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Abstract. This paper presents a multi-objective problem for the energy planning of an energy hybrid system.
The problem considers three main objectives: minimizing emission pollution and operation cost on the gener-
ation side, addressing consumers’ dissatisfaction with the electrical demand, and reducing deviation from opti-
mal levels in the 24 hours ahead to flatten demand profiles. To achieve this, a demand flexibility strategy is
implemented, involving the optimal shifting of electrical demand using deferrable loads. The proposed approach
utilizes the augmented epsilon-constraint method to identify Pareto solutions for the objectives. Additionally,
the TOPSIS decision-making technique is employed to select the optimal solution from the set of Pareto solu-
tions. The effectiveness and robustness of the proposed approach are validated through two case studies. Over-
all, the paper highlights the importance of considering multiple objectives in the energy scheduling of hybrid
systems and demonstrates the effectiveness of the proposed approach in achieving a balance between environ-
mental, economic, and consumer satisfaction goals. The use of demand flexibility strategies and multi-objective
optimization techniques can significantly improve the operation of energy systems, paving the way for more
efficient energy management practices. The implementation of demand-side management has resulted in a sig-
nificant reduction of 2.8% and 64.9% in the first and second objectives, respectively, compared to the absence of
such management.

Keywords: Consumers’ dissatisfaction, Demand profiles, Deferrable loads, Pareto solutions, Multiple
objectives.

Nomenclature

Sets and indices

t, T Time (hour)
de, DE Diesel engine unit
chp, CHP Combined heat and power unit

Parameters

a, b, c Emission coefficients of generation side
DE Electrical demand

DTh Thermal demand
DG Gas demand
pgasp Price of gas in main energy grids

pEp Price of electricity in main energy grids

pThp Price of thermal in main energy grids

pPTchp Ratio of the power to thermal in CHP unit

UE Value of the demand shifted

DOP
E Optimal electrical demand

Variables

f1, f2, f3 Objective functions
Cchp CHP units’ operation cost* Corresponding author: oriza.candra.in@gmail.com
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Cde Diesel engine units’ operation cost
CE Electrical operation cost in main energy grids
CT Thermal operation cost in main energy grids
CG Gas operation cost in main energy grids
Echp Emission of CHP
Ede Emission of diesel engine
EE Emission of electrical grid
ET Emission of thermal grid
EG Emission of gas grid
Pchp CHP units’ power
Pde Diesel engine units’ power
PE Power generation of electrical grid
TTh Thermal generation of thermal grid
GG Gas generation of gas grid
Dens

E Electrical not supplied in demand side
uens States of electrical not supplied (Binary

variable)

1 Introduction

1.1 Aims and related works

Energy systems are a cutting-edge solution that combines
multiple energy sources, such as renewable energy and tra-
ditional fossil fuels, to meet the growing electricity demand
[1]. Extensive research has been conducted to optimize
these systems, taking into account various factors such as
cost, environmental impact, and technical limitations [2].
One of the main goals of energy hybrid systems is to supply
energy consumers efficiently [3]. By utilizing a combination
of energy sources, these systems can ensure a stable and reli-
able energy supply, even during peak demand periods [4, 5].
This helps to reduce the risk of blackouts and ensures that
consumers have access to electricity when they need it most.
In addition to improving efficiency, energy hybrid systems
also aim to reduce operational costs [6, 7]. By integrating
renewable energy sources, operators can take advantage
of free and abundant resources, reducing the reliance on
expensive fossil fuels [8]. This not only helps to lower energy
costs for consumers but also contributes to a more sustain-
able and environmentally friendly energy sector [9]. Speak-
ing of the environment, minimizing emission pollution is
another crucial aspect of energy hybrid systems [10, 11].
By incorporating renewable energy sources, which produce
little to no greenhouse gas emissions, these systems can sig-
nificantly reduce the carbon footprint associated with elec-
tricity generation [12]. This is particularly important in the
fight against climate change and the transition to a low-
carbon economy [13]. Consumer behavior also plays a sig-
nificant role in the development and optimization of energy
hybrid systems [14]. Smart grid technology, which utilizes
communication links, allows for the optimization of load
profiles and encourages consumer participation in energy
management [15, 16]. Through Demand Side Management
(DSM) models, consumers can actively contribute to flat-
tening demand curves, managing their energy consumption
during peak times, and even influencing generation side

