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A B S T R A C T

Financial issues have been always one of major priorities in scheduling of energy systems. Although these
systems are able to serve several types of energy demands but generated emission by these systems is a chal-
lenging problem. Since improvement of each one of mentioned issues has negative effects on the other issue
therefore a trade-off solution is necessary to be obtained between these issues. In this paper, a multi-objective
model has been presented to satisfy both economic and environmental objectives of a hub energy system in the
presence of demand response program. In the proposed paper, ε-constraint and max–min fuzzy satisfying
methods have been employed to solve and select the trade-off solution. The main reason of implementation of
demand response program is to reduce operation cost and improve environmental performance of hub energy
system. In fact, demand response program transfers some percentage of load from peak periods to off-peak
periods to flatten load curve which leads to reduction of cost and emission. A mixed-integer linear programming
has been used to simulate the proposed model and general algebraic modeling system software has been utilized
to solve it. A sample hub energy system containing renewable and non-renewable energy resources has been
studied and comparison results are presented to validate efficiency of proposed techniques.

1. Introduction

Recently, optimal operation of energy systems capable of supplying
different energy demands called multi-carrier energy systems or hub
energy systems has been one of major topics in the scheduling of power
systems [1]. Various energy resources like combined heat and power
systems (CHP) can be employed to enhance efficiency of operating
systems [2]. Moreover, heat energy resources like boiler can be
exploited to supply thermal demand [3]. In addition to mentioned non-
renewable energy resources, renewable generation units can be in-
tegrated in hub energy systems to meet several types of loads [4]. It
should be noted that utilization of resources burning fossil fuels in hub
energy systems has made emission problem of these systems a big
challenge for system operators [5].

Operation of hub energy systems with different purposes and ap-
plications has been studied within various researches which are sum-
marized in the following: Economic dispatch problem of multiple en-
ergy hub system has been investigated through Self-Adoptive Learning
with Time Varying Acceleration Coefficient-Gravitational Search
Algorithm in [6]. With the aim of gaining maximum profit, hub energy
system has been optimally designed in [7]. Influence of optimizing
transmission networks on performance of hub energy system has been

evaluated in [8]. Using a new approach, optimal power flow problem of
hub energy systems has been investigated and the results have been
compared with the ones obtained through other approaches in [9]. New
formulations have been presented for accurate modeling of hub energy
system with taking technical constraints into account in [10]. In order
to improve performance of a residential hub energy system in the smart
grid, a real-time based model has been presented in [11]. Employing
controlling structure called hierarchical control structure, economic
operation of a multi-carrier energy system has been evaluated in [12].
Optimal performance of multi-carrier energy system and optimal sizing
of resources in this system have been investigated in [13]. Economic
performance of multi-carrier energy system subject to uncertain beha-
vior of renewable sources has been studied in [14]. Using evolutionary
algorithm in [15], optimal operation of multi-carrier energy system has
been investigated. Optimal operation of an on-grid multi-carrier energy
system including different types of renewable energy sources has been
evaluated in [16]. Using Monte Carlo simulation technique in [17],
economic performance of hub energy system has been investigated.
Optimal operation of hub energy system has been studied through two
types of pricing namely dynamic pricing and time-of-use pricing in
[18]. Using dispatch strategy, performance of hub energy system sub-
ject to curtailment in grid integration and real time pricing has been
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investigated in [19]. Considering uncertainty modeling of wind, price
and load, optimal operation of hub energy system has been investigated
in [20]. Using a heuristic technique called Time Varying Acceleration
Coefficient Gravitational Search algorithm, optimal performance of hub
energy system has been evaluated in [21]. With the aim of minimizing
total cost, optimal operation of hub energy system considering un-
certainty of renewable sources has been studied using stochastic

programming in [22]. A paradigm has been presented to optimize op-
eration of interconnected multi-carrier energy systems in [23]. Em-
ploying teaching–learning based optimization algorithm, energy flow
problem of multi-carrier energy system has been evaluated in [24].
Optimal dispatch strategies and coordinated operation of a hub energy
system have been investigated in [25]. Using multi-agent systems ap-
proach, optimal operation of hub energy system has been evaluated

