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ABSTRACT
The game theory concept has been adapted for energy management between energy produc-
ers and consumers in the presence of renewable energy sources (RES) and electric vehicles (EVs).
The objective of the paper is to increase the penetration of renewable energy sources and EVs by
the Stackelberg game theory model with real-time pricing. RES are the energy generation sources
located near load centers tomanage the demand of consumers. The primary objective of EV is trans-
portation, but formanaging theenergydemand, EVparticipate ingrid operations as abackup source
of energy. EV are charged during off-peak hours and discharged to the grid during peak hours. Con-
sumers benefited in terms of higher payoffs to supply energy during peak hours. To increase the
payoffs, consumers can shift their appliance operation from high price duration to low price dura-
tion and create a new peak energy consumption. To maintain the balance between consumers and
utility, an optimization tool is essential. The Stackelberg game theory model is a one leader and N
followers’ game, the leader first declares the energy price and the follower respondby selecting their
best response for energy consumption. The leader can update its strategy again by considering the
follower best response to obtainmaximumbenefits. The process to achieve the best response of the
follower and leader is called the Stackelberg nash equilibrium. Objective of energy producers is to
supplymaximum energy through renewable energy sources and the use of EVs as storage units. The
prime objective of consumers is to minimize energy tariff by scheduling the appliances.
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Dissatisfaction function;
Electric vehicles; Energy
management center;
Real-time pricing; Renewable
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1. INTRODUCTION

To perform day-to-day activities, consumers depend
upon electric energy. Energy consumption is increasing
and random in nature. It is essential for energy providers
to manage the consumers demand by increasing genera-
tion capacity or by reducing the peak to average energy
consumption ratio. A major part of the electric energy is
generated from fossil fuels, but it has the worst environ-
mental impact [1]. The suitable solution is provided by
increasing the share of renewable energy sources (RES) in
generation. RES are the green energy generation sources
installed near load centers. Generation from RES is vari-
able and depends upon weather parameters which affect
the reliability of the RES. To improve the reliability of
RES, a proper mechanism is required to store the energy
and its supply during emergency [2,3]. The huge storage
installation increases the cost of the system and needs
another alternative. Electric vehicles (EVs) with vehicle
to grid optimization can participate as storage units and
should improve the reliability of RESwithout extra finan-
cial burden on energy producers [4]. Another method
to maintain the demand of consumers by scheduling the
appliances and providing incentives is called demand

response (DR). DR is a short duration energy con-
sumption manipulation program that aims to reduce the
difference between peak and normal hour energy con-
sumption.DifferentDRmethods are time of use, stepwise
power tariff, real-time price, day-ahead price, etc. To
maintain the balance among energy providers, RES, the
EV charging–dischargingmodel, consumers energy con-
sumption, etc., an energy management center (EMC) is
required [5,6].

Integration of RES with demand response gets the atten-
tion of researchers around the globe. In [7], the authors
proposed the integration of RES with DR programs with
a change in response to consumers in the availability and
price of electricity over time. In [8], the authors manage
the demand of large consumers with closed loop control
strategies using information stemming frombuilding and
weather states by applying smart zooning. Smart zoon-
ing reduces energy consumption and increases the ther-
mal comfort of consumers. The synchronous generators
are control with high penetration of RES using inter-
faced converters in the power grid and maintain the grid
stability for inherent characteristics of synchronous gen-
erators [9]. The random nature of electricity generation
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due to environmental issues, imposes several technical
challenges to power system operation as it is difficult
to predict its output power. A two-stage stochastic pro-
gramming problem simulates in real-time environment
for load shedding at the consumer end [10].

In this paper, different appliances connected at the con-
sumer end are categorized as interruptible and unin-
terruptible appliances based on their operation require-
ments [11]. If the energy consumption of appliances is
schedulable and the energy level is variable they are called
interruptible appliances, and if the consumption is nei-
ther schedulable nor variable they ae called uninterrupt-
ible appliances [12,13].

The objective of the paper is to identify the interruptible
appliances and manage their energy consumption within
the available generation from RES and EVs. Catego-
rized appliances, variable energy consumption patterns,
random energy generation from RES and EVs random
storage capacity make the system complex as shown in
Figure 1, and an optimization tool is necessary. Game
theory is useful for the optimum solution for integration
of RES, EV and appliance management [14,15].

Game theory is a mathematical tool to optimize the
conflict of interest problems, where each player tries to
increase their payoffs. In this paper, consumers sched-
ule their interruptible appliances from high to low price
duration to increase payoffs and create a new peak. To
estimate the resolution of the problem, the participa-
tion of energy providers is essential [16,17]. Stackelberg
game theory model provides a suitable solution [18,19].

