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Abstract Worldwide, energy hubs (EHs) have been
developed by integrating different technologies for power
transformation, storage, and generation, as a critical key to
overcoming resource insufficiency and environmental
issues. Moreover, the energy center performs a major task
by enhancing system flexibility, efficiency, and reliability.
The attention to electric vehicles (EVS) and renewable
energies has also increased. An EH consists of combined
cooling, heating, and power (CCHP) units, wind turbines
(WTs), photovoltaics (PVs), hydrogen electrolyzers, fuel
cells (FCs), water desalination systems, auxiliary boilers
(AB), plug-in electric vehicles (PEVSs) and energy storage
systems (ESSs); ice storage conditioners (ISCs), solar
powered compressed air energy storage (SPCAES), thermal
energy storage systems (TESSs), hydrogen storage (H2S).
This paper employs a demand response program (DRP), for
load curtailment, shifting, and flexible load modeling. In
pursuit of reducing the total costs. Herein, four scheduling
cases are evaluated using different charging modes of EVs
and applying the DRP. The numerical results reveal that, by
implementing the electrical DRP (EDRP), the final costs
are successfully reduced. Compared to the base case, the
total costs are reduced by 4.0% when the EDRP is applied.
The total costs decreased by 4.8% when both electrical and
thermal DRPs were employed. The results also demonstrate
that by implementing both DRPs and coordinated mode
EVs, total costs can be further decreased by 6.3%.
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1. Introduction

Due to population increase, rapid developments in the field
of economics, technological progress, and technical
development in recent decades, there has been a clear
increase in global demand for energy [1, 2]. Owing to the
increase in energy demand, traditional energy systems
based on fossil fuels have also increased, and therefore
there has been a significant increase in energy prices and
emissions [3-5]. Moreover, separate management of energy
resources and systems increases operating costs and
emissions while reducing system efficiency [6]. Therefore,
various aspects of the concept of sustainable energy have
been studied so far. To get maximum profit from the
existing energy resources, different power resources have
been used and scheduled in the form of a multi-power
network [7-9]. Therefore, EHs are energy systems that
directly connect several energy carriers such as electricity,
heat, gas, and hydrogen. The ability to store, transport, and
convert various energy carriers acts as an interface between
consumers and producers [9-12].

To highlight the advantages of energy hub (EH),
combined heat and power (CHP) and combined cooling,
heat and power (CCHP) modules are used [13]. One of the
key characteristics of EHs is their ability to be implemented
for different sizes of power systems. Therefore, it can be
used for residential power centers [14, 15]. Moreover, the
fundamental needs for zero-emission energy generation
make renewable energy sources more significant than ever
[16]. In addition, The use of renewable energy resources
(RES) in EHs improves the environmental features of the
power system and reduces the operating cost because its
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operating and maintenance costs are not high [4]. Although
it does not have deterministic outcomes due to the
unpredictable nature of its primary sources. These
uncertainties related to renewable energy systems, along
with uncertainties related to energy demand, lead to more
challenges facing the energy center. Looking at the worst-
case scenario is a solution that requires paying huge costs
[17]. In addition, the appropriate alternative for increasing
the efficiency of the system and overcoming uncertainties
is the use of energy storage systems (ESS). Implementing
RES such as photovoltaic (PV) modules, and wind turbines
(WTs), in addition to the storage systems which include
electrical storage systems (ESSs), thermal storage facilities,
natural gas (NG) storage systems, and gas power plant is
the proposed EH in ref [18]. In addition, the output power
uncertainty of WT and PV units was considered using a
genetic algorithm (GA). A new stochastic model for
different uncertainties in EHs, such as REDRs, load,
electricity price, and output power was studied in ref [19].
A Robust Mixed Integer Linear Programming (RMILP)
approach was used to consider the uncertainty related to the
RES, loads, the energy required for charging the (EVs) and
electricity price [20].

Due to the increasing growth in energy demand in recent
years, the use of demand response programs (DRPs) has
become widely spread as a suitable alternative to fix load
curves and increase system efficiency. For alleviating the
EH drawbacks, the integration of DRP effectively
contributes to improving the EH operation as in [21, 22]
which presents a 13.78% improvement in the total costs of
the EH system. In addition, DRP was integrated to improve
both aspects of the operation and reliability of the EH in ref
[23]. Ignoring the effects of uncertainty in [24, 25] the EH
model in ref [25] is integrated with energy storage, DRP,
and RESs such as WT and PV cells. To reduce operational
and environmental costs under mixed integer linear
programming (MILP) a scenario-based stochastic process
for EH integrated with solar-powered compressed air
energy storage (SPCAES) and ice storage conditioner (ISC)
is illustrated in ref [26] which improves the total cost by 2.6%
by combining the ISC and the SPCAES. Electric DRP was
used to develop energy management of EH in ref [27],
Which improves the operating costs by 24% in the presence
of ice storage though electric vehicles (EVs) have not been
considered. For managing loads in different periods, real-
time DRP has been used while the main component of the
EH was the CCHP. However, the uncertain nature of RESs
and EVs was not taken into account in ref [28] and the cost
reduction is up to 5.2% due to the employment of DRP.

For managing large-scale resources and considering
uncertainties related to EVs, market prices, and RES output
power, a stochastic model was proposed in ref [29]. Various
uncertainties of power systems in the presence of EVs were
investigated, although the heating and cooling loads were
not studied in ref [30]. Depending on load classifications,
ref [31] has examined the integrated DRP. By integrating
electrical and thermal DRP a robust optimization process
for managing EHs was investigated in ref [32]. Owing to
the widespread use of hydrogen as a clean fuel[33, 34], [35]
a robust integrated DRP-based optimization method for
EHs that incorporates the hydrogen system which includes
fuel cells (FCs) and hydrogen storage (H2S) systems with
a decrement in the operating costs up to 7.8%. Due to the
scarcity of fresh water in many areas around the world,
getting clean water has become an increasingly important
problem [36]. As a consequence, 25% of the world’s
population cannot obtain a sufficient amount of freshwater
[37]. Therefore, to obtain fresh water, specifically in coastal
regions seawater desalination (SWD) processes have been
commonly integrated into energy centers (EHs) [38]. Due
to the need to provide reliable sources of clean fresh water
for various uses to human communities in areas facing the
problem of water shortage, SWD's reverse osmosis (RO)
technology draws
performance [39]. The use of CCHP and renewable
generations in combination with grid-connected and
islanded microgrids (MGs) based on EH with the SWDs
regarding several studies were done [40, 41].