Nomenclature

Indices

t time index

Parameters

ηee
T transformer efficiency

ηge
CHP gas to electricity efficiency of CHP

ηgh
B gas to heat efficiency of boiler

ηee
CON converter efficiency

ηch
e electrical storage charging efficiency

ηdis
e electrical storage discharging efficiency

ηch
h heat storage charging efficiency

ηdis
h heat storage discharging efficiency

α e
min coefficient for minimum capacity modeling of electrical

storage
α e

max coefficient for maximum capacity modeling of electrical
storage

αloss
e coefficient for loss of power modeling in electrical storage

α h
min coefficient for minimum capacity modeling of heat storage

α h
max coefficient for maximum capacity modeling of heat sto-

rage
αloss

h coefficient for loss of power modeling in heat storage
ANET upstream network availability
ACHP CHP availability
AWIND wind turbine availability
Cc

st e, nominal capacity of electrical storage
Cc

st h, nominal capacity of heat storage
EFCO

CHP CO2 emission factor for CHP unit
EFSO

CHP SO2 emission factor for CHP unit
EFNO

CHP NO2 emission factor for CHP unit
EFCO

B CO2 emission factor for boiler
EFSO

B SO2 emission factor for boiler
EFNO

B NO2 emission factor for boiler
EFCO

L CO2 emission factor for gas consumption in residential
section

EFSO
L SO2 emission factor for gas consumption in residential

section
EFNO

L NO2 emission factor for gas consumption in residential
section

EFCO
Net CO2 emission factor for upstream network power

EFSO
Net SO2 emission factor for upstream network power

EFNO
Net NO2 emission factor for upstream network power

g net
min gas network minimum capacity

g net
max gas network maximum capacity

gt
l gas demand in residential section

LPFshup e, coefficient for increased electrical load
LPFshdo e, coefficient for decreased electrical load
pe

min upstream network minimum capacity
pe

max upstream network maximum capacity
pc

T transformer rated capacity
pc

CHP nominal capacity of CHP
pc

B nominal capacity of CHP
pr wind turbine rated power

pt
el electrical load

pt
h heating load

wat
l water demand

wamin minimum limitation of water network
wamax maximum limitation of water network
w w w, ,co ci r cut-out, cut-in and rated speeds of wind turbine
w t( ) wind speed
x , y, z coefficients for modeling generation of wind turbine
λt

e price of purchased power from upstream network
λwi generation cost of wind turbine
λg gas price
λwa water price
λs

e operation cost of electrical storage
λs

h operation cost of heat storage
λDR cost of demand response

Variables

Cost total operation cost of hub energy system
Ct

st e, available energy of electrical storage
Ct

st h, available energy of heat storage
Em total emission generated in hub energy system
gt

CHP gas consumption of CHP
gt

B gas consumption of boiler
gt

net total purchased gas from gas network
It

ch e, binary variable, 1 if electrical storage is in charging mode;
otherwise 0

It
dis e, binary variable, 1 if electrical storage is in discharging

mode; otherwise 0
It

ch h, binary variable, 1 if heat storage is in charging mode;
otherwise 0

It
dis h, binary variable, 1 if heat storage is in discharging mode;

otherwise 0
It

shup e, binary variable, 1 if electrical load is increased; otherwise
0

It
shdo e, binary variable, 1 if electrical load is decreased; otherwise

0
pt

e purchased power form upstream network
p p,t

ch e
t
dis e, , charge/discharge power of electrical storage

p p,t
ch h

t
dis h, , charge/discharge heat of thermal storage

pt
loss e, loss of power in electrical storage

pt
loss h, loss of heat in heat storage

pt
el DRP, electrical load in the presence of DRP

pt
shup e, increased electrical load

pt
shdo e, decreased electrical load

pt
wi produced power by wind turbine

wat
net purchased water from water network

Abbreviations

CHP combined heat and power system
DRP demand response program
GAMS general algebraic modeling system
MILP mixed-integer linear programming
TOU time-of-use rates of demand response program
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subject to commercial and technical limitations in [26].
Optimal sizing as well as planning problem of multi-carrier energy

system has been studied with taking reliability issues into account in
[27]. Scenario based optimal design problem of multi-carrier energy
system has been studied through Monte Carlo approach under sto-
chastic programming in [28]. Similar risk-based problem has been
studied under demand response through stochastic programming in
[29] in which conditional value-at-risk technique is employed to re-
duced risk of expected cost of hub system owing to volatility of load and
market price forecasts. Optimal performance of hub energy system has
been obtained through a multi-objective model in [30] in which genetic
algorithm and adaptive neuro-fuzzy inference systems have been em-
ployed to predict energy demand and model energy curves of system. A
new algorithm called distributed energy resources optimization has
been developed to optimize operation of small-scale energy hub sys-
tems in [31]. Optimal power flow problem of hub energy system has

been studied through a mixed-integer linear programming in [32].
Stochastic programming has been employed to model uncertainty based
optimal operation problem of hub energy system under demand re-
sponse and thermal energy market in [33]. Optimal operation of several
interconnected multi-carrier energy systems has been studied under
reliability issues in [34]. Finally, energy hub systems have been com-
prehensively reviewed in [35].