Figure 1: Process of energy trading between consumers and
energy producers [ 4]

In Stackelberg game theory, two different groups of play-
ers participate. The first group of players are known
as leaders and the second group of players are known
as followers. In these games, the first leader provides
a strategy and followers select the best response from
their predefined set of rules. The players of Stackelberg
game compete on quantity and leaders are sometimes the
market leaders. In these games, the leader of the game
must know the previous actions or the set of predefined
rules [20,21]. The objective of the consumers is to min-
imize the energy tariff and the objective of utility is to
manage the generation and supply energy all day. Stack-
elberg game theory is used for the optimization of the
defined problem where energy producers select first and
then consumers select their best response to get max-
imum benefits. In some cases, when utility select best
response in the form of energy price, consumers shift
their appliances to higher cost duration to lower cost
duration and introduce a new peak. To negotiate the sit-
uation, energy producers update their best response and
consumers need to proceed again from the initial stage.
The process of selecting the best response is repeated
again and again till optimization takes place in Stackel-
berg nash equilibrium [22–24]. In the Stackelberg game,
leaders have the flexibility to change their response dur-
ing the operation and followers follow the new response.
The main Contributions are as follows:

1. To increase the penetration level of RES in the grid.
2. To enhance the reliability of RES by introducing EV

as a backup storage.
3. A Stackelberg game theory model is designed and

identifies the nash equilibrium between consumers
and energy producers.

4. A dissatisfaction function is designed for different
appliances and a Stackelberg nash equilibrium is
obtained, which defines the coalitions of different
players.

5. Comparative analysis of real-time pricing (RTP) and
day-ahead pricing, simulation results show the effec-
tiveness of the proposed model.

The rest of the paper is organized as follows: the intro-
duction of the Stackelberg game theory model with
assumption and mathematical modeling being provided
in Section 2. Section 3 defines the Stackelberg game
procedure to optimize nash equilibrium and algorithm
of the Stackelberg game theory model. Section 4 con-
tains the simulation results and shows the effectiveness
of the proposed methodology, and Section 5 concludes
the paper with outcomes and future scopes.
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2. STACKELBERG GAME THEORYMODEL

The stackelberg game is a multiple players’ strategic
game of economics [25,26]. In this game the first leader
firm selects its best response, and then the followers
select their best response. The Stackelberg game is played
between energy producers and consumers to main-
tain the peak to average energy consumption ratio and
demand of consumers [27,28].

Someof the assumptions are considered before the imple-
mentation of the Stackelberg game theory model:

1. All consumers are equipped with different appli-
ances which are categorized as interruptible such as
washing machine (WM), air conditioner (AC), EV
and vacuum cleaner, etc and uninterruptible appli-
ances such as refrigerator, light, etc.

2. All consumers are connected to EMC for responsive
demand management.

3. RES connected with EMC as the primary source of
energy.

4. Energy producers circulate real-time price data and
suitable energy management patterns to consumers.

A major part of electricity is generated from RES and
connected with EMC [29]. The energy producer is man-
aging the real-time price and energy consumption profile
by scheduling of interruptible and uninterruptible appli-
ances [30,31] as shown in Figure 1. The first energy
producer selects a suitable strategy of energy pricing of
consumption, and then consumers manage their con-
sumption to optimize maximum benefits. If the peak to
average energy consumption is not managed in the first
attempt, the process repeats again and again till opti-
mization of Stackelberg nash equilibrium. Energy tariff
using the Stackelberg game theory model is designed
mathematically by introducing the energy cost model for
consumers and utilities.

2.1 Consumers Model

The objective of the consumers is to minimize their
energy tariff. Energy tariff depends upon two factors:
energy consumption cost and dissatisfaction function.

2.1.1 Energy Consumption Cost Model
The energy utility centers are financing huge amount on
energy generation, distribution and transmission. The
energy consumption payoff model for the consumers is
based on two factors. First is appliance wattage, calcu-
lated based on dependency of consumers and second
is the probability of the appliance to operate [32,33].

On the bases of energy consumption patterns, con-
sumers are subdivided into Ni = (n1,n2 . . . ..,ni) cate-
gories and i denotes the consumer. Probability fac-
tor p(ni|n−i) is calculated by (1) where, ni ∈ Ni and
n−i = (n1, . . . ..,ni−1,ni+1, . . . . . . ..,Ni) is the contribution
of all consumers except the ith consumer.

p(ni|n−i) = p(n−i,ni)∑
p(ni)

(1)

The energy payoff function for the ith consumer for
category ni is given as EPFi (ni) in (2):

EPFi(ni) =
∑
ni∈Ni

(p(ni|n−i, xc)xc(ni))p(ni|n−i) (2)

where xc(ni) denotes the wattage of constraint for cate-
gory ni of the consumer.