The literature review shows that there are two principal
research gaps, namely considering the demand for pure

attention due to its economic

water, hydrogen, and EVs, along with implementing
electrical and thermal DRP for the robust optimization of
EHs. This paper attempts to fill these research gaps. In the
proposed robust optimization method, all the EH loads
including electrical, thermal, cooling as well as hydrogen
and pure water demand are taken into account, which is one
of the main contributions of this study. Studying the effects
of different hybrid ESSs, including SPCAES, thermal
energy storage systems (TESS), ISC, and H2S, is another
advantage of the proposed method. The integrated thermal
and electrical DRPs were also studied. Moreover, the
effects of uncoordinated and coordinated charging modes
of EVs were characterized in this study.
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Table 1. The summary of the literature review and the comparison of the proposed method with other works

Loads Storages DRP
Ref Year Electrical Thermal Cooling Hydrogen Water ES HS CSs H2S PV WT EVs EDRP HDRP
g N i - - R R RS AR .
[42] 2015 N N _ _ _ - N _ _ N N - _ _
[13] 2017 N N N - - - - - _ N ~ _ - _
43] 2017 J J 3 - - v oV - N J - N -
[44] 2018 N - - - - - - - - N N N - -
(25] 2019 v v Y - - N v - - - - B - -
[45] 2019 v v v - - N Y - - - N N -
ue) 201 v v v - - NI - NI - N v
[14] 2020 \/ S - - N R - - ) \ - N N
(g 2020 v v v - - N NI - - -
pn 202 v v - - - I - NI v v v
(48] 2021 N N v - - N \ \ - N - - N N
pe 202 v v J - - Voo - - oA - v v
[15] 2021 N N _ _ _ _ N - _ N - N _ _
o] 2022 v v v v v NN v NN v - -
[30] 2022 J J \ - - J - - - N J y y -
ny 2023 J J \/ «/ NN A \/ \/ J \/ \/ \/
Proposed method J J \/ V \/ NN N J Y V V v

The innovative characteristics and the main contributions
of this study can be summarized as follows:

Due to the rapid spread of electric vehicles recently
several references studied the optimal operation of EHs
with considering EVs. However, there is a gap in
studying the impacts of EVs and their charging modes
on the optimal operation of EH. Therefore, studying
the effects of EVs and their managed and unmanaged
charging modes is one of the main contributions of this
paper.

The effects and advantages of different storage systems
including ISC, TESS, H2S, and SPCAES on the
optimal EH performance during EVs' charging mode
in different seasons are also included.

To provide fresh water for the regions facing the water
inadequacy problem, SWD-RO should be heavily
investigated. The hydrogen system is also included to
provide clean fuel. Therefore, this study has focused on
the hydrogen and freshwater demands, which did not
receive the required attention in existing studies.

Most published studies don’t provide a detailed
analysis of the effect of electrical/thermal/integrated

electrical and thermal DRP on the EH optimal
operation which is an essential contribution of this
article compared to existing studies.

The proposed energy management scheme takes into
account electricity, heat, cooling, hydrogen, and purified
water requirements simultaneously, along with integrated
electrical and thermal DRP. Considering the different
requirements and supplying them to EH through the use of
different generating units and ESSs is one of the strengths
of this article. Table 1 produces the summary of the
literature review and the comparison of the proposed
method with other works.

Following are the sections of the study: Section 2
introduces the EH configuration. Section 3 presents the
proposed model for the optimal EH operation. The
uncertainty modeling is described in Section 4. Part 5
discusses the mathematical model and solution algorithm.
Part 6 discusses simulation results and discussions. Finally,
the conclusion is reported in Section 7.
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Fig 1. The proposed EH architecture.

2. EH configuration

The intermediate connection in the energy supply chain
between primary resources and the ultimate customers are
energy carriers, which include electricity and heat, besides
other solid, liquid, and gaseous fuels. Moreover, an energy
system that includes more than one energy carrier is
represented as a multi-carrier energy system or energy
center. Whereas, EH can be represented as a node through
which different energy carriers such as heat, electricity, and
cooling are transformed to each other by different energy
converters. Furthermore, the EH also contains an energy
storage, transmission, and distribution system.

This section focuses on explaining and formulating the
elements of EH. As shown in Fig. 1, the EH system consists
of CCHP, WT, PV, SPCAES, AB, absorption chiller (AC),
EVs, TESS, ISC, water desalination system-based RO
technology, and hydrogen system. The CCHP consists of
several components such as a power generation unit (PGU),
heat recovery unit (HRU), and AC. The PGU consumes NG

for generating electricity, and excess heat is captured by the
HRU to reduce waste. AB works alongside HRU as another
heat generator, generating thermal energy through NG
consumption. The heat from the thermal hub serves as an
input for the AC for cool production. While ISC also
contributes to providing cooling requirements [4] relieving
pressure on the power supply and achieving a balance
within the cooling hub between generation and demand. In
addition, the integration of TESS enhances the overall
reliability of the power system. Moreover, it is preferable to
use SPCAES over traditional compressed air energy storage
(CAEYS), as higher efficiency is obtained through it. Despite
their obvious similarity, SPCAES collects the output of the
solar collector along with the heat recuperator.

Asiillustrated in Fig. 1, the inputs to the EH can be obtained
from both electrical and NG networks, while the loads
include electricity, heat, cooling, pure water, and hydrogen.
Also, the electrical hub is supplied with electrical energy
via the utility grid, PV, WT, FC, and the electrical energy
generated by the CCHP. In addition, the SPCAES
exchanges the electrical energy with the electrical hub. The
electric hub must meet the requirements of the electric load,
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the energy consumed by the electrolyzer, the energy
consumed by the water desalination system, and the
charging load of EVs. It should be noted that EVs can be
charged through a coordinated/uncoordinated charging
system, which is studied in this paper, along with integrated
thermal and electrical DRP systems. As for the cooling
loads, they are provided through a cooling center through
AC and ISC. Moreover, the heat requirement of the heating
hub is provided by the AB and HRU; the heat storage can
also be charged or discharged at required times. The SWD
system uses RO technology, through which water is
generated using electrical energy to meet the demand for
fresh water. To get the required balance between hydrogen
production and utilization, the electrolyzers, a hydrogen
tank, along with FC are implemented.

3 The proposed model for optimal EH operation
3.1. Objective function and energy balance constraints:
3.1.1  Obijective function:

As discussed, the main purpose of this study is to reduce the
total costs of the proposed model, which includes the
operating costs and environmental costs, besides reducing
the consumers’ discomfort cost related to integrating
electrical and thermal DRP.

Eq. (1) details the total costs of EH. Firstly, operating costs
are costs related to energy and gas purchased from the
electricity and gas markets as formulated in Eqgs. (2-3)
respectively.

