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This paper proposes a plenary structure of an energy hub system to combine
electrical, thermal, cooling, and water infrastructures to promote modern
distribution systems and increase flexibility and efficiency. The LSTM neural
network predicts electrical loads with controlling variables such as air temperature,
wind speed, humidity, holidays, and weekends. It is assumed that the system
operator likes to use groundwater sources better. However, climate change, land
subsidence, droughts, destruction of glaciers and lakes, dust storms, and
inadequate water and food sources for future generations are the main challenges
of unsustainable use of groundwater sources. A multi-objective optimization is
proposed to simultaneously keep down the total operating costs and use of
groundwater sources in the system. Renewable energy resources, electric vehicles,
responsive electrical and thermal load programs, and energy storage systems have
been developed to increase flexibility in the proposed system and are tried out in
a standard case study. The simulation results show that the proposed approach
reduces groundwater extraction by 26.88%.
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1 Introduction

Due to the growth in electricity and thermal energy
consumption and the need for reliable, safe, and frugal, energy
hub systems effectively provide services to end-users with
minimal environmental impact [1]. An energy hub system is a
system that controls various energy carriers such as electricity,
natural gas, cooling, heating, and water in an integrated
manner [2,3]. Increased flexibility, efficiency, effectiveness,
and reduced greenhouse gas emissions have made the
integrated planning of energy hub systems a topic of specific
interest [4,5].

Multiple papers have been conducted on the optimal
performance of energy hub systems. The potential relation
between renewable energy sources (RESs) and the load
demand of an energy hub system has been in [6,9]. A
combined stochastic method with information gap decision
theory has been proposed in [7] to demonstrate the impact of
electric vehicles (EVs) on the performance of an energy hub
system. Mid-term energy management of multi-carrier
networks considering the intermittent behavior of RESs has
been investigated in [8] using robust optimization. The [11],
has proposed a novel energy hub system approach for
estimating the electricity consumption of EVs. Also, the
authors in [12] have evaluated the efficiency of various types
of EVs with different penetration rates on the management
skills of an energy hub system. In several studies, the
combination of many energy types such as heat, cooling,
electricity, and water in an energy hub system has been
proposed [10-13]. However, the lack of consideration for the
role of the cooling storage system converter in [13], the lack
of EVs in [10], the lack of consideration for demand-side
management in [11], the lack of consideration for the thermal
storage system in [12], and the limitation of water energy in
[14] have created a research gap to provide a comprehensive
modern energy hub system, which this paper attempts to
address.

Industrial desalination units usually use saline waters to
supply, the necessary freshwater for their customers. As the
energy consumption of these units for water desalination is
very high, in this study, we have assumed that the system
operator prefers to use groundwater sources. However, climate
change, drought, dust storms, land subsidence, wetland and
lake degradation, and insufficient water and food for future
generations are the main issues with the intolerable use of
groundwater sources. Therefore, we propose a multi-objective
optimization to simultaneously minimize the total operating
costs and the use of groundwater sources in the proposed
system.

The main contributions of this paper can be summarized as
follows:

e The first objective of this paper is to provide a
comprehensive structure of the energy hub system that
integrates the electricity, heating, cooling, and water
processes.

e The second objective is to provide a multi-objective
decision-making difficulty to reduce the system's
operating costs and protect groundwater sources.

o Ultimately, the proposed optimal energy management of
water-energy nexus in multi-carrier systems is integrated
with renewable sources. The configuration of the proposed
energy hub system is shown in Fig.1.

This article is organized as follows: section 2 describes the
mathematical formulations of the proposed method. section 3
presents multi-objective decision-making. A simulation
analysis of the suggested model is developed in section 4.
Finally, in section 5 conclusions with future work are given.

2 Mathematical formulation of the
proposed method

The objective functions and physical constraints of sources are
described in this section. The operating cost of the proposed
system is shown in Egs. (1) to (8) [19,20]. Equation (1)
represents the day-ahead operating cost of the system, which
includes the cost of electricity trading with the main network,
the operating cost of the CHP unit, the operating cost of the
boiler, the costs of electrical and thermal demand response
(DR), and the cost of greenhouse gas emissions. The volume
of freshwater extracted from groundwater sources is another
objective function shown in Eq. (8). In this equation, EWWatr
presents the volume of groundwater extracted within the

planning horizon.
MinimizeCos ¢t = Cos t97¢ + Cos t°HP + Cos tPoiler +

Cos tFPR + Cos tHPR + Cos temission (1)
Cost9md =3, ¥ ps PIm¢ )

