154–3164, Dec. 2017.791

[33] D. Han, C. Zhang, J. Ping, and Z. Yan, ‘‘Smart contract architecture for792

decentralized energy trading and management based on blockchains,’’793

Energy, vol. 199, May 2020, Art. no. 117417.794

[34] M. Foti and M. Vavalis, ‘‘Blockchain based uniform price double auctions795

for energy markets,’’ Appl. Energy, vol. 254, Nov. 2019, Art. no. 113604.796

[35] M. Babaioff and N. Nisan, ‘‘Concurrent auctions across the supply chain,’’797

J. Artif. Intell. Res., vol. 21, no. 1, pp. 595–629, 2001.798

[36] Y. Jiang, K. Zhou, X. Lu, and S. Yang, ‘‘Electricity trading pricing among799

prosumers with game theory-based model in energy blockchain environ-800

ment,’’ Appl. Energy, vol. 271, Aug. 2020, Art. no. 115239.801

[37] A. Hussain, V.-H. Bui, and H.-M. Kim, ‘‘Resilience-oriented optimal oper-802

ation of networked hybrid microgrids,’’ IEEE Trans. Smart Grid, vol. 10,803

no. 1, pp. 204–215, Jan. 2019.804

[38] J. Qiu, L. J. Reedman, Z. Y. Dong, K. Meng, H. Tian, and J. Zhao,805

‘‘Network reinforcement for grid resiliency under extreme events,’’ in806

Proc. IEEE Power Energy Soc. Gen. Meeting, Jul. 2017, pp. 1–5.807

[39] S. S. Oren, ‘‘Privatizing electric reliability through smart grid technologies808