Due to higher efficiency and less waste of energy, hub energy sys-
tems are extensively expanded in power systems. These systems bene-
fiting from various types of energy resources should be optimally
scheduled to expose their maximum capacity. So, optimization of these
systems is an essential issue. On the other hand, in addition to opti-
mization, expected objectives are necessary to be determined since
these objectives can lead to single objective problems or multi-objective

Fig. 1. Hub energy system.

Fig. 2. Pareto front set.

Fig. 3. Energy demand [20].
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problems with several objective functions to be minimized. One of these
objectives is environmental goals which consideration necessitates a
multi-objective model. Economic operation and environmental perfor-
mance of hub energy system in the presence of DRP has been in-
vestigated in this paper. Since optimization results of each mentioned
objective functions are in conflict with the optimization results of other
one, then a multi-objective model has been proposed for economic-
environmental operation of hub energy system under DRP. Studied hub
energy systems includes electrical as well as thermal storage systems
and renewable as well as non-renewable energy resources like wind

turbine, CHP system and boiler. ε-constraint approach has been used to
solve the proposed multi-objective model. Solving the proposed model
within different iterations, Pareto front is obtained in with and without
DRP. So, in order to find and select the trade-off solution providing a
win-win strategy for both conflicting objective functions, max-min
fuzzy satisfying technique is utilized. Obtained numerical results re-
vealed that total operation cost and emission of hub energy system have
been reduced up to 0.64 % and 0.97%, respectively. It should be noted
that simulation results will be comprehensively discussed in the fol-
lowing sections. So, the contributions of proposed paper can be ex-
pressed as follows:

• Multi-objective model for optimal economic operation and en-
vironmental performance of hub energy system including electrical
and thermal storage systems.

• Implementation of ε-constraint technique to solve the proposed
multi-objective model.

• Implementation of max-min fuzzy satisfying method to select the
trade-off solution.

• Employment of DRP to reduce operation cost and emission of hub
energy system.

• Utilization of electrical and thermal storage systems to avoid waste
of energy.

• Employing mixed-integer linear programming to guarantee optimal
solution.

The other sections of proposed paper are classified as follows:
Optimal economic-environmental performance of hub energy system
under DRP is mathematically modeled in Section 2. A sample hub en-
ergy system is evaluated in Section 3 and comparison results are pre-
sented in the same Section. Finally, the conclusions and findings are
presented in Section 4.

2. Mathematical formulation

A multi-carrier energy system containing various types of energy
resources with different types of loads to be supplied is illustrated in
Fig. 1 [20].

According to this Figure, generation of renewable units as well as
electrical generation of CHP unit plus the purchased power from up-
stream network are due to supply electoral demand under DRP.
Imported gas from gas network is used for three different applications.

Fig. 4. price of imported electric power
[20].

Fig. 5. Wind turbine speed [20].

Table 1
Prices and relevant costs of hub energy system.

Parameter [20] Value Unit

λg 6 Cent/kWh
λwa 4 Cent/kWh

λwi 0 Cent/kWh

λs
e 2 Cent/kWh

λs
h 2 Cent/kWh

λDR 2 Cent/kWh
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Some percentage of purchased gas is dedicated for supplying residential
gas demand. Imported gas is also used to supply CHP unit and boiler to
generate heat and electricity. As expressed in Fig. 2, water is trans-
mitted to residential section to supply water demand. In addition to
energy resources mentioned above, electrical and thermal energy sto-
rage systems have been also used in the hub system to save energy at
the times of excess production and supply thermal and electrical loads
in peak time periods. Also, DRP has been implemented to flatten load
curve and reduce total cost and emission of hub energy system. As
mentioned before, main goal of proposed multi-objective model is to
improve economic operation as well as environmental performance of
hub energy system. Mathematical formulation related to optimal eco-
nomic-environmental performance problem of hub energy system
considering DRP is presented in the following:

2.1. Objective function 1

Operation cost of hub energy system is the first objective function of
proposed multi-objective optimization model which should be mini-
mized (1a) [20].

