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ABSTRACT

This paper uses the energy hub concept to meet the water, heat and
electricity demand of a power plant in the Qeshm island in south of Iran.
Given the power plant’s high potential for waste heat recovery and some
scenarios were considered using the hub energy concept based on energy,
exerqy, environmental and economic analyzes in terms of meeting the
demands of the hub and purchasing/selling energy carriers including
electricity, heating, freshwater as well as its production using gas turbine,
steam turbine, boiler, Reverse Osmosis (RO) and Multi-Effect Desalination
(MED) system. Energy hubs are optimized based on the Genetic Algorithm
(GA) with the goal of supplying demand, as well as reducing costs and
pollutants and increasing the exergy efficiency which ultimately will be
selected using the concept of an enerqy hub at its optimal capacity. By
comparing the two energy supplying systems of the current case study and
optimal enerqy hub, results showed that the Total Annual Cost (TAC) level
decreased by about 257904 $/year and exergy efficiency increased by
34.31%. COz emission will also decrease by about 471 tons/year.

Keywords: Energy hub; Multi-Effect Desalination (MED); Reverse Osmosis (RO); Total Annual Cost (TAC);

Genetic Algorithm.

1. Introduction

Given that fifty-nine percent of drinking water
is supplied from the sea through desalination
processes [1], different methods have been
developed for the production of freshwater from
the sea across the world. Energy expenditure
(thermal, electricity) in water desalination
systems are as follows: RO<KMED<MSF (Multi-
stage flash distillation) [1-3]. From the years
2013 to 2014, 77.4 million cubic meters of
desalinated water was produced, of which 65%
was produced for the RO system [1].

* Corresponding author: Alireza Noorpoor

Graduate Faculty of Environment, College of Engineering,
University of Tehran, Tehran, Iran

Email: noorpoor@ut.ac.ir

Between the years 2015 to 2017, 3.7 million
cubic meters were added to this capacity [4,
5]. 40% to 50% of the main energy
expenditure for the RO system is relevant to
the operating system [2, 6]. The energy used
for RO system is dependent on the salinity of
the water as well as the system used for
energy recovery. For seawater, the energy
consumption with and without the recycling
device is 12 and 4 kWh/m’, respectively.
However, with the development and
improved performance of RO systems, the
price of desalinated water has decreased from
2 $/m’ to roughly 0.8 $/m’[1, 7]. However, the
MED thermal water desalination system is
still developing and has retained its position
across the world. MED system has a heating
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energy consumption of 71.7 kWh and
electricity consumption of 2.3 kWh [8]. The
existence of rich oil and gas resources in the
Middle East as well as the use of heat waste
has led to the installation of such systems at
various capacities. Energy consumption for
phase change in these systems is 2330 kJ/kg
[9].

Considering the high energy consumption
of water desalination systems as well as rising
fresh water demand (from 77.4 in 2014 to 92
million in 2018), this technology has become
a major source of CO, emissions [8]. In this
regard, CO. production is estimated at 100
million tons per year [1, 8]. In other words,
for each cubic meter of fresh water, about 3
kg of greenhouse gas is generated [10, 11],
and about 10,000 tons of oil is needed
annually to produce 1,000 fresh water in cubic
meters per day [12]. The increasing trend in
2040 will bring greenhouse gas emissions to
218 tons per year and an approximate
temperature increase of 2 °C [9, 13, and 14].
Because of potable water production in sunny
and remote regions, there is a new method
where primary energy is provided by solar
energy. This method the extensive scale
application of typical water desalination
methods is faced with several political,
economic and technological obstacles. Such
methods are not implemented in decentralized
areas which have weak infrastructure because
of a constant requirement of electricity supply
and qualified maintenance [15, 16].