management [17, 18]. This not only gives consumers greater
control over their energy usage but also provides energy
operators with valuable insights and tools to better manage
the overall energy system [19]. The energy hybrid systems
are a promising solution to address the economic, environ-
mental, and reliability needs of the energy sector [20].
Through extensive research and the integration of smart
grid technology, these systems can optimize energy sources,
reduce operational costs, minimize emission pollution, and
encourage consumer participation in energy management
[21]. By doing so, energy hybrid systems are at the forefront
of the transition towards a more sustainable and efficient
energy future [22–24]. The modifications in the load profile
directly influence the most efficient allocation of energy,
thereby increasing the adaptability of the system by mini-
mizing the expenses associated with generation, decreasing
emissions, and enhancing dependability [25, 26].

Many research investigations have explored different
aspects of hybrid energy systems, including scheduling,
management, operation, planning, and design. One study
[27] specifically delves into the short-term optimal schedul-
ing of a hybrid energy system with a consideration for risk
constraints. Another study [28] presents an optimal energy
management strategy for micro-scale energy hybrids. This
approach considers factors such as resource availability,
prices, and demand, and utilizes an iterative algorithm to
reduce the cost. The investigation of the scheduling prob-
lem in the energy hybrid system, based on multi-step mod-
eling and the DSM through the multiplication approaches is
explored in [29]. Chang et al. [30] focus on the operation of
the energy system via utilizing probabilistic optimization
techniques, to maximize the energy hybrid system profit.
Lee et al. [31] present a scheduling strategy for the energy
hybrid system, considering conditional value-at-risk and
emphasizing DSMmodeling to effectively reduce generation
costs. To enhance the security of load supply, a new method
for energy management has been presented in [32]. This
proposal involves the conversion of power to gas technol-
ogy. Additionally, Adefarati et al. [33] explore the energy
flow for the reduction of total energy costs in an energy
hybrid system. The investigation of an optimization model
for an energy hybrid system that takes into account the
peak clipping of thermal as well as cost reduction is pre-
sented in [34]. The evaluation of the energy flow in the
energy networks of the energy hybrid systems is conducted
through load flow analysis to achieve optimal energy hybrid
systems, as discussed in [35]. Furthermore, Kilic et al. [36]
propose a scheduling model for the energy hybrid system
that considers the optimization of uncertainties in sources
to minimize system investment costs. The multi-methods
for energy operation based on quintessential schemes for
demand side and aggregation with load forecasts are pre-
sented in [37]. The exploration of maximizing expected ben-
efits in an energy hybrid system, considering energy market
prices and uncertainties in wind generation, is investigated
in [38] through the analysis of stochastic optimization. In
[39] a study of stochastic framework in the energy hybrid
system with risk modeling approaches is done. Pattnaik
et al. [40] propose a short-term scheduling framework for
an energy hybrid system based on energy pricing by
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information gap decision theory. Dong et al. [41] examine
the configuration of an energy hybrid system to obtain
resource sizing while considering the uncertainty of energy
sources by the Benders algorithm. In [42] a multi-objective
problem is evaluated by considering energy efficiency, and
economic factors to optimize the system operation.

1.2 Research gaps and contributions

Despite the extensive research conducted in the literature
on energy optimization, there are still several research gaps
including a lack of consideration of the environment index,
demand management in objective functions, demand shift-
ing modeling on the consumption side, and consumers’ dis-
satisfaction in the mentioned research. This paper presents
an innovative approach to tackle the energy scheduling
problem of an energy hybrid system. By formulating it as
a multi-objective problem, the paper aims to address the
gaps in the current understanding. The objectives of this
problem formulation are twofold: firstly, to minimize emis-
sion pollution and operation cost on the generation side,
and secondly, to minimize consumers’ dissatisfaction in
the electrical demand side. Additionally, a third objective
is introduced, which focuses on minimizing the deviation
between the electrical demands and their optimal levels
by utilizing electrical deferrable loads. To effectively find
the non-dominated Pareto solutions and select the best
solution for these objectives, the paper proposes the aug-
mented epsilon-constraint approach and the TOPSIS
decision-making method.