∑= = + + + + + + + +Min Cost B C D E F G H I JΦ ( )
t

H

1
(1a)

= ×B λ pt
e

t
e (1b)

= ×C λ pwi
t
wi (1c)

= × +D λ p p( )s
e

t
ch e

t
dis e, , (1d)

= × +E λ p p( )DR
t
e shdo

t
e shup, , (1e)

= × −F λ p p( )t
e

t
ch e

t
dis e, , (1f)

= ×G λ gg
t
CHP (1g)

= ×H λ gg
t
B (1h)

= × +I λ p p( )s
h

t
ch h

t
dis h, , (1i)

= ×J λ wawa
t (1j)

where Cost is total operation cost of hub energy system, pt
e is purchased

power form upstream network, pt
wi is produced power by wind turbine,

pt
ch e, is charging power of electrical storage, pt

dis e, is discharging power
of electrical storage, pt

e shdo, is decreased electrical load, pt
e shup, is in-

creased electrical load, gt
CHP is gas consumption of CHP, gt

B is gas
consumption of boiler, pt

ch h, is charging heat of thermal storage, pt
dis h, is

discharging heat of thermal storage and wat is purchased water from
water network.

Total operation cost of hub energy system consists of several in-
dividual costs including cost of import of electric power from upstream
network (1b), cost of electricity generation by wind turbine (1c), op-
eration cost of electrical storage (1d), cost of DRP implementation (1e),

Table 2
Date related to various units in the energy hub system.

Electrical storage parameter [20] Thermal storage parameter [20] Wind turbine parameter [20]

# Unit Value # Unit Value # Unit Value

α e
min – 0.05 α h

min – 0.05 AWIND – 0.96

α e
max – 0.9 α h

max – 0.9 x , y , z – 0.07, 0.01, 0.03

αloss
e – 0.2 αloss

h – 0.2 wr m/s 10

ηch
e % 90 ηch

h % 90 wci m/s 4

ηdis
e % 90 ηdis

h % 90 wco m/s 22

Cc
st e, kW 300 Cc

st h, kW 200 pr kW 400

CHP parameter [20] Upstream network parameter [20] Boiler, gas and water network parameters [20]

# Unit Value # Unit Value # Unit Value

ηge
CHP % 40 ANET – 0.99 ηgh

B % 85

ηgh
CHP % 35 pe

max kW 1000 pc
B kW 800

ACHP – 0.96 pe
min kW 0 g net

max
kW 1800

pc
CHP kW 800 pc

T kW 800 wamax kW 1000

Boiler emission [47] Upstream network emission [46] CHP emission [47]

# Unit Value # Unit Value # Unit Value

EFCO
B kg/kWh 0.37 EFCO

Net kg/kWh 0.368 EFCO
CHP kg/kWh 0.37

EFSO
B kg/kWh 0.000003 EFSO

Net kg/kWh 0.0002 EFSO
CHP kg/kWh 0.000003

EFNO
B kg/kWh 0.00009 EFNO

Net kg/kWh 0.0008 EFNO
CHP kg/kWh 0.00009

Fig. 6. Pareto front and selected solutions in cases 1 & 2.
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cost/revenue of exchanged power (1f), cost of gas procurement for
operation of CHP unit (1g) and boiler (1h), operation cost of thermal
storage (1i) and cost of purchased water for supplying water demand
(1j).

2.2. Objective function 2

Total emission produced by hub energy system including CO2, SO2

and NO2 emissions is the second objective function of proposed multi-
objective optimization model which should be minimized (2a).

Table 3
Pareto front solutions for cases 1 and 2 (without and with DRP).

# Without DRP # With DRP

Cost ($) Emission (kg) Φ (p.u.)1 Φ (p.u.)2 min(Φ ,Φ )1 2 Cost ($) Emission (kg) Φ (p.u.)1 Φ (p.u.)2 min(Φ ,Φ )1 2