2.1.2 Dissatisfaction Function
The dissatisfaction function defines the satisfactory level
of consumers for managing the demand based on pat-
terns shared by EMC. To calculate the dissatisfaction
function, calculate the median (Ki) of the average con-
sumption for the ith consumer and compare the demand
of the consumer with median consumption. If energy
demand is more than Ki, the dissatisfaction function is
negative and indicates the level of satisfaction of con-
sumers with energy demand. The value of the negative
dissatisfaction function decreases slower with the contin-
uous energy demand of the appliances. If energy demand
is less then Ki, the value of the dissatisfaction function
is positive and increases faster if the demand reduces
and connected appliances are dissatisfied with the avail-
able energy demand. If the energy demand is equal to
Ki, the dissatisfaction function is zero and appliance pre-
serves normal attitude during median energy demand.
Dissatisfaction function conditions are calculated by (3)

�j(xj) = e
Yj

(
1− xj

kj

)
− 1, Yj > 0 (3)

where in (3),ϒj is the priority factor based on the energy
consumption of appliances j ∀ (j ∈ J). A higher value
of priority factor is based on maximum energy con-
sumption. The objective of the consumer is to maximize
the incentives provided by utility based on energy tariff
denoted as Uj(c, xj) by (4)

Uj(c, xj) = EPFi(ni) + ω.�j(xj), ω > 0 (4)

where in (4) ω denotes the satisfaction factor over dura-
tion. The total energy consumption pattern is subdivided
into three sections, the first is peak energy consump-
tion duration where consumption is higher compared
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to average. The second is modest energy consumption
where average energy is consumed and the third is low
energy consumption where energy consumption is less
compared to the average. If ω is high, the consumer is
concerned about reducing the dissatisfaction factor.

The energy cost model is designed by selecting the best
optimal strategy of consumers by considering the best
approach of utility. The objective of the consumer is to
minimize the consumption cost in (5)

minUj(c, xj)

minUj(c, xj) (5)

A. s. t.

xmin
j ≤ xj ≤ xmax

j ∀j ∈ J (6)

2.2 Renewable Energy Source Cost

RES generate electricity in an indiscriminate way, and it
is intricate to optimize the generation schedule. The RES
energy cost model depends upon the capital investment
and satisfaction cost factor [24]. The RES generation cost
model is denoted by UR in (7):

UR = [RR + CR] · XR (7)

where, RR denotes the capital investment cost on renew-
able energy sources and energy management centers,
CR denotes energy bought charges from utility and XR
denoted as the satisfaction function parameter of RES.

2.3 EVs Energy Cost Model

The main objective of the EV is transportation, but the
flexibility of energy discharging to the grid provides an
opportunity for utility to use EV as a backup energy
source. Consumers can supply extra amount of energy
available in EV to the grid during peak hours. Consumers
receive incentives in energy tariff to supply EV energy
to the grid during peak hours. To enhance the bene-
fits in terms of incentives, consumers supply more and
more energy to the grid during peak hours. The situa-
tion increases the instability of the system and attention.
To maintain the stability of the system, there is a need
to bound the consumers to discharge of energy from
EV to the grid [34]. Therefore, EVs discharging be the
decreasing function. Let the total energy discharged by a
consumer to the electric grid beQd, then the price model
for the discharging function is calculated by (8)

Uev =
T∑
t=1

Idt (Qd) (8)

where Idt is the incentive coefficient of discharging,
mostly positive to provide benefits to the consumers. If
the amount of energy supplied by consumers is intro-
ducing instability, utility adjusts the incentive coefficient
and makes it negative. If the incentive coefficient is neg-
ative, consumers stop supplying energy to the grid as
their energy charging cost is higher as compare to the
discharging cost.

2.4 Utility Energy Tariff Model

The prime objective of the utility is to enhance the ben-
efits by charging a suitable range of energy tariffs and
maintain the peak to average energy consumption ratio.
The conventional tariff structure is based on three fac-
tors: capital cost, per unit cost and installed capacity.
These tariffs are constant throughout the day and do not
depends on energy consumption patterns. The proposed
Stackelberg game theory model provides an opportunity
to update the strategy on the basis of the consumers’
strategy. Another objective of the proposed model is to
control the dissatisfaction cost function by appraising the
strategy and getting maximum benefits for consumers
and utilities by (9).