Due to the high energy consumption of RO
and MED, in order to 1) reduce costs 2)
reduce greenhouse gas production 3) increase
productivity and 4) reduce gas and oil
consumption in energy rich areas (such as the
Persian Gulf), heat waste from factories can
be used to produce desalinated water and
meet regional demands (power generation
and water heating). The existence of rich gas
and oil resources has led to industrial
development in this region. Also, population
dispersion in the Persian Gulf due to climatic
conditions as well as the existence of various
islands in the area has become an issue for
governments to meet the existing energy
demand of residents. In regard to the water
production along with other energy
requirements is an energy-intensive process,
it is logical to define an energy hub. The point
of confrontation energy carriers, conversion
equipment, energy storage and energy

demand is known as the energy hub. Energy
hub utilization will lead to 1) reduction in
energy consumption 2) simplicity and high
accuracy in multiple system carrier analysis
and assessment 3) increased reliability 4)
multi-dimensional analysis of energy systems
(technical, economic, environmental). The
main element in defining energy networks is
the energy hub. Numerous researches have
been conducted on the hub. A residential
energy hub model was proposed by Brahman
et al. [17] that obtains solar radiation, natural
gas (NG) and electricity as inputs to provide
cooling, heating and electricity at its output
port. An optimization issue was dealt with
regarding the management of electrical and
thermal energy with the aim of reducing total
energy costs of customer’s input in terms of
NOx, CO: and SO« emissions. Mohammadi et
al. [18] addressed the advantages of
integrating  options such as  smart
technologies, storage systems, multi-
generation  systems, renewable energy
resources, demand side management and
distributed energy resources by proposing the
smart energy hubs concept. In order to utilize
renewable sources with zero emissions into
dispatchable combined cycle power plants,
AlRafea et al. [19] presented a modern energy
hub. For this energy hub, hydrogen is
introduced as an energy vector to replace coal
fired Nanticoke power plant. With the
addition of hydrogen into natural gases as a
combined cycle power plant’s fuel, additional
annual revenue reduction and costs will be the
consequences. CO, and NOx emission credits
will also increase. In order to start increasing
annual revenue, electricity should be sold at
0.12 $ per kWh with hydrogen at 3.7% in fuel
of CCPP. To maximize the employment of
waste heat from coal fired plants for the
benefit of factories in the vicinity, Togawa et
al. [20] proposed a stimulation process model
that integrates land use control, technology
systems and spatial analysis. The acquired
results showed that waste heat systems
exhibited several environmental advantages
compared to the individual boiler systems. By
employing waste heat, the consumption of
fuel oil is reduced by 16.05 TJ per year and
there is a CO. emissions reduction of 1204

ton/year.
Another solution to reduce energy
consumption and environmental

consequences is to use heat waste from
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factories and to implement a comprehensive
integrated system in remote areas suffering
from water shortages. This paper addresses
heat from a power plant. Iran is one of the
largest power plant based on natural gas
around the world [21-24]. In the case of
integrated systems and the use of heat waste,
the work of Salimi and Amidpour [25] can be
referred to, which, based on the R-curve,
examined the integration of different water
desalination systems. The results of this study
showed that according to the system
characteristic and its functional point before
or after the optimum point in the R-Curve, the
addition of each of the RO and MED systems
through the use of electric and thermal energy
(In order) is effective in improving the overall
system status. Chiranjeevi and T.Srinivas [26]
investigated the integrated system for a solar
steam plant, in which the MED system is
placed to recover the heat that previously
wasted by condenser. This research has been
carried out for a mine requiring desalinated
water to simultaneously produce water and
electricity. Marco Astolfi et al. [27] utilized
solar energy on a small island to increase
system sustainability for the production of
desalinated water. This section assesses a
photovoltaic and centralized control system
along with an organic Rankine cycle for the
RO and MED systems. The results of this
integration led to the reduction of fuel
consumption and are economically more
feasible compared to current methods.
Mokhtari et al. [28] proposed the
GT+MED+RO water desalination method
based on exergy and thermo-economics
analysis for the Persian Gulf region. The
system was designed on the basis of the
simultaneous generation of electricity and
water and could reduce total water production
costs. Muhammad Wakil Shahzad et al. [29]
proposed a combination of absorption and RO
systems based on low temperature industrial
heat sources or heat from sun to address lack
of water in the Persian Gulf region, which
resulted in 81% efficiency and energy
consumption of 1.76 kWh/m’. Azhar et al.
[30] produced power, desalinated water and
provided cooling as an integrated system
based on a solar cycle connected to a Rankine
cycle. This system functions based on
industrial heat, solar energy, geothermal
energy and ocean thermals. Arash Nemati et
al. [31] utilized heat waste from a large diesel

ship engine to produce desalinated seawater.
On the basis of the radiation curve amidst
optimization, the obtained efficiency was
37% and the cost of exergy destruction was
60 $/GJ. Reynolds et al. [32] suggested a
district energy management optimization
strategy for the optimization of district heat
generated from a multi vector energy center.
In this study, the variables such as building
demand are predicted in order to utilize using
a Genetic Algorithm to ascertain optimal
operating schedules of thermal storage,
heating set point temperature and heat
generation equipment. The outcomes show
the possible gain when energy is managed in
a holistic state, taking both supply and
demand into account as well as multiple
energy vectors.