Cror = min (C, + C4 + Cce + Crprp + Cupre) 1)

N .
Ce = Zt:t1(pe(t)-PGnd-At) (2)
el PESY (1) HHR"(t) HAB(D)
Cg Z t=1 g(t) [ PGU UEGU + n;llB + (3)
pSPCAES (1)

SPCAES ]) At)

Where, Cror is the total cost of EH, C, is the net
electricity purchasing cost, C, is the net gas purchasing
cost, C.. is the carbon emission cost, Crprp and Cyprp
are the discomfort costs resulting from implementing
electrical and thermal DRP respectively, p, is the Sell and
purchase Electricity price, PS¢ is the real power
exchanged from the upstream grid, p, is the gas price, 6
is the carbon dioxide processing cost, @, is the equivalent
emission coefficient for electricity, and @, is the
equivalent emission coefficient for natural gas.

As shown in (3), the amount of NG withdrawn from the NG
network is consumed through the SPCAES during the
generating mode, PGU and AB together. The cost of
processing emissions resulting from supplying various
loads with energy through non-renewable energy
conversion methods, such as CCHP units and boilers, is
calculated based on electricity purchased from the network
and the amount of NG withdrawn from the NG network
using (4).

R PGU
I ( ,. PTI(t) + B, ["e O

HHRU(t) HAB(C) SPCAES (t) (4)
PGU AB SPCAES ]) . At
NMh NMh Na

Moreover, the cost of customers’ dissatisfaction resulting
from integrated thermal and electrical DRPs is mainly
because they have to change their energy consumption
pattern versus their comfort standards while participating in
DRPJ[51]. Therefore, the dissatisfaction costs arising from
electrical and thermal DRPs should be defined by (5) and
(6), respectively.

Ceprp = Xt PUP () X @B VP + PPO(t) x @FP0 ®)
Cupre = X HUP () x ¢"UP 4 HPO(t) x gHP0 6)

3.1.2 Energy balance constraints:
The electrical hub power balance can be written as:

PE(t) + PPV(t) + PYT(t) + PPCU(¢) +
PgPCAES(t) + PFC (t) + PDO (t) —
PL(t) + PEV(t) + PISC(¢) + ()
PCSPCAES (t) + PEL (t) +
PRO(£)+PUP ()

Furthermore, the thermal hub power balance is illustrated
as:

UHRU.HHRU(t) + HAB(t) + PgESS(t) + HDO(t) — (8)
HL(t) + HA¢ + PTESS (£)+HYP (¢)

Moreover, the cooling hub energy balance is expressed as
follows:

CAC(t) + PISC(t) = CL(t) (3)

3.2 Modelling of equipment and constraints:
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3.2.1 Modelling of hydrogen system:

At a given time, based on the hydrogen demand (D"?) and
FC hydrogen demand, the total hydrogen energy generated
by the electrolyzer may or may not be sufficient to provide
the total hydrogen energy demanded Therefore, H2S
charges and discharges to reach the required balance
between hydrogen generation and demand at each time
segment as follows.

PEL(®) Xt = DM (6) + PIE() + H2™(H) — (1)
H2°*(t) VteT

Accordingly, the state of charge (SOC) of the H2S which
represents the amount of hydrogen energy stored in H2S at
each time segment can be calculated through the amount of
hydrogen energy imported or exported from it, in addition
to the amount of hydrogen stored in the H2S in the previous
hour as the equations below.

H2S(+) — H2S (4 _ H2™
S0C"*(t) =Ssoc"*(t—-1) + vz (11)
Hzex
HRVEZ ve>1
Hzim H26e%
S0CH(t) = SOCHP® +——m—— = 3t= (1)

1
The FC is used to supply the required electrical energy

when the hydrogen energy is redundant and also when the
electrical demand is at peak as in the following equation.

PFC = PI(t)x "¢ VteT (13)

The restrictions related to the H2S are illustrated as:

UEBS@O) + UES@®) <1 vteT (14)
H2m(t) < UM2(t) x K VtET (15)
H2°%(t) < UM?(t) xK VteT (16)

PEL(t) < pEL-max  yreT (17)

SOCH2(t) < socH2s—max yrer  (18)
As specified in (14) the H2S can’t operate at the generating
and load mode simultaneously. Egs. (15-18) declares the

corresponding limitations of the H2S and electrolyzer.

3.2.2 Reverse osmosis desalination unit modeling:

The interrelationships between freshwater generation and
electricity consumption can be illustrated as follows:

PRO(t) = WRO(t) x SECRO (19)

Eq. 20 shows the correlation between the hourly freshwater
demand and the amount of freshwater generated by the
SWD unit. As shown, the amount of pure water produced
from SWD is equal to the amount of water required every
hour due to the absence of a water storage tank (WST).

WRO(t) = WY4(t) (20)

3.2.3 Network modelling:

Through the transformer, electrical energy is exchanged
between the network and the electrical hub. If electricity is
in excess, EH exchanges the excess electricity with the
utility grid. Nevertheless, when electricity is inadequate,
EH purchases electricity from the grid as specified.

PE — PG‘rid X e (21)

In addition, constraint (22) indicates the allowable range of
the electrical energy swapped between the EH and the grid.

Prl;:tin = PE < Prflax (22)
3.2.4 CCHP unit modelling:

The CCHP units are basic energy-saving- facilities, which
are fed with NG to produce electricity, cool, and heat
simultaneously. As shown in Fig. 1, NG energy is
consumed by the PGU (PB/¢Y) for producing electricity
(PP6Y) and co-product heat (HH#RY) as illustrated by Egs.

(23) and (24).

PPGU = pPOU x pPaU (23)

HHRU — PgPGU x nkey (24)

The co-product heat produced by the PGU (H*RY) acts as
an input to the HRU and its output (H7RU x nfRUY s
injected into the thermal hub. Then the AC consumes part
of the heat coming out of the thermal hub for generating
cooling energy, which can be represented by the following
equation:

CAC = HAC x JeAC (25)
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The restrictions related to the minimum and maximum
limits of the PGU, HRU, and AC are specified in Eqs
(26)(27), and (28) respectively.

PPeU < pPGU < pPGU (26)

min
27
Higy < o < gy @0

Hpin < HAC < Hply (28)
3.2.5  Storage modeling
A) SPCAES modeling

The SPCAES consumes NG during discharging periods,
hence the SPCAES discharging equation is illustrated in Eq
(29). In the case of charging, the SPCAES only consumes
electrical energy working at the load mode.