Uutility =
I∑

i=1
EPFi(ni) + UR −

J∑
j=1

ω.�j(xj) (9)

whereEPFi(ni) denotes the total profit gain by consumers
by managing the demand. UR denotes the cost at which
utility bought energy from renewable energy sources.∑J

j=1 ω.�j(xj) is the dissatisfaction cost function that

depends upon the satisfactory factor and reduces the
overall tariff for consumers.

3. STACKELBERG GAME ANALYSIS

3.1 Game Procedure

The proposed Stackelberg game having one leader in the
form of utility and N followers in the form of consumers
are provided in the following sequence:

A. Utility company announces its strategy: The Stackel-
berg game initiated when utility company announ
ced its strategy including generation from renewable
energy sources and conventional sources from the
set c = [c1, c2, . . . .,cN].
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B. Consumer selects the best response: When utility
announces its strategy c, consumers I select the best
response from their strategy set xi, which is deter-
mined by solving (10).

xi = argminUj(c, xj) (10)

C. Utility Select Optimal Strategy Based onBest Response
of Consumers: Based on best response selected by the
consumer, the utility will select the optimal strategy
denoted as c∗, which is calculated by solving (11).

c∗ = argmaxUutility (11)

D. Repeat A to C to obtain equilibrium: Whenever util-
ity selects the strategy, consumers have the react on it
and provide the best response.When consumers and
utility are satisfied with the response, Stackelberg
nash equilibrium is obtained.

3.2 Stackelberg Nash Equilibrium

The Stackelberg nash equilibrium is obtained by main-
taining a balance between consumer and utility [3,4].
Both kinds of players want to maximize their payoffs,
consumers can get benefitted by applying the best strat-
egy which minimizes the energy tariffs and utility gets
benefitted by charging the maximum amount of tar-
iff. Stackelberg gives a model where utility can update
its strategy throughout the process. The nash equilib-
rium is obtained at a point where both kinds of players
agree for coalitions. The Stackelberg nash equilibrium is
denoted as (c∗, x∗) for the best strategy of consumers
x∗ = [x1∗,x2∗, . . . .,xN∗] and c∗ is denoted as the best
response of utility are defined by (12)–(13):

(c∗, x∗) = max(c,x)Uutility (c, x∗) (12)

s.t.

minminxUj(c, xj)∀j ∈ J (13)

4. SIMULATION RESULTS

A renewable energy source of 500 kW is connected to the
grid to supply a hundred domestic consumers. Domestic
consumers are equipped with different appliances such
as air conditioners, WMs, refrigerators, lights, fans and
dishwashers (DWs). Based on the appliances are cat-
egorized into two categories, uninterruptible appliance
whose energy consumption duration and schedule are
not variable and interruptible appliances whose duration
of conduction and schedule both are variable [35]. These
appliances basically provide comfort to the consumer

Table 1: Characteristics of interruptible appliances
AC DW EV WM

Priority factor of Appliance 3.5 4 5 4.5
Energy consumption (kWh) 2–3 3–5 1.5 1–3
Duration of conduction (h) 8–10 2 2 5–6

Table 2: Characteristics of uninterruptible appliances
RF L1 L2

Priority factor of appliance 1.5 2 2.5
Energy consumption (kWh) 1.5–3 0.5–1 0.5–1
Duration of conduction (h) 24 8–10 8–10

and movable in the schedule to enhance the payoffs
such as in air conditioners, DWs, etc. A small microgrid
containing hundred domestic consumers are taken into
consideration for the implementation of the proposed
approach. An assumption is taken that each consumer is
equipped with four appliances from the group of inter-
ruptible appliances which are AC, DW, WM and EVs,
and three uninterruptible appliances refrigerator (RF)
and two lights denoted as L1 and L2. Characteristics of
interruptible and uninterruptible appliances are given in
Tables 1 and 2, respectively. The appliance characteristics
indicate power consumption, duration of conduction and
probability of appliances [36,37].

The priority factor of the appliance is varied from 1.5 to
5, and the minimum range indicates the highest priority
of appliance and the maximum indicates the lowest pri-
ority of appliance to be conducted in peak hour duration.
The second constraint is time duration divided into three
categories, off peak duration from 12:00 pm to 07:00 am
with a satisfaction factor of 0.18, for mid peak duration
from 10:00 am to 05:00 pm and 10:00 pm to 11:00 pm
with a satisfaction factor of 0.1 and during peak dura-
tion from 08:00 am to 10:00 am and 06:00 pm to 10:00
pm with a satisfaction factor of 0.07 [14]. Figure 2 shows
the average energy consumption of connected consumers

Figure 2: Average energy consumption of a hundred consumers.
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Figure 3: Average energy consumption compared with total
consumption: (a) interruptible appliances and (b) uninterruptible
appliances

in a microgrid before the implementation of demand
response management through Stackelberg game theory.
Total average energy consumption of hundred consumers
in a microgrid is 154.29 kW, the average is 6.43 kW/h,
maximum and minimum energy consumption is 11.78
and 3.15 kW, respectively.