By assessing various papers on energy hubs
and separating the subject areas of these
papers, it is clear that there are limited
assessments on heat energy carrier, electricity
and water that are subject to energy, exergy
and environmental analyzes. In addition, most
papers have addressed energy hub system
optimization in a single-objective manner.
Also, in all papers the coupling matrix
conversion factor is considered constant. In
this paper, by using the coupling matrix
parameters such as efficiencies, recoveries
and GOR are included variables. Hence, not
only energy flow will be optimized, but the
coupling matrix conversion factor and
components capacities within the hub will be
determined by considering design parameters.
For example, in the MED model, the final
value obtained for GOR in
the coupling matrix is related to the
temperature and hot water inlet. Moreover,
this paper addresses thermal loss in
electricity, heat and fresh water production
based on energy, exergy, economic and
environmental analyzes in a case study. In the
desalination system, both commonly used
MED and RO systems are implemented. To
produce fresh water, these two systems
require heat and electricity, respectively.

Some of the main novelties of this paper
are:

e Considering water as an energy carrier in
the concept of energy hub;

e Using two kinds of desalination systems
(MED and RO) for the production of pure
water from various sources of electricity
and heat, simultaneously;
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e Taking into account variable coupling
matrix factors (relative to the design
parameters of each component) in order
to increase accuracy of dispatch factors as
well as the operational model of the
system;

e Two objectives optimization of the power
plant energy hub by considering exergy,
economic and environmental analysis.

In this paper, an energy hub simulation
model is presented. The main energy sources
include CHP as the main energy source (both
heat and electricity), steam turbine and boiler
back up. For potable water production, the
hub uses RO and MED. Power and heat can
be utilized in other consumer destinations as
energy carriers. Thus, the objective of this
research is to create a simulated model which
combines various energy generation methods
that will be examined in terms of produced
emissions, cost per year of energy generated
and total energy production. The developed
model assesses the advantages of energy
hubs, in addition to environmental, energy,
economic and technological obstacles by
presenting numerous scenarios. MATLAB
software was used to simulate the mentioned
scenarios. Ten design parameters were
considered which consisted of RO water
dispatch factors, steam turbine power, backup
boiler heat, MED water, GT (CHP unit
power), boiler maximum heat, power
consumption per water desalinated, MED hot
water flow rate, MED hot water inlet
temperature and active recovery rate. Non
dominated elitist and rapid Sorting Genetic
Algorithm (NSGA-II) was implemented to
present a series of Pareto multiple optimal
solutions.

Nomenclature
List of acronyms
CCPP Combined-Cycle Power Plant
CHP Combined Heat and Power
CRF Capital Recovery Factor
CTGs Combustion Turbine Generators
EwW Energy consumption per Water
production in RO
GOR Gained Output Ratio
GT Gas Turbine

LHV Lower Heat Value (kJ/kg)

MED Multi-Effect Desalination

NSGA Non dominated elitist and rapid
Sorting Genetic
Algorithm

NG Natural Gas

MSF Multi-stage flash distillation

SDI Silt Density Index

TAC Total Annual Cost ($/year)

WHO World Health Organization

List of symbols

(OF Coupling matrix

C. Brine concentration [kg/m’]

CC RO capital cost subsystems

di Distance from the ideal point

D, Solute diffusivity [m’/s]

e, ex Exergy (kl/kg)

Ex Exergy flow (kW)

Thot Hot water temperatures (* C)

v Dispatch factors (-)

4 Capital cost rate ($/year)

Zi Component purchase cost ($)

Zosm Operation and Maintenance Cost

Subscripts

amb Ambient

b Boiler and brine

bp Brine Pump

CC Combustion Chamber

ch Chemical

CvV Control Volume

D Distraction

dmn Demand

e Exergy

hot Hot water

hpp High Pressure Pump

m Material/Membrane

max sl ~ Maximum Boiler

NG Natural Gas

P Pump

pipeline  Pipe line

Ph Physical

Q Heat

EWro Electrical consumption per water
production

F; Non-dimensionalize  objective

indexes
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fm Material correction factor