SPCAES __ SPCAES SPCAES
Py = Pgas X Mg (29)

B) ISC modelling

The ISC is utilized in combination with the AC to get the
required cooling energy in the EH. Therefore, the use of
ISC offers many advantages, as it consumes electricity at
off-peak times to produce cooling energy, hence shifting
the electricity consumption from peak hours to off-peak
hours, which reduces power supply tension, as formulated:

PéSC — PéSC X kISC (30)

C) TESS modelling

TESS is ideally combined with other heating facilities, such
as CCHP and AB units to meet the heating requirements of
AC as well as the required heat loads. The TESS charges
during off-peak times working at the load mode and
discharges during on-peak times working in the generating
mode. Thereby reducing the total cost.

D) Storages constraints

The SPCAES, TESS, and ISC constraints on the
minimum/maximum charge/discharge energy and so on,
are provided in a set of Egs. (31) to (35).

0 < PP5(t) < PSnax X UPS(D) €2))

0< PESS () < PESS .. x (1 — UBSS(1)) (32)

d—-max

EESS(t) = EBSS(t — 1) — P55, () X n5%° +

PESSiax(®) (33)
()

Epin S E*5(0) < Epi 34

(33)

EESS(()) — EESS (24)

3.2.6  Auxiliary boiler model

To serve heating customers, in addition to CCHP and
TESS, AB is implemented as a common thermal product
technology for producing thermal energy through the
consumption of NG as follows:

HAE = pAB niB (36)

Moreover, the amount of thermal energy produced by the
AB in each period must be within the minimum and
maximum limits specified in Eq. (37).

HAB < HAB < pAB (37)

min = max

3.2.7 EVs modeling

EVs charging model:
Because the behaviors of EV owners are random, for
example, arrival time, departure time, and travel
distance/tim[8] . A suitable probability distribution function
(PDF) must be used to model the analytical behaviors of EV
OWners.

e EVsdriving distance

exp (_(lnz):-_“'D)Z) (38)

Fp(X) = J2mopXx 2
Eq. (38) declares the logarithmic distribution function of
the daily EV driving distance.

e EVs’ arrival and departure time

Charging of EVs usually begins in the evening when car
owners arrive home. Through the normal distribution
function, the arrival time of the electric vehicle is
determined as formulated by Eqg. (39).
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F4r(D
1 (—(t + 24 — pyp)?
ex
_ IJZTL’UAR P 204"
—(t — uar)?

1
ex]
L,/ZTMAR p( 20452

)OStS,uAR—lz (39)

)#Ak—ustgzzt

Moreover, the departure time also follows normal
distribution, as presented in Eq (40).

Fpp(t)
( 1 (‘(f - HDP)2>
ex] 0<t< +12
V2mopp P 20pp? Hor (40)

—(t — 24 — ppp)?

1
exp
\/ 2mopp < 20pp?

> tpp +12 <t <24

Furthermore, two popular EV charging modes affect EH
operation significantly.
A) Uncoordinated EV charging mode:

The charging of the EVs in the uncoordinated mode
depends on traveling distance, arrival time, departure time,
and other EV characteristics.

B) Coordinated EV charging mode:

In this mode, the EVs on the contrary charge at off-peak
hours simultaneously.

C) EVs constraints

= EV EV
E‘E‘g - E‘E}g—l + Nenne X Echne X At (41)
— (At x Eggh,n,t)/nggh,n,t

EEV < REV < EEV (42)

minn = “nt = “max,n

0<EE, <EE x eBV. . (43)

chnt = “ch—-max,n

EV EV EV 44
0< Edch,n,t =< Edch—max,n X Sdch,n,t ( )

Enme + Edtnme = L,YN,t € [tapn, tppn] (45)
Enme + Ednme = 0,Y1,t [tar s top ) (46)
0< D B8 e < B @)

:
0< ) Efine < B mas (48)

As reflected in Eq. (41), the amount of energy stored in
electric vehicle batteries is determined depending on the
stored energy available in the previous time interval and the
last discharge/charge energy. As in Eq. (42), The stored

energy must be limited to a certain range to protect the EVs’
batteries. The peak value of charging and discharging
energy of EVs are restricted as in Egs. (43) and (44). Eq.
(45) declares that when the EVs are associated with the EH,
they cannot be charged and discharged simultaneously.
However, if the EVs are not linked with the EH, they cannot
be charged or discharged, which is restricted by Eq. (46).
When EVs are charging or discharging, the maximum
power transferred between the EVs and the EH in both
cases is limited by Eqgs. (47) and (48) respectively.

3.2.7 DRP model for Electrical and thermal loads

There are two distinct models of DRPs; price-based DRPs
[52] and incentive-based [53]. In this paper, price-based
DRP is considered. Thus, the proposed optimization
problem should be solved, taking into consideration the
thermal and electrical DRP limitations.

A. Electrical DRP limitations

The constraints of the electrical demand response program
(EDRP) are as follows:

D P =) PP )

The total electrical power transferred upward must be equal
to the electrical power transferred downward during each
day of the study period (4 days) as in Eq. (49). The
maximum amount of electrical energy shifted up/down is
limited by the Egs. (50) and (51) appropriately. The EDRP
can’t shift the electrical load up and down at the same time
as illustrated by Eq. (52).

0 < PUP(t) < (MR®VP - PL(t) - e2VP(£))  (50)
0 < PPO(t) < (MREP° - PL(t) - €5P°(t))  (S1)
0 < eEUP(t) + ¢EPO(t) < 1 (52)

In the above equations, eZUP(t) and £P(t) represents
the logical variable of Shifting up/down of the electrical
demand in period t. For example, the one value of ££V7(t)
represents that the electrical demand is shifted up at the t-th
interval. Otherwise, the zero value represents no shifting-
up demand.

B) Thermal DRP limitations
As in the EDRP, the thermal demand response program
(HDRP) decreases and increases the thermal load at certain
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times according to the following restrictions:

Zt HYP (t) = Zt HDO(t) (53)
0 < HYP(t) < (MRHUP « HL(t) = eUP (1)) (54)
0 < HPO(t) < (MR™P? % HL(t) * e™PO(1)) (55)
0 < ehUP(t) + eHPO(t) < 1 (56)

Eqg. (53) illustrates that the total thermal energy transformed
up should be equal to the thermal energy transformed down
during each day of the study period. In addition, there are
additional constraints on HDRP, as shown in Eq. (54-56).