Total energy consumption of interruptible appliances
is 79.47 kW, average consumption is 3.311 kW/h, max-
imum consumption is 4.875 kW and minimum energy
consumption is 1.615 kW. Figure 3(b) shows the energy
consumption of uninterruptible appliances and compares
it with total energy consumption. Total energy consumed
by uninterruptible appliances are 60.875 kW, average is
2.53 kw/h, maximum consumption is 3.37 kW and min-
imum consumption is 1.55 kW.

Figure 4: Average energy consumptionwith andwithout energy
management

The primary objective of the energy management center
through Stackelberg game theory is to maintain the peak
to average energy consumption ratio. As shown in Figure
4 energy consumption with the proposed methodology
is more linear and less peak to average energy consump-
tion ratio. Energy consumption during peak hours is
reduced from 11.78 to 7.8 kW and off peak load energy
consumption is increased from 3.15 to 4.08 kW using
the proposed methodology. Total energy consumption
is also reduced from 154.29 to 141.38 kW, and the aver-
age energy consumption reduced from 6.43 to 5.89 kWh
providing benefits to consumers and utility.

Energy consumption price is schedule day ahead by util-
ity first, and as per the strategy selected by consumers,
utility updates its strategy in the Stackelberg game the-
ory model. The RTM model provides the energy price
of the hour 15min ahead. Day-ahead pricing is the tar-
iff strategy provided day ahead to consumers for energy
management. In this paper, after scheduling the appli-
ances’ energy tariff is calculated for RTP and day-ahead
pricing. The data for real-time and day-ahead pricing are
taken from the commonwealth Edison (ComEd) com-
pany website for the date 11 September 2019 [30]. Figure
5 shows the real-time and day-ahead price and repre-
sents that real-time price is less as compared to day-
ahead price and provides benefits to consumers. Results
show that the total energy price reduced from 259.35  to
249.91  when using RTP instead of the day-ahead price.
The average hourly price reduced from 10.80 /hour to
10.37/hour.

Different energy appliances consume energy in differ-
ent fashions and the real-time energy pricing of different
appliances are shown in Figure 6. Energy consumption
cost depends on appliance operation and the priority
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Figure 5: Hourly energy consumption price (Comed)

Figure 6: Hourly energy price for residential consumers: (a) inter-
ruptible appliances and (b) uninterruptible appliances

factor denoted in Tables 1 and 2. The priority factor of
EV is the highest and the dissatisfaction function is an
exponential function that represents low priority for the
highest priority function. EV does not consume energy
during peak hours and is shown in Figure 6(a). DW
and WM priority factor are also high as compared to
AC and consume less energy during peak hours. The

air-conditioned priority factor is the lowest in interrupt-
ible appliances and consumes a huge amount of energy
throughout the day. The priority factor for AC is con-
sidered low by considering the geographical condition
of India and the dissatisfaction factor. Consumers are
spending more money on AC for their comfort. Figure
6(b) represents the uninterruptible appliances’ real-time
price and indicates the lowest priority for refrigerator and
consumemaximum energy and energy price is highest in
uninterruptible appliances. The L1 priority factor is lower
than L2 and allows L1 to consumemore energy compared
to L2.

5. CONCLUSION

Energy consumption management is essential to ful-
fill the demand of consumers with RES. The Stackel-
berg game theory model is used for integration of RES,
appliance scheduling of interruptible and uninterruptible
appliances through the energy management center. An
algorithm of Stackelberg game theory is designed using
mathematical modeling to maintain the win–win situ-
ation between consumers and utility. The objective of
consumers is to minimize the energy tariff by schedul-
ing different appliances, and the objective of utility is to
reduce the peak to average energy consumption ratio.
The proposed methodology has been implemented in
a hundred domestic consumers. The results show the
reduction in the peak to average energy consumption
ratio and reduction in the energy tariff for consumers.
The energy tariff of RTP is also comparedwith day-ahead
pricing and provide better results. In the demand side
management techniques, participating customers may
have different preferences for shifting the operation of
the selected loads. If there is a relatively more number
of customers who are participating in demand-side man-
agement, then there is a possibility that the considered
off-peak period can become the peak period. In such a
type of scenario, relatively more time will be required to
converge, and a further modification in the algorithm is
needed with convergence as well as the rebound effect.