2 Energy hybrid system overview

This part provides an outline of the energy hybrid system,
showcasing the scheduling issue proposed in Figure 1. The
system consists of different essential parts, such as dis-
tributed generation units, primary energy grids (like electri-
cal, thermal, and gas), and the energy demand side. These
components are linked through communication links with
the energy system operator, allowing for coordination
between the generation and demand sides. For example,
the operator can inform the demand side about energy pric-
ing, enabling them to react accordingly to the current situa-
tion. The energy hybrid system comprises distributed
generation units that encompass both electrical and thermal
generation units. This includes combined heat and power
(CHP) systems as well as diesel engines. These units are pow-
ered by fossil fuels, such as gas, to generate energy. The pri-
mary energy grids consist of thermal, electrical, and gas grids.
These grids actively participate in energy markets, taking
into account real-time pricing. On the other hand, the energy
demand sides are comprised of end-users or consumers who
consume energies like gas, thermal, and electrical.

3 Energy hybrid system modeling

The detailed description of the multi-objective problem in
this section models the optimal scheduling of the energy
hybrid system.

3.1 First objective

The primary objective is to reduce the operational costs and
the environmental impact of emissions on the generation
side, which is represented by the following model:

min f1 ¼
XT
t¼1

XCHP
chp¼1

C chp t; chpð Þ þ
XDE
de¼1

Cde t; deð Þ
  

þCE t; deð Þ þ CT tð Þ þ CG tð Þ
!

þ
XT
t¼1

XCHP
chp¼1

Echp t; chpð Þ þ
XDE
de¼1

Ede t; deð Þ þ EE t; deð Þ
 

þET tð Þ þ EG tð Þ
!!

ð1Þ

where

C chp t; chpð Þ ¼ fpgas
p � Pchp t; chpð Þg 8t; chp ð2Þ

Cde t; deð Þ ¼ fpgas
p � Pde t; deð Þg 8t; de ð3Þ

CE tð Þ ¼ fpE
p � PE tð Þg 8t ð4Þ

CT tð Þ ¼ fpTh
p � TTh tð Þg 8t ð5Þ

CG tð Þ ¼ fpgas
p �GG tð Þg 8t ð6Þ

Echp t; chpð Þ ¼ faP2
chp t; chpð Þ þ bPchp t; chpð Þ þ cg 8t; chp

ð7Þ

Ede t; deð Þ ¼ faP2
de t; deð Þ þ bPde t; deð Þ þ cg 8t; de ð8Þ

EE tð Þ ¼ faP2
E tð Þ þ bPE tð Þ þ cg 8t ð9Þ

ET tð Þ ¼ faT 2
Th tð Þ þ bTTh tð Þ þ cg 8t ð10Þ

EG tð Þ ¼ faG2
G tð Þ þ bGG tð Þ þ cg 8t : ð11Þ

Equations (2)–(6) are operation costs of the CHP, diesel
engine, electrical, thermal, and gas in main energy grids,
respectively. On the other hand, equations (7)–(11) are
emissions of the CHP, diesel engine, electrical, thermal,
and gas in main energy grids, respectively.

3.2 Second objective

In the second objective, the focus is on minimizing the con-
sumers’ dissatisfaction, specifically addressing the insuffi-
ciency of electrical power generation to meet the demand
or energy not supplied on the electrical demand side. The
second objective is modeled as follows:
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min f2

PT
t¼1

Dens
E tð Þ

PT
t¼1

DE tð Þ

0
BBB@

1
CCCA

8>>><
>>>:

9>>>=
>>>;

ð11Þ

where
0 � Dens

E tð Þ � ðDE tð Þ � uensðtÞÞ 8t ð12Þ

uens tð Þ ¼ 1 DE tð Þ > Pchp t; chpð Þ þ Pde t; deð Þ þ PEðtÞ
0 othewise

�
:

ð13Þ
Equations (12) and (13) are bound of energy not supplied
and the status of the energy not supplied in electrical energy
demand, respectively.