4 Uncertainty modelling:
4.1 Wind power model

Because the energy generated from the wind system
corresponds to the relevant wind speed. Therefore, WT
power is calculated as in Eq. (57) implementing a Weibull
PDF for modeling the uncertainty related to the stochastic

performance of wind speed as indicated by Eq. (58)
00<v< Vei

X M v, <v<v
pu(v) = { Pratea X @ S Ve SVS U (57
Prated Vr svs Veo
k 0v,<v
£,(v) = ba—bvb—le—(g)b (58)

4.2 PV model

For modeling the solar irradiation of PV panels, a Beta PDF
is used. Hence, The PDF of solar radiation (PDF) at any
given hour is usually justified by a bimodal distribution
function that linearly combines the two monomodal
distributions with the beta PDF. For each unimodal
distribution, the Beta PDF is used indicated by Eqgs (59-61).
Both the PV panel’s output power and the power generated
by the solar collector are a function of the efficiency of the
PV modules, irradiance, and surface area which can be
formulated by Eqs (62-63).

Ppv(si) = NPV X sP¥ X si (62)

Dsotar (S1) = 77501 X 5% X si (63)

4.3 Loads uncertainty modeling

To model the uncertainty of all the requirements involved,
which include hydrogen, cooling and heating, fresh water,
and electricity, a normal PDF is used as shown.

~(-ug)*

X e 204° (64)

1
fd(l) - dem

l=zXo4+ Yy

5. Mathematical model and solution algorithm

5.1. PSO algorithm:

For continuous optimization problems, the standard particle
swarm optimizer (PSO) algorithm is used as a kind of
practical optimization method. PSO has many advantages
such as low search rate and high convergence. Therefore, it
is widely used to solve multi-objective problems in power
systems. The swarm incorporates numerous particles.
Every one of them presents a candidate solution, i.e. each
of them is usually a scalar vector. As shown in the following
equations, to achieve the required goals, the variables must
be updated using search particles.

Vik+1 =w X Vik + C; Xrand,(.) X (szesr,i -
XF) + €, xrand, () X (Gfoer; — XF)
Xik+1 — Xlk + Vik+1 (66)

(65)

where V¥*1 is the updated velocity vector of the
i "particle; rand, (.) and rand,(.) are arbitrary numbers
restricted by [0, 1] values; X**! illustrates the updated

position of the i*" particle; w, C;, and C, are weight
movement factors and learning factors, consequently.

5.2. The mathematical model:

In the proposed mathematical model for optimal operation,
the variables are binary and continuous. The continuous
variables such as the electrical energy swapped with the
upstream network, the electrical power generated by the
CCHP, the electrical power consumed by the electrolyzer,
input electrical power to the SWD operation, the electrical
power exchanged with the SPCAES, the electrical power
transformed up/down, the output thermal power of AB,
input thermal power to the AC, the thermal power swapped
between the TESS and the thermal hub, the input electrical
power to the ISC, the thermal power transferred up/down,
ateach hour. The binary variables are implemented to stop
the consuming and generating modes of the storage from
running at the same time. It should be noted that the Normal
PDF is used for electrical, thermal, hydrogen, freshwater,
and cooling demands, Beta PDF for PV, and Weibull PDF
for WT which are considered in the model. The vector of
decision variables is as shown.
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L@stBs) o cilas—1) — BV < 5i < > >
£, (si) = {F(as)F(Bs) X Si X (1 —si) 0<si<1, a; =0, f;=1 (59)
0 a ) otherwise
He X (1+ 1
ﬁs = (1 - us) X (% - 1) (60)
S
Hs X B
Qg = —= 61
Tw ©1

6. Case study
6.1. test system settings and information

The scheduling horizon in this subsection is specified
to be 96 hours. The total time horizon is then divided into 4
days by setting one hour as the calculation period. Fig. 2
depicts the electrical and thermal loads per hour[26]. The
electricity demand is high during the middle of the day
during all seasons, but its maximum value is in the summer,
while the demand for thermal energy during all seasons is
at its maximum at the beginning and end of the day, and the
maximum value it reaches between all seasons is in the
winter. 400 EVs are supposed to be in this energy center.
The charging energy of an electric vehicle is equal to its
daily energy consumption. The uncoordinated charge load
of EVs over the 96 hrs in addition to the hydrogen energy

PETid(t), PPOU (t), HAB (t), PS4ES (1),

and cooling demands are demonstrated in Fig. 3. As
indicated the demand for cooling energy is high during the
summer, while the winter does not witness any cooling
loads. As for hydrogen loads and EV charging, they are
equal over the four seasons. Water loads are also equal over
the four seasons for a one-year time horizon [8] as
displayed in Fig. 4. The forecasted electricity and gas prices
for all seasons [26] are shown in Fig. 5. As demonstrated,
the electricity market for each season changes hourly so that
the market witnesses low prices in the first half of the day.
However, prices rise to reach the peak in the second half of
the day and after that, the general trend is downward. While
the gas market includes one tariff for each season of the
year. Fig. 6 presents the characteristics of the PV and WT
output power[26, 54]. The parameters of the EH component
and other useful data are tabulated in Table 2.

YO = {press o), pise 01, PP (o), PRO (), PUPIP0 (0, HUP120 1) 7
Table 2. Parameters of the EH components [8, 26].
Parameters of Grid and ESSs
Parameter Value Parameter Value Parameter Value
PE. (kW) 0.0 PESS (kW) 470 nEss 0.95
PE (kW) 3500 PESS a(kW) 180 KISC 0.90
™R 0.99 nEss 0.9 @HUP (cent/kWh) 0.1
@100 (cent/kWh) 0.1 @EUP (cent/kWh) 0.1 @EUP (cent/kWh) 0.1
MREUP 0.5 MREPO 0.2 MRH:UP 0.5
MRH:P0 0.2
Hydrogen devices and SWD parameters
Parameter Value Parameter Value Parameter Value
SOCYST(m3) 700 ntt 0.75 SOCH2S (kw) 40
PEL (kW) 400 nfe 0.5
HHV"? 39.7 sochzs 4
Emission coefficients AC and HRU EVs
Parameter Value Parameter Value Parameter Value
B. (kg/kWh) 0.972 ntRY 0.82 EVeapacity (KWh) 40
B, (kg/kWh) 0.23 KAC 0.9 EVinitial_soc 20%
PGU EViax soc 80%
neeu 0.42 Parameter Value E((¥kg) 0.031
oy 0.48 Hok (kW) 0 P-cn (kWh) 8
PPSY (kW) 140 HAE, (kW) 2300
PRSY (kW) 1050 148 0.9
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Fig 6. The characteristics of the PV and WT output power.