K Mass transfer coefficient [m/s]

L Output loads of the hub

LD. Output electrical loads of the hub
(kW)

LD, Output heat loads of the hub
(kW)

LD. Output water loads of the hub
(kW)

N Operation hours in a year

me Feed water flow rate (kg/s)

Mot Hot water flow rate (L/s)

P Input carriers of the hub

P: Exchanging electricity of the hub
(kW)

Pu Exchanging heat of the hub (kW)

Pw Exchanging water of the hub
(kW)

P Hub input vector

P Hub output vector

Q Heat flow (kW)

Rro Recovery (%)

Re Reynolds number

S Sell

ST Steam Turbine

SW Sea Water

w Water

w Membrane wall

i Interest rate

0 Standard Situation

Greek symbols

a,B,we  Type of energy carrier

n Efficiency

p Density (kg/ m’), Integer
Numbers

S Chemical exergy/energy ratio

€ Total cycle exergy efficiency (-)

T Operation hours per year (h)

o Fuel cost ($/kg)

Pes Selling electricity cost ($/kWh)

P» Density of the permeate [kg/m’]

T Osmotic pressure [MPa]

Buying electricity cost ($/kWh)

Yem Pollutant emission cost ($/kg)

2. Thermal modeling
2.1. Energy Hub

Increased environmental concerns, the lack of
fossil fuels, and the unlimited increase of
demand, coupled with the progress of
powerful multi-generation systems entails the
utilization of existing energy structures.
Efficient utilization of these systems wants a
management of integrated energy system for
optimal control. The energy hub is a new and
promising concept to optimally manage
multiple energy carrier systems. The energy
hub has undoubted potential for realizing
energy system models and moves towards
sustainable multi-energy system [18, 36]. In
order to achieve an integrated system, a
modeling and analysis framework for multi-
carrier energy systems must be developed.
The current model is between converter
devices based on the efficiency of the output-
to-input ratio. When there are numerous
outputs, a coupling or conversion matrix is
defined that represents the transformation of
energy carriers from the input to the hub
outputs. If necessary, storage devices are used
that take time and energy into account [37].
The energy conversion between different
energy hub ports is typically shown using a
coupling matrix (C). The relationship
between different input and output ports for
an example hub is shown in Fig. 1.

The exchangeable power in i and j ports are
expressed by Pi and P; vectors respectively
and these power vectors are related via the
coupling matrix by the following equations.
In this equation, the Cj is the coupling matrix
array which; according to the characteristics
of the existing elements, associate the hub
inputs and outputs (Eq. (1)) [37].

pa Coe ... (@) pa
AN \ ., o
ij Citjc_w Cic}_)w Piw
B !
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Fig. 1. Relationship between the input and output ports of an energy hub with a Cij coupling matrix [49]

There are two important properties in the

coupling matrix arrays:

1- According to the energy conservation
law, energy is not converted from one
form to another, but in the process of
conversion, there is also some energy
wasted, so all coupling matrix arrays
fall into the maximum or minimum
values according to the following
equation (Eq. (2)) [37].

ap
V(i j)ep and a,fe€c¢
In this equation:
v(i,j)ep=1{12),(34),..},a,f,wee (3)
= {Heating, Cooling, Electrical, Water}
2- According to the total energy

conservation law, all outputs converted
from a given input must be less than or
equal to the input value. Therefore, the
total arrays of each column in the
coupling matrix must be less than or
equal to the relation below (Eq. (4))

[37].
ap
0> c <1 4)
Bee ij
V(i,j)ep and a,Bec

If the output loads of the hub are represented
by L and the input carriers of the hub are
represented by P, the previous equation can be
rewritten as follows:

(%)

s L
Lol e - culle)

L P

As long as the coupling matrix elements,
known as an efficiency of energy hub
equipment, have a constant and independent
values, Eq. (5) 1is linear. However,
considering the dependence of the equipment
efficiency on the input energy, this equation
will be nonlinear [37].