1 2669.77 10688.50 1 0 0 1 2654.47 10553.53 1.000 0.000 0.000
2 2670.66 10660.65 0.963 0.053 0.053 2 2655.05 10529.08 0.969 0.053 0.053
3 2671.72 10632.81 0.918 0.105 0.105 3 2655.84 10504.62 0.928 0.105 0.105
4 2672.80 10604.96 0.873 0.158 0.158 4 2656.62 10480.17 0.888 0.158 0.158
5 2673.88 10577.12 0.827 0.211 0.211 5 2657.41 10455.71 0.846 0.211 0.211
6 2674.95 10549.27 0.782 0.263 0.263 6 2658.35 10431.26 0.797 0.263 0.263
7 2676.03 10521.43 0.737 0.316 0.316 7 2659.30 10406.80 0.748 0.316 0.316
8 2677.11 10493.58 0.692 0.368 0.368 8 2660.25 10382.35 0.698 0.368 0.368
9 2678.19 10465.74 0.646 0.421 0.421 9 2661.19 10357.89 0.649 0.421 0.421
10 2679.26 10437.89 0.601 0.474 0.474 10 2662.14 10333.44 0.599 0.474 0.474
11 2680.34 10410.05 0.556 0.526 0.526 11 2663.08 10308.98 0.550 0.526 0.526
12 2681.49 10382.20 0.507 0.579 0.579 12 2664.03 10284.53 0.501 0.579 0.501
13 2682.74 10354.36 0.455 0.632 0.632 13 2664.98 10260.07 0.451 0.632 0.451
14 2684.00 10326.51 0.402 0.684 0.684 14 2665.92 10235.62 0.402 0.684 0.402
15 2685.33 10298.67 0.346 0.737 0.737 15 2666.89 10211.16 0.351 0.737 0.351
16 2686.77 10270.82 0.285 0.789 0.789 16 2668.00 10186.71 0.293 0.789 0.293
17 2688.22 10242.98 0.225 0.842 0.842 17 2669.22 10162.25 0.230 0.842 0.230
18 2689.67 10215.13 0.164 0.895 0.895 18 2670.49 10137.80 0.163 0.895 0.163
19 2691.12 10187.29 0.103 0.947 0.947 19 2671.76 10113.34 0.097 0.947 0.097
20 2693.56 10159.45 0.000 1.000 1.000 20 2673.62 10088.89 0.000 1.000 0.000

Bold values are the best compromise solution which are selected by fuzzy satisfying technique.

Table 4
Comparison results of cases 1 and 2.

Parameters Case 1 Case 2

Total cost ($) 2680.34 2663.08
Total emission (kg) 10410.05 10308.98
Cost reduction (%) 0 0.64
Emission reduction (%) 0 0.97

Fig. 7. Pareto front obtained through weighted sum method.

Fig. 8. Electrical load in the presence of DRP.

Fig. 9. Imported power form upstream network.
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= = + + +Min Em Em Em Em EmΦ ( )CHP B L NET
2 (2a)

= × + × + ×Em EF g EF g EF g( ) ( ) ( )CHP
CO
CHP

t
CHP

SO
CHP

t
CHP

NO
CHP

t
CHP (2b)

= × + × + ×Em EF g EF g EF g( ) ( ) ( )B
CO
B

t
B

SO
B

t
B

NO
B

t
B (2c)

= × + × + ×Em EF g EF g EF g( ) ( ) ( )L
CO
L

t
L

SO
L

t
L

NO
L

t
L (2d)

= × + × + ×Em EF p EF p EF p( ) ( ) ( )NET
CO
NET

t
e

SO
NET

t
e

NO
NET

t
e (2e)

where Em is total emission of hub energy system, EmCHP is emission of
CHP unit, EmB is emission of boiler, EmL is emission of consumed re-
sidential gas and EmNET is emission of imported power from upstream

Fig. 10. Total procured gas.

Fig. 11. Electrical generation of CHP unit.

Fig. 12. Imported gas for CHP unit.

Fig. 13. Imported gas for boiler.

Fig. 14. Heat generation of CHP unit.

Fig. 15. Heat generation of boiler.
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network.
According to Eq. (2a), total emission produced by hub energy

system consists of four terms.
The first term is generated emission due to gas consumption of CHP

unit (2b). The second term is the emission related to gas consumption of
boiler (2c). The third term is produced emission due gas consumption in
residential section (2d) and finally the last term is emission due to
electrical power generation in power plants using fossil fuels which is
later transmitted to supply hub energy system (2e).

2.3. Technical constraints of thermal section

Heating demand is one of various loads due to be supplied by dif-
ferent resources in the hub energy system. The resources supplying
thermal demand are boiler, CHP unit and thermal storage system (3a).

= × + × × + −p η g A η g p p[ ] [ ] ( )t
h

gh
B

t
B CHP

gh
CHP

t
CHP

t
dis h

t
ch h, ,

(3a)

In order to avoid waste of excess generated heat, thermal storage
system has been employed. Available heat inside the thermal storage at
each time is expressed by Eq. (3b).

= + × − −−C C p η p η p/t
st h

t
st h

t
ch h

ch
h

t
dis h

dis
h

t
loss h,

1
, , , , (3b)

where Ct
st h, is state of charge of heat storage and pt

loss h, is loss of heat
inside heat storage.

Loss of heat in the storage is expressed as function of available
energy in the storage system (3c).

= ×p α Ct
loss h

loss
h

t
st h, , (3c)

Stored heat inside the storage is limited through Eq. (3d).