REFERENCES

1. P. Siano, “Demand response and smart grids—A survey,”
Renewable Sustainable Energy Rev., Vol. 30, pp. 461–78,
Feb. 2014.

2. M. Kolhe, “Smart grid: charting a new energy future:
Research, development and demonstration,” Electr. J., Vol.
25, no. 2, pp. 88–93, Mar. 2012.

3. A. N. Ghalelou, A. P. Nojavan, S. Nojavan, M. Majidi, and
H.Hatami, “A stochastic self-scheduling program for com-
pressed air energy storage (CAES) of renewable energy



8 A. TALWARIYA ET AL.: STACKELBERG GAME THEORY

sources (RESs) based on a demand response mechanism,”
Energy Convers. Manage., Vol. 120, pp. 388–96, Jul. 2016.

4. A. Sharma, M. Kolhe, K. M. S. Y. Konara, M. Ulltviet-Moe,
K. Muddineni, A. Mudgal, and S. Guard, “Performance
assessment of institutional photovoltaic based energy sys-
tem for operating as amicro-grid,” Sustain. Energy Technol.
Assess., Vol. 37, pp. 1–13, Feb. 2020.

5. M. A. M. Yassin, M. L. Kolhe, and A. N. Azmi, “Battery
capacity estimation for building-integrated photovoltaic
system: Design study of a Southern Norway ZEB house,”
in IEEE PES Innovative smart grid Technologies Conference
Europe (ISGT-Europe), 2017, pp. 1–6. Silver Spring: IEEE.

6. M. A. F. Ghazvini, J. Soares, N. Horta, R. Neves, R. Cas-
tro, and Z. Vale, “A multi-objective model for scheduling
of short-term incentive-based demand response programs
offered by electricity retailers,” Appl. Energy, Vol. 151, pp.
102–18, Aug. 2015.

7. C. D. Korkas, S. Baldi, I. Michailidis, and E. B. Kos-
matopoulos, “Occupancy-based demand response and
thermal comfort optimization in microgrids with renew-
able energy sources and energy storage,”Appl. Energy, Vol.
163, pp. 93–104, Feb. 2016.

8. S. Baldi, C. D. Korkas, M. Lv, and E. B. Kosmatopou-
los, “Automating occupant-building interaction via smart
zoning of thermostatic loads: A switched self-tuning
approach,” Appl. Energy, Vol. 231, pp. 1246–58, Dec. 2018.

9. M. Mehrasa, E. Pouresmaeil, A. Sepehr, B. Pournazarian,
M. Marzband, and J. P. Catalão, “Control technique for the
operation of grid-tied converters with high penetration of
renewable energy resources,” Electr. Power Syst. Res., Vol.
166, pp. 18–28, Jan. 2019.

10. M. A. Mirzaei, A. S. Yazdankhah, B. Mohammadi-Ivatloo,
M. Marzband, M. Shafie-khah, and J. P. Catalão, “Stochas-
tic network-constrained co-optimization of energy and
reserve products in renewable energy integrated power and
gas networks with energy storage system,” J. Cleaner Prod.,
Vol. 223, pp. 747–58, Jun. 2019.

11. K. Vanthournout, B. Dupont, W. Foubert, C. Stuckens, and
S. Claessens, “An automated residential demand response
pilot experiment, based on day-ahead dynamic pricing,”
Appl. Energy, Vol. 155, pp. 195–203, Oct. 2015.

12. J. S. L. Senanayaka, and M. L. Kolhe, “Integration of dis-
tributed energy systems in micro-grid architecture for
making a virtual power plant,” in IEEE International Con-
ference on Signal Processing, Informatics, Communication
and energy systems (SPICES), 2015, pp. 1–5. Silver Spring:
IEEE.

13. C. Li, S. Tang, Y. Cao, Y. Xu, Y. Li, J. Li, and R. Zhang,
“A new stepwise power tariff model and its application
for residential consumers in regulated electricity markets,”
IEEE Trans. Power Syst., Vol. 28, no. 1, pp. 300–08, Jul.
2012.

14. A. Talwariya, and P. Singh, “Demand side management: A
survey of SPT & TOU,” Int. J. Creat. Res. Thoughts, Vol. 6,
no. 1, pp. 1675–8, Feb. 2018.

15. L. P. Qian, Y. J. A. Zhang, J. Huang, and Y. Wu, “Demand
response management via real-time electricity price con-
trol in smart grids,” IEEE J. Sel. Areas Commun., Vol. 31,
no. 7, pp. 1268–80, Jun. 2013.