CostCHP = 3, G 29 A3)
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Energy storage systems (ESSs) play a vital role in energy hub
systems and make the system more pliable. Charging
/discharging energy determines how energy is recognized and
adjusted in different periods. When the energy price is low and
high, charging and discharging occur, respectively. In a
surplus state, energy is stored in the ESSs, and energy is
released in case of energy shortage. Equations (9) to (14) show
the physical constraints of the ESSs. Equation (9) shows the
electrical ESS's state of charge (SoC). The upper and lower
bounds for the SoC are provided in Eq. (10). The constraints
for the charging/discharging power are modeled by Egs. (11)
and (12), respectively. Equation (13) determines the mode of
charging or discharge. Finally, Eq. (14) explains that the initial
and final energies in the ESS must be equal [40]. Similarly,
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equations for the HSS and ISC energy storage systems have
been considered [21,22].
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In the proposed system, RESs in the form of wind turbine
(WT) and photovoltaic (PV) units have been considered. The
power generated by the PV and WT units in scenario s and
time t is shown in Egs. (15) and (16), respectively [23]. In this
study, Weibull and Beta probability distribution functions are
used to present the fluctuations in the production of wind and
solar units, which are commonly used in reliable studies [24].
Additionally, mixed-integer linear programming (MILP) has
been used to reduce scenarios with low probability and
decrease the computation speed. Reference [24] discusses
scenario reduction methods in detail.

0 < PD;/™ < MRLELE I (17)

0 < PDe,down < MRLE downLel”e,down (18)
ZtPDEUP Zt Dedown (19)

0 < IIP™P + 114" <1 (20)

The SoC of EVs is shown by Eq. (21). Equation (22) limits the
SoC of the EVs between minimum and maximum values. The
power consumption in their move mode is calculated using Eq.
(23). Equations (24) and (25) show the charging and
discharging ranges of each EV. Finally, the operation of EVs
is determined by Eq. (26) [26].
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The main objective of the energy hub system is to support the
required electrical, thermal, and cooling energy to the
consumers. For this goal, it must keep thermal, electrical, and
cooling balances. Equations (27) to (45) are considered for this
purpose. The heat generated by the boiler unit is defined by
Eq. (30). Equations (31) and (33) explain the electrical power
and thermal energy created by the CHP, respectively. The
input gas to the CHP and the boiler is limited by Egs. (33) and
(34). Electricity purchases from the upstream grid and the
thermal pipes are expressed by Egs. (35) and (36),
respectively. The charging power of the ISC is described by
Eq. (37), and its input power is limited by Eq. (38). The output
of the electric chiller is shown by Eq. (39), and (40) limits its

input power. The output of the absorption chiller is also shown
by Eq. (41), and its input heat is limited by Eq. (42). The heat
produced by the boiler is also shown by Eq. (43), and finally,
the input gas from the gas network is limited by Eqgs. (44) and
(45) [27].
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For the water system, the power consumption of water
pumping from the well is a function of flow and head, which
is specified by Egs. (46) and (47) [20]. Using desalination is
another way to meet the system's water demand. The power
consumption of water desalination is defined by Eq. (48), and
the water produced by the desalination unit is limited by Eq.
(49). The physical constraints of the water storage system are
shown in Egs. (50) to (54). Equation (50) describes the water
level in the water storage system, and Eq. (51) relates the
allowable water levels. The amount of water charging and
discharging is limited in Eqs. (52) and (53). Equation (54)
vouchs that the water storage system can only work in one of
the charging or discharging modes at a time. Finally, the water
balance and the electrical power used by the water section are
shown in Egs. (55) and (56), respectively [20].
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In this paper, an hourly electric load forecasting process using
the long-short term memory (LSTM) neural network has been
proposed. The forecasted load is related to the total electrical
load of Panama country. The proposed forecasting model
consists of two main stages. The first stage is to prepare the
entire dataset, including input and output features, for the deep
learning process through the pre-processing stage, which is
associated with the data mining process. The second stage
trains the LSTM neural network to obtain a correct model that
can map the nonlinear relationship between the system
features. To reduce the data size, each consumer is presented
with a so-called load curve. These curves are obtained by
averaging the daily load shapes for different hours of each
consumer, and these curves will be evaluated. Since electric
load forecasting topics are time series, the data structure must
be transformed into a time series format for neural network
training. Economic and climatic elements such as temperature,
humidity, wind speed, precipitation, and time affect the load
consumption, which we have used in this study to forecast the
daily load curve [20] and [28].