3.3 Third objective

The third objective is minimizing the gap between electrical
energy demand and optimal demand in the day ahead. This
objective is a demand flexibility strategy by an optimal
shifting of the electrical demand. The third objective is
modeled as follows:

min f3
XT
t¼1

jDE tð Þ �Dop
E j

 !( )
ð14Þ

where

DE tð Þ ¼P
t0
DEðt0; tÞ �

P
t0
DEðt; t 0Þ 8t ð15Þ

0 �P
t0
DEðt; t 0 Þ � UE �PT

t¼1
DEðtÞ 8t ð16Þ

Dop
E ¼

PT
t

DE

T 8t : ð17Þ

The optimized electrical demand is obtained by equation
(15). Equation (16) is the value of the demand shifted by
consumers. The optimal electrical demand in the day-ahead
is modeled by equation (17).

4 Modeling constraints in energy hybrid
system

The energy hybrid system employs various constraints to
address the proposed multi-objective optimization problem.
These constraints are outlined below:

4.1 Constraint of the energy supply balance

The hybrid energy demands such as thermal, gas, and elec-
trical should be supplied by the generation side each time.
Hence, electrical, thermal, and gas energy supply balances
are constrained by equations (18)–(20), respectively.

PCHP
chp¼1

Pchpðt; chpÞ þ
PDE

de¼1
Pdeðt; deÞ þ PE tð Þ ¼ DE tð Þ �Dens

E tð Þ 8t

ð18Þ

PCHP
chp¼1

½Pchp t; chpð Þ � jPT
chp� þ TTh tð Þ ¼ DTh tð Þ 8t ð19Þ

Fig. 1. Energy hybrid system overview.
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GG tð Þ � PCHP
chp¼1

Pchpðt; chpÞ �
PDE
de¼1

Pdeðt; deÞ ¼ DG tð Þ 8t

ð20Þ

4.2 Constraint of energy supply bound

The energy productions on the generation side have mini-
mum and maximum bounds in the operation state. Hence,
constraints of the energy supply bound on the generation
side are modeled as follows:

Pmin
chp � Pchpðt; chpÞ � Pmax

chp 8t; chp ð21Þ

Pmin
de � Pdeðt; deÞ � Pmax

de 8t; de ð22Þ

Tmin
Th � TThðtÞ � Tmax

Th 8t ð23Þ

Pmin
E � PEðtÞ � Pmax

E 8t ð24Þ

Gmin
G � GGðtÞ � Gmax

G 8t : ð25Þ
The constraints (21)–(25) are energy supply bounds of the
CHPs, diesel engines, thermal main grid, electrical main
grid, and gas main grid, respectively.

5 Problem-solving method

In order to optimize multiple objective functions simultane-
ously, a common approach is to create a diverse set of solu-
tions that are not dominated by any other solution (known
as the Pareto front). These solutions must adhere to both
equality and inequality constraints. However, because of
conflicting objectives, it is crucial for the decision maker
to carefully assess their performance relative to each other.
This study explores the use of the augmented epsilon-
constraint method on the Pareto front. The mathematical
framework for this method is detailed in the following
section [43]:

min f1 xð Þ � d
XN
n¼1

sn
rn

" #
10�6 � d � 10�3 ð26Þ

Subject to:

fn xð Þ þ sn � ezn n ¼ 2; 3; . . . ;N ; sn2 Rþ

where

ezn ¼ fmax
n � fmax

n � fmin
n

qn � 1

� �
� z z ¼ 0; 1; . . . ; qn ð27Þ

where

x is decision variable.
d is slack variable.
n is nth objective.
sn is real number.
ezn is interval of nth objective.
rn is objectives range.
qn is equal range zth range.