6.2. Results and discussions:

The results of implementing electrical plus thermal DRP
and EVs are discussed in this section. Four cases were
considered for evaluating the effect of EV’s coordinated
charge mode and DRP considering water and hydrogen
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Fig 7. The electrical power balance of the studied EH
components during the base case.
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Fig 8. The thermal power dispatch under the base case.

system on the overall system cost as follows:
e Case 1: a basic case is taken into account with
no DRP and uncoordinated EV charge mode.

e Case 2: electrical DRP and uncoordinated EV
charge mode are considered in this case.

e Case 3: electrical and thermal DRP and
uncoordinated EV charge mode are considered
in this case.

e Case 4 (proposed): electrical and thermal DRP
with coordinated EVs mode are considered.

1. The base case results:

The electrical power dispatch of the studied components
of the EH, i.e. the CCHP unit, SPCAES, EVs, hydrogen
system, and water system is provided in Fig. 7. As can be
seen, the CCHP unit was operated during the winter and
fall seasons since the thermal load is highest in the winter
and fall seasons so the CCHP works to supply thermal
energy in addition to the electrical energy. The SPCAES
also assists the EH by charging during off-peak energy
market hours, for example in the winter season, charging
at times such as t = 1-8, 13-19, and 23, and discharging
during peak hours such as 9-12, 20-22, and 24. The
scheduling of EVs depends on their arrival and departure
times, and the energy market does not influence EVs
significantly. The energy market does not affect the water
system because the amount of electrical energy
withdrawn from the EH to produce water depends on the
amount of water required per hour. As for the hydrogen
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system, H2S discharges during high electricity price
hours to reduce the electrical energy drawn by the
electrolyzer at these times to meet the hydrogen loads.
The results of thermal energy distribution under the base
case are shown in Fig. 8. Since CCHP produces electricity
and thermal energy concurrently, it is obvious from the
figure that it also produces thermal energy at peak times
and the boiler produces thermal energy at high thermal
load times to reach the required balance. The heat storage
unit collaborates in getting the required balance under
case 1; the redundant thermal energy produced by the
thermal hub is used to charge the TESS during times of
low thermal energy tariff as shown. Other than that, the
TESS is unloading.

As Fig. 9 shows, when there is a cooling load, both the
AC and the ISC supply the cooling loads with the required
energy. The ISC charges electricity during low electricity
costs and discharges cooling energy during high electrical
power prices.
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Fig 9. Dispatched cooling power during the base case.
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Fig 13. The thermal power balance during case 2.
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Fig 14. The optimal cooling power dispatch in case 2.
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Fig 15. The effect of applying EDRP on the total cost of the
EH.

2. Results of case 2:

Figs. 10 and 11 illustrate the effects of the EDRP on the
electrical loads. To decrease the total costs of the EH, the
customers reduce their load during peak hours in the
energy market and shift it to off-peak hours for
participating in the EDRP. For example, in Fig. 10 in the
winter season, loads are shifted from hours t = 6, 8-13,
17-18,20-23, in which energy prices are high, to other
hours in which energy prices are low.

Fig. 12 shows the balance in electrical energy between
production and consumption per hour in the case of
applying EDRP. As shown in the figure, the electrical
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load differs from the base case as a consequence of
shifting the electrical load from peak hours to off-peak.
Therefore, the electrical energy produced by the PGU
increases during times of low electricity price hours
compared to the base case due to the increased load
during these times. For instance, the power produced by
the PGU increases during times 25-28, 37, 47-48 and
decreases during the rest of the day. As for the SPCAES,
due to the increased load during off-peak hours, the
charge of the SPCAES decreases during times of off-peak
compared to the base case. For example, in the spring
season, at the following times: 25-28 30-32 37 40-41 48
the charge of the SPCAES decreases. Likewise, for ISC,
the value of the electrical energy consumed for charging
it during times of off-peak is lower in the second case than
in the first case. For instance, in the spring season, at
times 31-32,38-43, and 47, the value of the ISC charging
power decreases in the second case compared to the first
case.

As we mentioned in the previous paragraph, the
production of CCHP from electrical energy decreases in
times of high electricity prices. Therefore, the production
of CCHP from thermal energy also decreases at these
times. For example, in the winter season, the thermal
production of the HRU decreases in periods 9-12 and 20-
21, which are peak hours, and increases in the following
times 4-7 13 19 22-23 which are off peak hours. As a
result, the production of thermal energy by the AB
increases during the periods 9-12 and 20-21 to reach the
required thermal balance, as well as for the rest of the
seasons. As shown in Fig. 13.

The optimal cooling power dispatch in case 2 is
represented in Fig. 14. As indicated as a result of the
decrease in electrical energy consumed to charge the ISC,
the cooling energy discharged is correspondingly
reduced Therefore, the cooling energy produced by AC
increases to reach the required balance in cooling energy.
Fig. 15. shows the effect of applying EDRP on the total

cost of the EH. The results show that the EDRP reduces
the total costs by 4.0% compared to the basic case with
total electrical power transferred up for each day equals
the total electrical power transferred down for the same
period.
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Fig 16. The electrical demand of case 3 compared to the base
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3. Results of case 3:

Fig. 16. Declares the electrical demand by applying
electrical and thermal DRP compared to the base case. As
mentioned in the second case about the effect of adding
EDRP on the electrical load, the same thing happens to
the electrical load in the third case. As for the shape of the
heat load with the addition of HDRP, Fig. 17. Shows the
times when there is an increase or decrease in thermal
energy. As shown, during times of high thermal load, the
HDRP reduces the loads and adds these loads at non-peak
times. For example, in the fall season, the heat load
decreases at times 73-80, 87-88, and 90-92, which are
peak times, and increases during the rest of the times
during non-peak times. Fig. 18. Shows the final form of
the thermal load in the third case and also explains the
difference between it and the basic case.

Regarding electrical balance, it is exactly as mentioned in
the previous case, as shown in Fig. 19. As for the thermal
balance illustrated in Fig. 20. Due to the decrease in
thermal loads at peak times, the thermal energy produced
by the AB decreases at the same times. For example, the
thermal energy produced by the AB decreases at the
following times 1-8 and 22, which are considered peak
times during a winter day. Therefore, the energy
consumed through the AC increases during peak times.
Due to the increase in the thermal energy consumed by
AC, the cooling energy generated from it increases
accordingly, and this helps in reaching the required
balance in cooling energy as a result of the decrease in the

charging and discharging energy of the ISC which is due
to implementing EDRP as shown in Fig. 21. Which
shows the optimal dispatch of cooling energy in case 3.
As a result, the total cost in the third case is significantly
lower than the first case by 4.8%, as observed in Fig. 22.
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Fig 23. the difference in the EVs load pattern between
coordinated and uncoordinated modes.
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Fig 24. The electrical demand of the proposed method
compared to the base case.
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4, Results of case 4:

In this case, the EVs are charged in a coordinated mode,
which is a price-based mode for charging the EVs the
difference in the EVs load pattern between coordinated
and uncoordinated modes is declared in Fig. 23. As for
the electrical and thermal demand, as mentioned in Cases
Table 3. The comparison of the costs of different cases.