3 Multi-objective decision making

The study investigates the optimal performance of the energy
hub system from both the ecosystem and economic views. A
multi-objective decision-making framework is used to select
the best design. A normalized weighted sum method is
proposed to convert the original multi-objective problem into
a single-objective problem. This method has the advantage of
recognizing a single optimal solution. The objective function
model for the optimization operations is defined according to
Eq. (57), where Fl4@l and FNadir pregent the best and worst
solutions for each objective, respectively. Fig. 2 illustrates the
simulation steps.
F. F.

Min (ng FlNadir _1 Flldeal + Wég FZNadir _2 ledeal>

Yw?=1,w €01 (57)

4 Simulation Analysis

The daily electrical load profile in three Panama cities has been
considered hourly, from 2015 to 2020. Meteorological features
(such as temperature, humidity, wind speed, and precipitation)
and holidays (Saturdays, Sundays, and national holidays) are
applied as exogenous variables in the proposed models. The
average daily temperature and humidity are not fixed and have
a significant range, indicating different seasonal and
meteorological characteristics in Panama Country. Among the
selected elements, the temperature has the highest correlation

with the load, although the load has different correlation levels
in summer and winter [31]. The upper limit of the hourly
power swapping with the upstream network is assumed to be
500 kw, and the system under study includes ten EVs with
parameters taken from reference [26]. The specs of the
cooling, electrical, and thermal converters are given in Table
1, and the characteristics of the CHP unit and the boiler are
shown in Table 2 [20].

The study uses 80% of the daily data from the 5 years as the
training data to fit the models and 20% as the test data to figure
out the model performance. Figure 3 shows a representation of
the predicted electrical power. The correlation factor of the
exogenous variables shows that the study did not identify any
strong (greater than 0.8) or mild (greater than 0.6) correlations.
The planning horizon of the system is deemed to be 24 hours,
and for optimal and secure system operation, the data for each
hour is averaged. The study uses Python statistical software for
load data management and analysis and the GAMS software
for investigating the proposed optimization model method, and
two case studies are examined to appraise the simulation
results.

Case study I; This case moots the energy hub system with an
objective function that puts only the operating costs and does
not consider the cost of water supply.

Case study 2; This case considers the proposed energy hub
system cum a multi-objective function that consists of both the
operating costs and the cost of water supply.

The system optimizes the operating costs and groundwater
sources to gain a balance between ecosystem and operational
costs. The main findings show as from the simulation results
(see Figs. 4 to 11), that the electricity consumption by the
water network increased in the proposed model (case study 2)
compared to case study 1. In case study 2, the system prefers
to increase the availability of the desalination unit to reduce
the extraction from groundwater sources. Also, the simulation
results show that the proposed energy hub system shifts its
load to off-peak hours to reduce operating costs. The PEVs and
ESSs are charged during off-peak hours and discharged during
peak hours to take the upper hand in the lower electricity
prices. Similarly, thermal energy storage is also charged
during off-peak hours and discharged during peak hours to

reduce the overall system costs. The water balance shows that
in case study 1, the system extracts the maximum acceptable
water from groundwater, while the proposed model reduces
the extraction to support the groundwater sources by 26.88%.
The thermal balance shows that the CHP unit works at
maximum capacity most of the time because of its low
production cost, and the excess heat is used for cooling.
Ultimately, the cooling balance shows that the electric chiller
is essential to meet the cooling demands of the system. Overall
results, the proposed multi-objective model in case study 2
illustrates the ability to balance the ecosystem and operational
costs by optimizing the energy hub system design and
operation.
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5 Conclusion