× ⩽ ⩽ ×α C C α Ch
c
st h

t
st h h

c
st h

min
, ,

max
, (3d)

Eqs. (3e) and (3f) have been used to limit charging and discharging heat
of storage system.

× ×
⩽ ⩽

× ×α C I
η

p
α C I

η

h
c
st h

t
ch h

ch
h t

ch h
h

c
st h

t
ch h

ch
h

min
, ,

, max
, ,

(3e)

× × × ⩽ ⩽ × × ×α C I η p α C I ηh
c
st h

t
dis h

dis
h

t
dis h h

c
st h

t
dis h

dis
h

min
, , ,

max
, , (3f)

where It
ch h, is binary variable for charging state of thermal storage and

It
dis h, is binary variable for discharging state of thermal storage.

Simultaneous charge and discharge of thermal storage is con-
strained by Eq. (3g).

+ ⩽I I 1t
ch h

t
dis h, , (3g)

2.4. Technical constraints of electrical section

Electrical demand with considering DRP is due to be met by pur-
chased power from upstream network and the electric power produced
by wind turbine, CHP unit as well as discharge power of electrical
storage system (4a).

+ − = × × + × ×

+ × × + −

p p p A η p A η p

A η g p p

[ ] [ ]

[ ] [ ]
t
l

t
shup

t
shdo NET

ee
T

t
e WIND

ee
CON

t
wi

CHP
ge
CHP

t
CHP

t
dis e

t
ch e, ,

(4a)

Eq. (4b) is employed to limit purchased power from upstream network
which should not exceed predefined limitations.

× ⩽η p pee
T

t
e

c
T (4b)

It should be noted that purchased power from upstream network
should not exceed the rated capacity of transformer used in transmis-
sion line (4c).

× ⩽η p pee
T

t
e

c
T (4c)

As the only renewable unit utilized in the hub energy system, wind
turbine generates electricity which mathematical formulation is pro-
vided in (4d).

=

⎧

⎨
⎪

⎩
⎪

<
− + ⩽ <

⩽ <
⩾

p

w w
p z y w t x w t w w w
p w w w

w w

0
( . ( ) . ( ))

0

t
wi

ci

r ci r

r r co

co

2

(4d)

Saving electricity at the times of excess generation, electrical sto-
rage system helps other units to supply electrical demand in peak time
periods. Available electric power inside the storage system at each time
is expressed by Eq. (4e).

= + × − −−C C p η p η p/t
st e

t
st e

t
ch e

ch
e

t
dis e

dis
e

t
loss e,

1
, , , , (4e)

where Ct
st e, is available energy of electrical storage and pt

loss e, is loss of
energy in electrical storage.

Stored energy inside the storage is limited through Eq. (4f).

× ⩽ ⩽ ×α C C α Ce
c
st e

t
st e e

c
st e

min
, ,

max
, (4f)

Loss of electricity in the storage is expressed as function of available
energy in the storage system (4g).

Fig. 16. Charge and discharge of electrical storage.

Fig. 17. Charge and discharge of heat storage.
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= ×p α Ct
loss e

loss
e

t
st e, , (4g)

Eqs. (4h) and (4i) have been used to limit charging/discharging power
of storage system.
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, , (4i)

where It
ch e, is binary variable for charging state of electrical storage and

It
dis e, is binary variable for discharging state of electrical storage.

Simultaneous charge and discharge of electrical storage is con-
strained by Eq. (4j).

+ ⩽I I 1t
ch e

t
dis e, , (4j)

2.5. Demand response program (DRP)

Many efforts have been already done to handle peak load issues in
peak time periods [36]. Since installation of new power plants for a
specific period is not economically a good idea, demand response
programs have been appeared as a good option for peak load man-
agement issues [37]. DRP consists of several load management pro-
grams [38]. In this paper, time-of-use (TOU) rates of DRP has been
implemented to help operator of hub energy system to improve both
economic and environmental performances of hub energy system
[39,40]. Using TOU program, some percentage of load is transferred
from peak time (expensive) periods to other (cheaper) periods which
leads to reduction of operation cost as well as emission of hub energy
system. Mathematical form of this sentence is expressed by (5a).

= + −p p p pt
el DRP

t
el

t
shup e

t
shdo e, , , (5a)

where pt
el DRP, is electrical load in the presence of DRP.

Increase and decrease of load in DRP are limited through Eqs. (5b)
and (5c), respectively.

⩽ ⩽ × ×p LPF p I0 t
shup e shup e

t
l

t
shup e, , ,

(5b)

⩽ ⩽ × ×p LPF p I0 t
shdo e shdo e

t
l

t
shdo e, , , (5c)

where It
shup e, is binary variable for increase of load and It

shdo e, is binary
variable for decrease of load.