16. A. Talwariya, P. Singh, and M. Kolhe, “Non-cooperative
game theory, based stepwise power tariff model using
Monte-Carlo simulation for agricultural consumers,”Open
Agricultural, Vol. 4, no. 1, pp. 418–25, Aug. 2019.

17. C. Vivekananthan, Y. Mishra, and F. Li, “Real-time price
based home energy management scheduler,” IEEE Trans.
Power Syst., Vol. 30, no. 4, pp. 2149–59, Sep. 2014.

18. K. M. S. Y. Konara, and M. L. Kolhe, “Charging manage-
ment of grid integrated battery for overcoming the inter-
mittency of RE sources,” in IEEE International Conference
on information and Automation for Sustainability (ICIAfS),
2016, pp. 1–6. Silver Spring: IEEE.

19. B. S. P. Meibom, “A global renewable energy scenario,” Int.
J. Global Energy, Vol. 13, no. 1–3, pp. 196–276, Jan. 2000.

20. P. Singh, D. P. Kothari, and M. Singh, “Feasibility of inter-
connected distribution network for the integration of dis-
tributed energy resources using ga approach,” Int. Rev.
Electr. Eng., Vol. 8, no. 1, pp. 314–320, 2013.

21. P. Singh, D. P. Kothari, and M. Singh, “Integration/analysis
of green energy and conventional electricity generation
with distribution networks interconnected,” Int. Rev. Mod-
ell. Simul., Vol. 5, no. 5, pp. 1–7, 2012.

22. D. Sharma, A. Talwariya, A. Pandey, and P. Singh,
“Shrouded problems of solar power plant and recommen-
dations,” in Innovations in Power and Advanced Computing
Technologies (i-PACT), Vellore, 2017, pp. 1–5. Silver Spring:
IEEE.

23. A. Talwariya, S. K. Sharama, P. Singh, and M. Kolhe,
“Bayesian game model: Demand side management for
Residential consumers with electric vehicles,” in Intelli-
gent Computing Techniques for Smart Energy Systems, pp.
815–23, Singapore: Springer.

24. B. Heller, S. Seetharaman, P. Mahadevan, Y. Yiakoumis, P.
Sharma, S. Banerjee, andN.McKeown, “Elastictree: Saving
energy in data center networks,” Nsdi, Vol. 10, pp. 249–64,
Apr. 2010.

25. A. Talwariya, D. Sharma, A. K. Pandey, and P. Singh,
“An execution of smart grid with game theory,” in Inter-
national Conference on Recent Advances and Innova-
tions in Engineering, Jaipur, 2016, pp. 1–4. Silver Spring:
IEEE.

26. A. Talwariya, and P. Singh, “Optimization of distributed
networks with integration of distributed generators using



A. TALWARIYA ET AL.: STACKELBERG GAME THEORY 9

cooperative game theory,” Int. J. Power Energy Syst, Vol. 39,
no. 3, pp. 1–7, 2019.

27. A. Talwariya, P. Singh, M. Kolhe, and S. K. Sharma, “A
game theory approach and tariff strategy for demand side
management,” in International Conference and Workshops
on Recent Advances and Innovations in Engineering, Jaipur,
India, 2018, pp. 1–5. Silver Spring: IEEE.

28. W. Tushar, C. Yuen, D. B. Smith, and H. V. Poor, “Price
discrimination for energy trading in smart grid: A game
theoretic approach,” IEEE Trans. Smart Grid, Vol. 8, no. 4,
pp. 1790–801, Jan. 2016.

29. A. Sharma, and M. Kolhe, “Techno-economic evaluation
of PV based institutional smart micro-grid under energy
pricing dynamics,” J. Cleaner Prod., Vol. 264, p. 121486,
Aug. 2020.

30. N. J. Johannesen, M. L. Kolhe, and M. Goodwin, “Load
demand analysis of Nordic rural area with holiday resorts
for network capacity planning,” in 4th International Con-
ference on smart and Sustainable Technologies (SpliTech),
2019, pp. 1–7. Silver Spring: IEEE.

31. M. Yu, and S. H. Hong, “A real-time demand-response
algorithm for smart grids: A Stackelberg game approach,”
IEEE Trans. Smart Grid, Vol. 7, no. 2, pp. 879–88, Mar.
2015.

32. Z. Zhou, F. Xiong, B. Huang, C. Xu, R. Jiao, B. Liao, Y.
Zhongdong, and L. Jianqi, “Game-theoretical energy man-

agement for energy Internet with big data-based renewable
power forecasting,” IEEE. Access., Vol. 5, pp. 5731–46, Feb.
2017.