This article willing a multi-objective decision-making
framework for optimal energy management in modern energy
hub systems using predicted electrical loads and considering
economic and environmental specifications. The proposed
model targets to keep safe groundwater sources and supplies a
major portion of the required freshwater through a desalination
unit. The proposed model improves the total water cost of the
system and stops environmental risks such as deterioration of
water quality, well depletion, and land subsidence.
Additionally, the system's thermal and electrical
demand management is combined to reduce its operating cost.
Moreover, electrical, thermal, water, and ice storage systems
increase the system's energy flexibility to manage the
alternative behavior of RESs. The optimization results show
that the proposed method reduces groundwater extraction by
26.88%. In future studies, we intend to test the proposed model
on several modern energy hub systems and model the
coordination between the systems using game theory.
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Figures and Tables
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Fig. 7- The water balance of the system in case study 2.
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Fig. 8- The heating balance of the system in case study 1.
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Fig. 9- The heating balance of the system in case study 2.
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Fig. 10- The cooling balance of the system in case study 1.
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Fig. 11- The cooling balance of the system in case study 2.
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Abbreviations
AC absorption chiller
CS cooling storage
CHP combined heat and power
CCHP combined cooling, heat, and power
DR demand response
ESS electrical storage system
EC electrical chiller
HS heat storage
1SC ice storage conditioner
IMES integrated multi-energy system
PV photovoltaic
RES renewable energy resources
WT wind turbine energy
Sets
t Index of time
v Index of PEV
Parameters
APY PV panels area
AV water tank cross-section
BPY number of PV panel
cop*e AC performance coefficient
cope¢ EC performance coefficient
COPise ISC performance coefficient
C Rsf » cost of increasing electrical loads
CR&own cost of decreasing electrical loads
c Rg’ru P cost of increasing thermal loads
CRhdown cost of decreasing thermal loads
Ceco2 penalty for CO2 emissions
E,inm minimum stored energy in storage system
Elax maximum stored energy in storage system
g” gravity of earth
Gf,:g’x upper bound of input natural gas to CHP
Ghoiter upper bound of input natural gas to boiler
HpgiLer upper bound of output heat to boiler
Hio upper bound of input heat to EC
w solar emission at time ¢
pY water density
/1‘? natural gas prices at time ¢
i electricity prices
ADPeY traveling distance
nPv water pump efficiency
nPev efficiency of PEV
ppevdisch efficiency of PEV for discharging power
npevch efficiency of PEV for charging power
Lch efficiency for charging mode of storage system
phdisch efficiency for discharging mode of storage system
photler efficiency of the boiler
nechp gas-to-electricity efficiency of CHP
nlehp gas-to-heat efficiency of CHP
ndw water desalination energy efficiency
Variables
Cos t97d cost of energy trading with the grid
Cos t°P CHP cost

Cos tboiler
Cos temission

Cos temission

Cos tEPR
Cos tHPR
cee
cge
ES{
EEi,disch
t
EEtl,Ch
h
G
Gg:oiler
H;;oiler

boiler cost

cost of pollutant CO2

cost of pollutant CO2

electrical DR cost

thermal DR cost

output power of EC

output power of AC

level of stored energy in energy storage i
binary variable for charging power
binary variable for discharging power
input natural gas to CHP

input natural gas to boiler

output heat of boiler

HEe
LHV
grid
Lma;x
L‘il
L‘Q’l
!
L
Lo
max

LYW
LL9W
MR Li,down
MRL™P
NPYmPL
Pi,disch

max
i,ch
PY:LZX

h
Prax

Ttpv,out
socke,
50Chax
U Cgorztd
ulger
Uo?
VtaC,Wt

co
we

input heat to AC

low calorific value of natural gas

upper bound of exchanged power with grid
electrical demand at time ¢

water load profile

cooling load profile

heat load profile

upper bound of water tank

reservoir level of water

water tank height

upper bound of shifted down for DR program
upper bound of shifted up for DR program
maximum power temperature coefficient
maximum power of storage system in discharging mode
maximum power of storage system in charging mode
maximum heat pipe power transmission
rated power of WT

upper bound of input power to EC

upper bound of input power to ISC

upper bound of charging power of PEV
upper bound of discharging power of PEV
consumed power of PEV

upper capacity of desalination unit

upper bound of charging measure of water storage
upper bound of discharging measure of water storage
standard temperature

ambient temperature at time ¢

PEV minimum SOC

PEV maximum SOC

main grid CO2 emission coefficient

boiler CO2 emission coefficient

CHP CO2 emission coefficient for

wind speed

cut-out speed

cut-in speed

nominal speed of WT

maximum purchased gas from gas network
binary variable for down-ward DR

binary variable for up-ward DR

water level of the storage

trading power with the main grid

electrical generation of CHP

heat generation of CHP

generating power of wind turbine

output power of photovoltaic cells

input power to EC

down-ward power in DR program

up-ward power in DR program

charging power of storage system i
discharging power of storage system i
PEV charging power

PEV discharging power

PEV binary variable in charging mode
PEV binary variable in discharging mode
water well pump power consumption
power consumption of storage pump
consumed power of water desalination
water network power consumption

input power to ISC

input gas from gas network

ground water extraction

water product of desalination unit
charging measure of water storage
discharging measure of water storage
stored energy in PEV

status of water storage charging

status water storage discharging
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