Simultaneous increase or decrease of load in DRP is limited by (5d).

+ ⩽I I 1t
shup e

t
shdo e, , (5d)

It should be noted that at the end of each day, increased and de-
creased loads should be equal which is expressed by (5e).

∑ ∑=p p
t

H

t
shup e

t

H

t
shdo e, ,

(5e)

2.6. Other technical constraints

Energy balance limitation related to water demand is provided by
(6a).

=wa wat
l

t
net (6a)

Sum of the gases used in CHP unit, boiler and residential section
should be equal to the imported gas from gas network (6b).

= + +g g g gt
net

t
B

t
CHP

t
l (6b)

where gt
net is total purchased gas from gas network.

It should be noted that the imported water and gas should not ex-
ceed the water and gas networks rated capacities which are expressed
by Eqs. (6c) and (6d), respectively.

⩽ ⩽wa wa wat
net

min max (6c)

⩽ ⩽g g gnet
t
net net

min max (6d)

It should be noted that electrical generation of CHP unit as well as
heat generation of boiler are limited by Eqs. (6e) and (6f), respectively.

× ⩽η g pge
CHP

t
CHP

c
CHP

(6e)

× ⩽η g pgh
B

t
B

c
B

(6f)

2.7. Multi-objective model solving techniques

In this section, the methods employed for solving proposed multi-
objective problem are briefly described [41–44].

Based on ε-constraint method, one of the objective functions is set to
be the main objective function of multi-objective model and the other
objective function is considered as a limitation for the main objective
function. So, a single-objective problem should be minimized subject to
related constraints (7a).

=

⎧
⎨⎩

⩽ ε

OF min(Φ )
s.t.

Φ
Equal & unequal equations

1

2

(7a)

Changing value of ε from ϕ2
min up to ϕ2

max, main objective function
of multi-objective model is changed and therefore Pareto front is ob-
tained like the example shown in Fig. 2 [42].

Afterward, max-min fuzzy technique converts both of conflicting
objective functions into their normalized forms (7b).
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(7b)

It should be noted that optimality level of nth solution of objective
function k is expressed by μk

n. Also, fk
min and fk

max are the minimum and
maximum values of objective function k.

After normalization process, a comparison is done between per unit
values of each objective function in each iteration and the minimum
value between them is selected (7c).

= … ∀ = …μ μ μmin( , , ) ; n 1, ,Nn n
N
n

P1 (7c)

The best compromise solution providing a trade-off between two
conflicting objective functions is the maximum value of selected mini-
mums (7d).

= …μ μ μmax( , , )Npmax 1 (7d)

3. Numerical investigation

A sample hub energy system has been studied in this section and
numerical results have been presented to validate effectiveness of
proposed approaches.

3.1. Input data

As mentioned in former sections, several types of energy resources
are integrated in hub energy system to supply different energy de-
mands. Hub energy system is due to supply different types of loads
which are illustrated in Fig. 3 [20]. Some percentage of electrical de-
mand is supplied though the purchased power from upstream network
which price is illustrated in Fig. 4 [20]. Also, using wind speed which
profile is shown in Fig. 5 [20], wind turbine generates electric power to
supply electrical demand. In order to supply heating, gas and water
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demands, hub energy system purchases gas and water from gas and
water networks. The price of imported gas for operation of boiler and
CHP unit as well as price of imported water are presented in Table 1.
Also, operation costs of electrical and thermal storages as well as gen-
eration cost of wind turbine and operating cost of DRP are presented in
Table 1. It should be noted that the necessary info about operation of
each equipment in the hub energy system is provided in Table 2. The
proposed multi-objective model for economic-environmental operation
of hub energy system is solved using GAMS optimization package uti-
lizing CPLEX 11.0 [45]. It is noteworthy that simulation time is
15.483 s.

3.2. Simulation results

In this section, the proposed model has been investigated within two
case studies and the relevant results have been presented to validate
effectiveness of employed techniques.

Case 1: economic-environmental operation of energy hub system
without DRP
Case 2: economic-environmental operation of energy hub system
with DRP

In the first case, economic-environmental operation of energy hub
system has been studied without consideration of DRP. The proposed
multi-objective model is solved by ε-constraint method for different
iterations and then Pareto front is obtained which is illustrated in red
color in Fig. 6. It should be noted that detailed results of obtained so-
lutions for all the iterations in the first case are presented in Table 3.
The best possible solution satisfying both conflicting objective functions
is selected by max-min fuzzy satisfying technique which is solution
#11. The selected solution is depicted in green color in Fig. 6. Ac-
cording to this solution, total operation cost and emission of hub energy
system are equal to 2680.34 $ and 10410.05 kg, respectively.