and priority service contracts,’’ inProc. IEEEPESGen.Meeting, Jul. 2010,809

pp. 1–3.810

[40] X. Chen, B. Liu, J. Qiu, W. Shen, L. Reedman, and Z. Y. Dong, ‘‘A new811

trading mechanism for prosumers based on flexible reliability prefer-812

ences in active distribution network,’’ Appl. Energy, vol. 283, Feb. 2021,813

Art. no. 116272.814

[41] M. Khorasany, R. Razzaghi, and A. S. Gazafroudi, ‘‘Two-stage mechanism 815

design for energy trading of strategic agents in energy communities,’’ Appl. 816

Energy, vol. 295, Aug. 2021, Art. no. 117036. 817

[42] S. Park, J. Lee, S. Bae, G. Hwang, and J. K. Choi, ‘‘Contribution- 818

based energy-trading mechanism in microgrids for future smart grid: 819

A game theoretic approach,’’ IEEE Trans. Ind. Electron., vol. 63, no. 7, 820

pp. 4255–4265, Jul. 2016. 821

[43] A. Paudel, K. Chaudhari, C. Long, and H. B. Gooi, ‘‘Peer-to-peer 822

energy trading in a prosumer-based community microgrid: A game- 823

theoretic model,’’ IEEE Trans. Ind. Electron., vol. 66, no. 8, pp. 609–6087, 824

Oct. 2018. 825

WAQAS AMIN received the B.S. and M.S. 826

degrees in electrical engineering from the Uni- 827

versity of Lahore (UOL), Pakistan, in 2010 and 828

2016, respectively, and the Ph.D. degree from 829

the Sichuan State Provincial Laboratory of Power 830

System Wide-Area Measurement and Control, 831

School of Mechanical and Electrical Engineering, 832

University of Electronic Science and Technology 833

of China, Chengdu, China, in 2020. He served 834

as a Lecturer with the University of Lahore, 835

from 2010 to 2017. He is currently working as an Assistant Professor with 836

PNEC NUST. His current research interests include energy management, 837

distributed electricity trading, and blockchain technology in power systems. 838

FAYYAZ AHMAD born in Kasur, Punjab, Pak- 839

istan. He received the B.E. and M.E. degrees 840

in electronic engineering from the International 841

Islamic University, Islamabad, and the Ph.D. 842

degree in electrical engineering from COMSATS 843

University, Islamabad. In 2009, he joined The 844

University of Lahore, as a Lecturer. In 2011, 845

he became a Campus Engineering Laboratories 846

Incharge. After that, he has been with the Depart- 847

ment of Electrical Engineering, SCET, UET, Tax- 848

ila, as an Assistant Professor and the Director Quality Enhancement Cell, 849

from 2012 to 2019. He is currently working as an Assistant Professor 850

and the Head of Postgraduate Program with PNEC, NUST. His current 851

research interests include energy management systems, optimization tech- 852

niques, cyber physical systems, and economic dispatch. 853

KHALID UMER received the B.S. degree in elec- 854

trical engineering from the University of Engineer- 855

ing and Technology (UET), Lahore, in 2013, and 856

the M.S. degree in electronic science and technol- 857

ogy from the University of Electronic Science and 858

Technology of China (UESTC), in 2016, where 859

he is currently pursuing the Ph.D. degree with the 860

Sichuan State Provincial Laboratory of Power Sys- 861

temWide-Area Measurement and Control, School 862

ofMechanical and Electrical Engineering. His cur- 863

rent research interests include energy management, distributed electric- 864

ity trading, blockchain, P2P energy trading, Game theory, and distributed 865

optimization. 866

96210 VOLUME 10, 2022



W. Amin et al.: Effective Pricing Mechanism for Electricity Trading Considering Customer Preference and Reserved Price

ARSALAN HABIB KHAWAJA received the Ph.D.867

degree from the University of Electronic Science868

and Technology of China. He is currently work-869

ing as an Assistant Professor with the Depart-870

ment of Avionics Engineering, Institute of Space871

Technology, Islamabad. He has been a Princi-872

pal Investigator on various projects on innovative873

measurement applications of magnetics for power874

system. His work resulted in several methods875

reported in top tier journals and patents. His cur-876

rent research interests include innovative measurement systems and contact-877

less state-of-the-art measurement and diagnosis systems and solutions.878

MUHAMMAD AFZAL received the B.S. degree879

in computer engineering and the M.S. degree in880

electrical engineering from COMSATS Univer-881

sity Islamabad, Wah Cantt, Pakistan, in 2010 and882

2016, respectively, and the Ph.D. degree from the883

Sichuan State Provincial Laboratory of Power Sys-884

temWide-Area Measurement and Control, School885

of Mechanical and Electrical Engineering, Uni-886

versity of Electronic Science and Technology of887

China, Chengdu, China, where he is currently888

pursuing the Ph.D. degree with the School of Mechanical and Electrical889

Engineering. His current research interests include energy management,890

distributed electricity trading, and blockchain technology in power system891

monitoring and control, power system high performance computing, and892

power market.893

SYED ADRESS AHMAD received the B.S. degree 894

in electrical engineering from COMSATS Univer- 895

sity Pakistan, in 2016, and the M.S. degree in 896

control science and engineeringwith study on opti- 897

mal energy trading in P2P power market from the 898

University of Electronic Science and Technology 899

of China (UESTC), in 2019, where he is currently 900

pursuing the Ph.D. degree. His current research 901

interests include energy management, distributed 902

electricity trading, blockchain, P2P energy trading 903

and game theory, and optimization. 904

SURACHAI CHAITUSANEY received the B.Eng. 905

and M.Eng. degrees in electrical engineering from 906

Chulalongkorn University, Thailand, in 2000 and 907

2002, respectively, and the Ph.D. degree in elec- 908

trical engineering from the University of Tokyo, 909

Japan, in 2007, with JICA Scholarship. His profes- 910

sional experiences are as follows: a Researcher at 911

Chulalongkorn University and an Electrical Engi- 912

neer at J-Power Generation (Thailand) Corpora- 913

tion Ltd. At present, he is currently the Head of 914

Power Division and the Head of the Power System Research Laboratory 915

(PSRL), Chulalongkorn University. His research interests include renewable 916

energy, solar PV, distributed generation, power system planning and reliabil- 917

ity, smart grid regulation, and electricity market and pricing. 918

919

VOLUME 10, 2022 96211