2 and 3 about the effect of the EDRP on the shape of the
electrical demand, it changes in the same way in Case 4.
Likewise, the thermal load in the fourth case changes in
the same manner as was mentioned in the third case, as
shown in Figs. 24 and 25.

Fig. 26. Represents the optimal dispatch of electrical
power by applying EDRP, HDRP, and coordinated EVs.
As shown, the EVs charging power in this case decreases
during times of high electricity price hours and increases
during times of low electricity price hours. Therefore, the
charge of ISC decreases accordingly, and the amount of
electrical energy produced by the PGU during times of
peak also decreases. It is clear from Fig. 27, which shows
the shape of the thermal balance in case 4, that changing
the charging mode of the EVs does not have a noticeable
effect on the shape of the thermal balance in the third case.
Due to the decrease in the charging energy of the ISC,
consequently, the discharging energy of the ISC also
decreases. To maintain the balance in cooling energy
between generation and consumption, the cooling energy
generated by the AC increases as represented in Fig. 28.
The total cost and the difference in the total cost between
the basic case and the proposed case per hour are
illustrated in Fig. 29. The results show that with applying
electrical and thermal DRP with coordinated charge mode
of EVs the total costs are reduced by 6.3% compared to
the basic case with total electrical, thermal power
transferred up for the 24 hours equal the total electrical,
and thermal power transferred down for the same period.
The total EVs load throughout the day is also equal to the
uncoordinated state. The comparison of the costs of
different cases is represented in Table 3. Fig. 30
Illustrates the difference between the total cost for the
four cases and the cost reduction percentage for the four
cases as well.

Electrical cost Gas cost Emission cost Discomfort Cost | Total cost gj;t reduction
Case 1 11537.2 35144.7 1961.2 - 48643.1 -
Case 2 11355.2 33476.6 1931.4 20.2 46783.5 4.0%
Case 3 11424.9 32983.5 1932.6 67.4 46408.3 4.8%
Case 4 11334.7 32412.4 1921.6 77.6 45746.3 6.3%
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Fig 30. The total cost and the cost reduction percentage for the four cases.

5. Comparison with an existing work

To illustrate the superiority of the proposed work
implemented in this paper, it is compared with other
similar research on the same point such as [4]. Therefore,
by comparing the results of implementing electrical and
thermal DRP with managed EV charging mode for both
papers, it is concluded that by implementing electrical and
thermal DRP with EVs managed charging mode, the total
cost of this system for one day is reduced by 9.1% while
in the existing work, the total cost is reduced by 5.33%.
As for the operation cost, it improved by approximately
9.56% while in the previous research, it was reduced
by .35%. Taking into account that this research paper
includes SWD operation, which represents an additional
electrical load that has not been taken into account in
existing work. This paper also includes a hydrogen
system which is not considered in existing work.

7 Conclusion

At present, EH is one of the traditional and effective
complementary systems through which the increasing
energy demand is met by integrating different energy
sources, especially renewable energy sources, due to their
advantages of reducing carbon emissions in addition to
other benefits gained from implementing RES. In this
paper, the optimal operation of a comprehensive EH
system including a CCHP unit, auxiliary boiler, SPCAES,
ISC, TESS, hydrogen system, SWD system, PV arrays,
and WT. The EVs are also considered to study the
demand for EV charging loads under coordinated and
uncoordinated charging modes which formulates a