5.1 Decision-making method

Within this specific section, the operator utilizes the TOP-
SIS method as a decision-making tool. It is crucial to select
the optimal solution from the non-dominated objectives
obtained through the augmented epsilon-constraint
approach. The TOPSIS technique is carefully applied to
address the differences between non-dominated solutions
and alternatives. The modeling of TOPSIS involves a series
of defined steps [44]:

1. Create a matrix that includes m solutions as alterna-
tives and n goal (objective). The resulting matrix,
referred to as gij, illustrates the connection between
each alternative and objective.

2. Ensure that the values of the gij matrix are appropri-
ately scaled by normalizing it using equation (28).

rij ¼ gijffiffiffiffiffiffiffiffiffiffiffiffiffiXm
i¼1

g2ij

s i ¼ 1; 2; . . . ;m j ¼ 1; 2; . . . ; n
: ð28Þ

3. Computing the normalized matrix involves the utiliza-
tion of the weight sum approach.

V ¼ vij
� �

m�n ¼ wirij
� �

m�n: ð29Þ

Subject to: Xn
j¼1

wj ¼ 1: ð30Þ

4. Determine the options with the greatest and smallest
values using equations (31) and (33) respectively.

Sþ ¼ max vij
� �

; min vij
� �� 	

: ð31Þ

Subject to:

j 2 Jþ; j 2 J� vþ1 ; v
þ
2 ; . . . ; v

þ
m

� 	 ¼ ½i ¼ 1; 2; . . . ;m� ð32Þ

S� ¼ max vij
� �

; min vij
� �� 	

: ð33Þ
Subject to:

j 2 J�; j 2 Jþ v�1 ; v
�
2 ; . . . ; v

�
m

� 	 ¼ i ¼ 1; 2; . . . ;m½ �: ð34Þ
5. Assess the gap between the top S+ option calculated

with equation (35) and the lowest S� option deter-
mined by equation (36).
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Dþ
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
j¼1

vij � vþj
� �2s

i ¼ 1; 2; . . . ;m ð35Þ

D�
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
j¼1

vij � v�j
� �2s

i ¼ 1; 2; . . . ;m : ð36Þ

6. Identify the maximum position of the (37) as the opti-
mal solution.

Ci ¼ D�
i

D�
i þ Dþ

i

i ¼ 1; 2; . . . ;m : ð37Þ

6 Case studies

The energy optimization problem within the energy hybrid
system has been validated through two case studies that
involve the demand flexibility strategy of electrical demand
shifting by consumers. In this system, there are two diesel
engines and two CHP units connected to thermal, electrical,
and gas main grids. The power-to-thermal ratio in CHP
units is maintained at 60%. The operation of the energy
hybrid system is conducted on system test 21-nodes
depicted in Figure 2. Moreover, to illustrate the efficiency
of the proposed model and its solution approach, case stud-
ies are further investigated as follows:

Case A. Operation of the hybrid energy system without
demand flexibility strategy.
Case B. Operation of the hybrid energy system with
demand flexibility strategy.

The energy prices in primary energy grids like gas, electric-
ity, and thermal are illustrated in Figure 3. The energy con-
sumption of customers is shown in Figure 4. The data of
systems such as distributed generation units are extracted
from references [45–48]. All consumers participating in the
demand flexibility strategy have a maximum participation
level of 3% at each node. The execution time for Cases A
and B are 456 and 566 seconds, respectively.

6.1 Results and discussion

In this section, each case study’s findings are examined and
subsequently compared with one another.