33. S. Maharjan, Z. Quanyan, Z. Yan, S. Gjessing, and T. Basar,
“Dependable demand response management in the smart
grid: A Stackelberg game approach,” IEEE Trans. Smart
Grid, Vol. 4, no. 1, pp. 120–32, Mar. 2013.

34. A. Talwariya, P. Singh, and M. Kolhe, “A stepwise power
tariff model with game theory based on Monte-Carlo sim-
ulation and its applications for household, agricultural,
commercial and industrial consumers,” Int. J. Electr. Power
Energy Syst., Vol. 111, pp. 14–24, Oct. 2019.

35. A. Talwariya, P. Singh, M. L. Kolhe, and J. H. Jobanputra,
“Fuzzy logic controller and game theory based distributed
energy resources allocation,” AIMS Energy, Vol. 8, no. 3,
pp. 474–92, May. 2020.

36. P. Singh, A. Talwariya, and M. Kolhe, “Demand response
management in the presence of renewable energy sources
using stackelberg game theory,” in 5th International Sym-
posium on Hydrogen Energy, Rrenewable Energy and Mate-
rials, 2019, pp. 1–8, IOP Conference Series: Material Sci-
ence and Engineering, 605 012004..

37. S. Kumar, V. Pavithra, R. Banu, and G. Supriya, “Smart
home energy management system including renewable
energy based onZigbee andARM9microcontroller,”Asian
J. Appl. Sci. Technol., Vol. 1, no. 2, pp. 240–4, Mar. 2017.



10 A. TALWARIYA ET AL.: STACKELBERG GAME THEORY

AUTHORS

Akash Talwariya received the BTech in
Electrical Engineering, MTech in Power
System from Rajasthan Technical Univer-
sity, Kota, Rajasthan, India, in 2011 and
2015, respectively. Currently he is pursu-
ing PhD degree in Electrical Engineer-
ing from JKLakshmipat University, Jaipur,
Rajasthan, India. He joined the Depart-

ment of Electrical Engineering at JECRC University, Jaipur,
Rajasthan, India. His current research interest includes smart
grids, game theory, demand-side management and future net-
work architectures. He published research papers in SCI and
SCOPUS journals and conference proceedings. He was amem-
ber of the Institute of Scientific Research and Development. He
was awarded Excellence in Academics by Institute of Technical
and Scientific Research.

Corresponding author. Email: akash.talwariya@gmail.com

Pushpendra Singh received the MTech in
Power System and PhD in Electrical Engi-
neering from Malviya National Institute
of Technology (MNIT) Jaipur, Rajasthan,
India. He is currently Associate Professor,
Department of Electrical Engineering, JK
Lakshmipat University, Jaipur, Rajasthan,
India. He is the member of The Institute

of Engineers, India. His research experience includes power

system restructuring, power quality, integration of DERs,
demand-side management, power system stability, smart grid,
distributed generators, climate change mitigation, etc.

Email: pushpendrasingh@jklu.edu.in

Mohan Kolhe received the bachelor’s
degree in Electrical Engineering fromMA
College of Technology Bhopal, Bhopal
University, India, in 1989, and the Mas-
ter’s and Doctorate degrees in Energy
Engineering from the Indian Institute of
Technology-Delhi, New Delhi, India, in
1991 and 2000, respectively. He was a

member of the Government of South Australia’s first renewable
energy board (2009–2011) and actively contributed to devel-
oping renewable energy policies for South Australia. He was
the Research Director (Renewable Energy) at the University of
Jyvaskyla, Finland, where he developed the facilities for renew-
able electrolytic hydrogen production, fuel cell-powered small
cars, and courses for themaster’s program in renewable energy.
In January 2007, he joined the College of Art, Science and Engi-
neering, University of Dundee, Dundee, UK, as a faculty in
renewable energy. Currently, he is working as ProfessorDepart-
ment of Electrical Power Engineering, University of Agder,
Norway.His current research interests include solar energy, fuel
cell technologies, integration of renewable energy systems and
energy economics.

Email:mohan.l.kolhe@uia.no


	1. INTRODUCTION
	2. STACKELBERG GAME THEORY MODEL
	2.1. Consumers Model
	2.1.1. Energy Consumption Cost Model
	2.1.2. Dissatisfaction Function

	2.2. Renewable Energy Source Cost
	2.3. EVs Energy Cost Model
	2.4. Utility Energy Tariff Model

	3. STACKELBERG GAME ANALYSIS
	3.1. Game Procedure
	3.2. Stackelberg Nash Equilibrium

	4. SIMULATION RESULTS
	5. CONCLUSION
	References