In the second case, the same problem is solved in the presence of
DRP. Utilizing ε-constraint method, the proposed model is solved for
different iterations and then the Pareto front is obtained in the second
case which is illustrated in blue color in Fig. 6. Detailed results of ob-
tained solutions for all the iterations in the second case are presented in
Table 3. By employing max-min fuzzy satisfying technique the best
compromise solution satisfying both conflicting objective functions is
selected which is solution #11. The selected solution is depicted in
yellow color in Fig. 6. According to selected solution, total operation
cost and emission of hub energy system in case 2 are 2663.08 $ and
10308.98 kg, respectively.

It can be understood form the obtained results that due to im-
plementation of DRP, total operation cost of hub energy system in case
2 is reduced 0.64% which satisfies economic goals. Also total emission
of hub system in case 2 is reduced 102 kg which satisfies environmental
objectives. For more clarification, comparison results of cases 1 and 2
are presented in Table 4.

3.3. Comparison

In the section, simulation results obtained through ε-constraint ap-
proach have been compared with the results obtained through weighted
sum method.

The same simulations have been done through weighted sum
method and obtained Pareto front through this approach is illustrated
in Fig. 7.

According to the obtained Pareto solutions in weighted sum
method, selected solution in without DRP includes operation cost and
emission of 2691.319 $ and 10183.409 kg, respectively. Also, selected
solution under DRP contains operation cost and emission of 2672.573 $
and 10097.728 kg, respectively. Comparing these values with the ones
obtained under ε-constraint approach, it can be understood that

economic results obtained through ε-constraint method in with and
without DRP are better than the ones obtained through weighted sum
approach. On the other hand, in comparisons with ε-constraint method,
environmental results of hub system under weighted sum approach are
better since emission of hub energy system in this approach is less than
the one obtained in ε-constraint method.

Furthermore, operation of different integrated equipment in the hub
energy system is illustrated through Figs. 8–17. As mentioned before,
DRP transfers some percentage of load form peak time periods to other
periods which is illustrated in Fig. 8. In order to supply electrical load,
hub energy system has attempted to import power from upstream
network which is shown in Fig. 9. According to this Figure, imported
power in peak periods has been reduced and instead increased in off-
peak periods which has led to less operation cost of hub energy system.

Total procured gas from gas network is illustrated in Fig. 10. As
shown in this Fig, due to positive effects of load management program,
hub energy system has purchased less gas from gas network which has
led to reduction of operation cost.

Due to implementation of DRP, hub energy system has mostly used
upstream network power and generation of renewable unit to supply
electrical demand which has led to reduction of electrical generation of
CHP unit which is illustrated by Fig. 11. Due to less electricity gen-
eration of CHP unit, less gas is consumed by this unit and on the other
hand procured gas for consumption of boiler has been increased to
supply heating demand. Purchased gases for consumption of CHP unit
and boiler are illustraed through Figs. 12 and 13, respectively. Also
generated heats by CHP unit and boiler are illustraed by Figs. 14 and
15, respectively.

Charge and discharge profiles of electrical and heat storage systems
are changed according to optimal operation of integrated sources in the
presence of DRP. Profiles related to charge and discharge of electrical
and thermal storages are illustrated through Figs. 16 and 17, respec-
tively.

4. Conclusion

In this paper, economic operation as well as environmental perfor-
mance of hub energy system has been investigated in the presence of
DRP. A multi-objective model has been proposed to consider both
conflicting objecting functions namely operation cost and emission of
hub energy system. Using ε-constraint technique, the proposed model is
solved for different iterations and then the trade-off solution satisfying
both objective functions is selected by max-min fuzzy satisfying ap-
proach. According to the selected solution without considering DRP,
total operation cost and emission of hub energy system are 2680.34 $
and 10410.05 kg, respectively. Also, based on the selected solution
under positive effects of DRP, total operation cost and emission of hub
energy system are 2663.08 $ and 10308.98 kg, respectively. Comparing
the selected solutions with and without DRP, it can be understood that
due to implementation of DRP, total operation cost of hub energy
system has been decreased 0.64 % which satisfies economic goals. Also,
total emission of hub energy system in the presence of DRP has been
reduced 102 kg which provides satisfaction of authorities dealing with
environmental issues. So, implementation of DRP enhanced not only
economic operation but also environmental performance of multi-car-
rier energy system.
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