Case A

The case study does not include a demand flexibility strat-
egy for the electrical demand side, resulting in the absence
of optimal shifting of electrical demand in energy optimiza-
tion. The first objective focuses on operational costs and the
environmental impact of emissions on the generation side,
while the second objective addresses consumers’ dissatisfac-
tion. By the augmented epsilon-constraint approach, non-
dominated solutions of the first and second objectives are
shown in Figure 5. In the following, the best solution for
the first and second objectives is determined by the TOP-
SIS decision approach in black color. The second and first
objectives in the best solution are 0.0115 MW and
286533.3, respectively. Since emission and operation costs
are considered in the first objective, the value of the total
emission and costs are equal to 176325.4 g and 110207.9$,
respectively. The emission of the distributed units, the main
grid, the thermal main grid, and gas main grid is equal to
13245.3 g, 62654.5 g, 45645.2 g, and 54780.4g , respectively.
Also, the costs of the distributed units, electrical main grid,
thermal main grid and the gas main grid are equal to
16543.3$, 33545.6$, 28654.6$, and 31464.4$, respectively.
It’s clear, that main energy grids such as electrical, gas,
and thermal have maximum emission and costs in compar-
ison with distributed generation units, due to high emission
pollution factors and high energy prices.

Figures 6 and 7 show energy generation, such as electri-
cal and thermal by main grids and distributed generation
units, respectively. In Figure 6, electrical energy generation
by the electrical main grid has maximum participation in
higher electricity prices in supply demand. Also, energy
not supplied is done at hours 18:00 and 19:00, with 1 and
1.41 MW values, respectively. As mentioned before, electri-
cal energy is not supplied due to low generation capacity on
the generation side. Also, in Figure 7, most of the thermal
demand is supplied by the thermal main grid, and thermal
generation by distributed generation units has low partici-
pation in meeting demand.

Case B

The demand flexibility strategy in the third objective func-
tion for electrical demand is considered in this case study.
The solutions of all objectives are presented in Figure 8.
The values obtained for the first, second, and third objec-
tives through the TOPSIS decision approach are
278354.5, 0.004, and 315.3 MW, respectively, which are
considered the optimal solutions. In Case B, the first and
second objectives are minimized by 2.8% and 64.9% in
Case A, respectively. The emission and operation costs in
the first objective are equal to 176111.2g and 102243.3$,
respectively. The operation cost considering the demand
flexibility strategy for electrical demand optimization is
reduced by 7.2% than Case A. It’s clear that; the reduction
of the costs is related to the electrical main grid, due to opti-

Fig. 2. Energy hybrid test system.
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mal demand shifting from high to low prices by third objec-
tive function.

Figures 9 and 10 depict the electrical and thermal
energy in Case B. Figure 9 highlights the optimization of
electrical demand by employing the third objective func-
tion. The demand flexibility strategy involves shifting the
electrical demand from high-priced peak hours to lower
peaks, resulting in a reduction of energy generation from
the main electrical grid at high prices. As a result, the strat-
egy leads to a decrease in the amount of energy not supplied
by 1MW when compared to Case A. In the following, ther-
mal generation on the generation side is similar to Case A.

7 Conclusion and future studies

This research delved into the effects of implementing a
demand flexibility strategy through optimal energy schedul-
ing in an energy hybrid system using multi-objective opti-
mization. The objective functions were designed to
involve both the generation and demand sides in energy

scheduling, with goals such as reducing emission pollution
and operation costs for the generation side and addressing
consumers’ dissatisfaction due to electrical energy shortages
on the demand side. The study focused on optimizing elec-
trical demand management through day-ahead scheduling,

Fig. 3. Energy prices in main energy grid.

Fig. 4. Energy demand in energy hybrid system.

Fig. 5. Non-dominated solutions of the first and second
objectives in Case A.
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Fig. 6. Electrical energy dispatch in Case A.

Fig. 7. Thermal energy dispatch in Case A.

Fig. 8. Non-dominated solutions of all objectives in Case B.

Fig. 9. Electrical energy dispatch in Case B.
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utilizing the augmented epsilon-constraint approach and
TOPSIS methodology to find the best solutions for multi-
objective optimization. Numerical simulations were con-
ducted to validate the proposed modeling, with results from
two case studies showing the benefits of implementing the
demand flexibility strategy in terms of reducing emission
pollution, operation costs, and consumer dissatisfaction.

To expand this study, we can incorporate innovative
approaches, different metrics for evaluation, and a wide
range of energy systems, such as independent and intercon-
nected modes in the energy markets. Additionally, it is cru-
cial to consider uncertain strategies for both energy demand
and generation.
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