fundamental contribution of this study, taking into
account the behaviors and interactions of EV owners.
Considering the undeniable role of demand response
programs (DRPs) as a suitable alternative to fix load
curves and increase system efficiency. Therefore
Developing prosperous optimal transactions of EHs by
applying thermal and electrical DRP under different EV
charging procedures is the main purpose of this study as
this optimization aims to deal with both economic and
environmental issues. For assessing the behavior of the
system considered, four cases were evaluated, including
unmanaged/managed EV charging, with and without DR
methods. Numerical results show that applying EDRP on
the studied system with unmanaged EV charging mode
can reduce the operational costs by 4.08%, achieving a
1.54% reduction in emission cost as well. These results
revealed that the minimization of operation and emission
costs in Case 2 has led to a decrease in overall costs by
approximately 4% compared to the basic case without any
DRP. The results also showed that by applying thermal
and electrical DRPs on the basic model with
uncoordinated EV charging mode, the total cost can be
decreased by 4.8% with a 5% reduction in operational
costs and a 1.48% reduction in emission costs. Notably,
Case 4, which encompassed both electrical and thermal
DRP and coordinated EV charging mode, presented the
most auspicious outcomes. It achieved a 6.3 % reduction
in total cost. Achieving a 6.51 % reduction in
operational costs, furthermore, a 2.06 % reduction in
emission costs is achieved. From this, it was concluded
that better economic and environmental conditions of EH
can be achieved by applying thermal and electrical DRP
with a managed EV charging mode.
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Appendix
Index yro 1 if RO is on at time t; otherwise 0.
T Set of hours in the operation period. Ve Cut-in wind speed (m/s).
Parameters Veo Cut-out wind speed (m/s).
CA¢(D) The cooling power generated from the AC at time t (kW). v, Rated wind speed (m/s).
C..(b) Carbon emission cost at hour t($) . WRO(t) The water generated by the SWD-RO at time t (m?).
C.(t) The net electricity purchasing cost at time t ($). W RO-max “The limit of the power generated by the SWD unit.
Ceprp Discomfort cost resulting from implementing the EDRP Wwe(t) The water demand of the EH at time t (m?).
Cuprp Discomfort cost resulting from implementing the HDRP pe(t) Sell and purchase Electricity price at time t ($/kWh).
Cy(D) The net gas purchasing cost at time t ($). nSPCAES The discharging efficiency of the SPCAES.
CL(t) The cooling demand of the EH at time t (kW). Neni The charging efficiency of the EV i.
D"2(t) The hydrogen demand of the EH at time t (kW) Nai The discharging efficiency of the EV i.
EESS(t) Energy remaining in the ESS at hour t (kWh). nEss The charging efficiency of the ESS.
EESS Minimum energy in ESS (kWh). nEss The discharging efficiency of the ESS.
EESS, Maximum energy in ESS (kWh). nEL The electrolyser efficiency.
HAC (1) Heating power consumed by AC at hour t (kW). nfc The fuel cell efficiency.
HAE, ?ﬁ{;l)mum heating power consumed by AC at hour t naB The heat generation efficiency of the AB.
HAS, l(\l/(lx;fnum heating power consumed by AC at hour t nbev The electrical generation efficiency of the PGU.
HA48(t) Heating power generated by AB at hour t (kW). nhev The heat generation efficiency of the PGU.
HAB Minimum heating power generated by AB at hour t (kW). nfRU The HRU efficiency.
HAE ?ﬁ;}/{;mum heating power generated by AB at hour t P The efficiency of the PV module.
HHRU (1) The co-product heat generated by PGU at hour t (kW). nsot The efficiency of the PV module.
HRU a/(ligl)mum heating power generated by HRU at hour t e Transformer cfficiency.
HERY 1(\1/(1;\1)\);;.mum heating power generated by HRU at time t £, (si) Beta PDF of si.
HYP (1) thermal power transferred up and down by the DR @FUP E DO Costs of Increasing and decreasing the electrical load
JHPO(t) program at time t by implementing the DRP.
. . Costs of Increment and decrement the thermal load by
H,UP [ gyH.DO
HL(t) Heating demand at time t (kW). [0 R l0] implementing the DRP.
H2™ (t) tTiﬁlz f?lf&,r;ed hydrogen power to hydrogen storage at 6 Carbon dioxide processing cost ($/kg).
H2% (¢) The exported hydrogen power from hydrogen storage at o Equivalent emission coefficients for electricity
time t (kW). e (kg/kWh).
KA¢ Performance coefficient of AC. D, Equivalent emission coefficients for gas (kg/kWh).
K's¢ Performance coefficient of ISC. pg(t) Gas price at time t ($/kWh).
MREUP Maximum increment and decrement ratio for the
/MREDO electrical requirements. W Mean of forecasted demands (kW/m?2).
MRHUP Maximum increment and decrement ratio for the thermal L
/MR#P0 requirements. s Mean of forecasted solar irradiance (kW/m2).
NO; The number of EVS connected to the grid at the time (t). fa® Normal PDF of 1.
The electrical power consumed by the electrolyzer at
EL
P=(t) time t (kW). a Parameter of the Beta PDF.
pEL-max Maxlmum imported power limit by the electrolyzer at B, Parameter of the Beta PDF.
time t (kW).
PFe(t) ;Fg::vsl)ecmcal power generated from the fuel cell at time 0g4 Standard deviation of forecasted demands (kW/m2).
Pre(t) 2;(]1\;,;1 ydrogen power consumed by the fuel cell at time t oy Standard deviation of forecasted demands (kW/m2).
PISC(t) The charging power of the ISC at time t (kW). o, Standard deviation of forecasted solar irradiance
(kW/m2).
PISC () The discharged power of the ISC at time t (kW). At Time interval (one hour).
PRO(t) The electrical power consumed by the SWD-RO at time £, (V) Weibull PDF of v.
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PSPCAES(t)
c
P&S'PCAES (t)

PgSPCAES
PYP(t)
/PP (1)
Pch,i,t(t)
Pch,,max(t)
Pyie(t)
PE(®)

PE

min
I8 n%‘ax
PESS(8)
PE* ()
P ESS

c—max

ESS
Pd—max

PEV(t)
AB
ks
G
ng u

PESU(2)

PPGU

min

PGU
Pmax

perid(¢)
Foas
PTESS (1)
PIESS(6)
PL(t)
PPV(t)
Prated
PWT(t)
SECRO
si
S0C;,
SOCH?5(t)
SocHZS—max
sPv
gsol
u
UESS(t)

H2S
Ue

t (kW)
The charging power of the SPCAES at time t (kW).
The discharged power of the SPCAES at time t (kW).

The value of gas entering the SPCAES (kW).

electric power transferred up and down by the DR
program at time t

The charging power of EVS at time t (kW).
The charging capacity of each EV at time t (kW).

The discharging power of EVS at time t (kW).

Real power exchanged from the upstream grid after
transformer at time t (kW)

Minimum Real power exchanged from the upstream grid
after transformer at time t (kW)

Maximum Real power exchanged from the upstream grid
after transformer at time t (kW)

The charging power of ESS at time t (kW).

The discharged power of ESS at time t (kW).

The maximum charged power of ESS at time t (kW).
The maximum discharged power of ESS at time t (kW).
The power of the EVs at time t (kW).

The value of gas entering the AB (kW).

The value of gas entering the PGU (kW).

The electrical power generated from the PGU at time t
(kW).

The minimum electrical power generated from PGU at
time t (kW).

The maximum electrical power generated from PGU at
time t (kW).

The real power exchanged with the upstream grid at time
t (kW).

The value of the net gas entering the EH (kW).

The charged power of the TESS at time t (kW).

The discharged power of the TESS at time t (kW).

The electrical demand of the EH at time t (kW).

The output power of the PV modules at time t (kW).

The rated power generated from the WT at time t (kW).
The output power of the WT at time t (kW).

The SWD performance coefficient (kW/m?)

Solar irradiance (kW/m?)

State of charge of the EV i at time t.

State of charge of the HS at time t (kg)

The maximum SOC of the HS.

Area of PV module (m2).

Area of PV module (m2).

Charging status of EVs at hour t (1 for charging mode;
otherwise, 0).
Charging status of ESS at hour t (1 for charging mode;
otherwise, 0).
Charging status of HS at hour t (1 for charging mode;
otherwise 0).

Abbreviations
AB
AC

CAES

CHP
CCHP
DRP

EDRP
EH

ESS

EVs
FC
GA
HDRP
HRU
H2S
ISC

MG

MILP

NG

PDF

PEVs
PGU
PSO

PV
RES
RMILP
RO
SOC
SPCAES

SWD

TESS
WST
WT

Auxiliary boiler.
Absorption chiller.

Compressed air energy storage.

Combined heating and power unit.
Combined cooling, heat, and power.

Demand response program.

Electrical demand response program.
Energy-hub.

Energy storage systems.

Electric vehicles.

Fuel cell.

Genetic algorithm.

Heat demand response program.
Heat recovery unit.

Hydrogen storage.

Ice storage conditioner.

Microgrid.

Mixed integer linear programming.
Natural gas.

Probability distribution function.

Plug-in EVs.

Power generation unit.

Particle swarm optimizer.

Solar photovoltaic.

Renewable energy resources.

Robust mixed integer linear programming.
Reverse osmosis technology.

State of charge.

Solar-powered compressed air energy storage.
Sea water desalination.

Thermal energy storage system.

Water storage tank.

Wind turbine.
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