Since one type of input energy into the hub
may be split into several parts and enters
various converters within  the hub,
coefficients named dispatch factors are
defined which represent the amount of input
energy assigned to each of the hub convertors.
In multi-output and multi-input hubs, the
number of coupling matrix elements depends
on the dispatch factors as well as the converter
equipment efficiency. Figure 2 shows the
industrial plant configuration evaluation for
this section. Commercially available water
oriented industry technology is the basis of
this design. This plant consists of a MED for
potable water production, RO plant, steam
turbine, and combustion turbine generators
(CTGs) and a boiler. The plant scope is
identified and specified according to the aim
of this research and multigenerational factors.
An alternative energy source and high
efficiency are proven properties of this plant
to minimize CO- emissions.
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Fig. 2. Schematic view of energy hub used in case study

Figure 2 presents thermal plant overall
system flow. Three varying potential energy
sources were taken into account. Heat waste
in gas turbine was the first source. The second
source was exhausted gas from the GT stack.
The third source was heat energy from the
boiler. Electrical load requirements for the
energy hub can be met using energy sources
such as electrical grid, steam turbine, and GT
systems. The dispatch factors vuep, Vaoier, Verr,
vsr and vro are in interval at all times [0, 1].
As previously stated, the energy hub model is
considered for multi-energy carrier systems
and represents continuity equations by
considering a control volume such that each
input energy carrier to the system is
multiplied by the coupling matrix coefficient,
exhibiting its influence on the considered
output load so that the sum of these inputs
determines the output load by taking the
energy hub productions and consumptions
into account. The important point is that the
output loads are known as specified quantity
in each energy hub which ultimately, by
expanding the equations (Table 1) and
implementing  decision variables and
assumptions for each equipment and energy
converters, the required input energy to the
system, the coupling matrix coefficients, and
hence the capacities of each equipment can be
determined. The decision variables for each
equipment and dispatch factors are related to
the considered objective function in

optimization and will be determined
accordingly. Thermal, electrical and water
loads shown as LDy, LD. and LDw

respectively. Section 7 shows decision
parameter values, Vmep, Vsoiter, Vst, VRo, Rro, Thots
Maot, EWro, Qumaxseiler Which are determined by
the GA optimization method given their
limits. The values of GT efficiency (ncwr) and
steam cycle efficiency (nsr) are obtained
according to the reference curve of the power
plant characteristics. The GOR value will also
be determined from section 2.3 from the Tha
and M.« decision variables. According to
Table 1, 12 variables can be determined from
12 equations and the energy hub can be
obtained.

In Table 1, row 1 of the energy continuity
equation for electric current is presented in
Fig. 2. In GT power generators and steam
turbines, these inputs should be equal to
electrical consumption of RO and the power
consumption of the hub. Rows 2 and 3 are
auxiliary equations that are extracted
according to their definition. In row 4 of this
table, the hub water affinity equation is
presented. The water produced by the RO and
MED system should be equal to the demand
for water. In row 7, the heat produced by the
GT, boiler and heat waste from the gas turbine
are heat generators in the hub, which should
provide the heat required by the steam
turbine, MED and hub thermal demand. Also,
the current (P:), water (Psw) and heat (Pu)
input to the hub from the grid or the output
from the hub to the grid can be placed with a
positive and negative sign respectively. All
equations of rows 2, 3, 4, 5, 6, and 8 are
defined by dispatch factors vcuwe, Vst, Vro, Vmep
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Table 1. Design equation for energy hub model [20]

. . . Specified Decision
Row Equations Unspecified quantity quantity variables

1 PeCHP + PeST + PE - PeRO - LDe = 0 PeCHP, PeST, PE, PeRO LDE
2 Pecyp = veyp(Pesr + Pg — Pegg) Uchp
3 Pegr = vgr(Pecyp + Pg — Pego) Vst
4 Mg + Mygp + Psw — LD, =0 Mgo, Muyep, Psw LD,
5 Mpo = Vro(Muep + Psw) VRo
6 Mpo = Vygp (Mgo + Psw) VMED
7 Qcup — Qs + Qp + Py — Quep — LDy =0 Qcup, Qst) Q) P LDy
8 Qb = Vpoi(Qcup — Qst + Py — Quep) VBoi
9 PeRO = EWROmRO EWRO

(1 —ncup)
10 chp = —————Pecyp Ncup

Ncup
Pegr

11 QST = nST

Nst

m 2326 kj
12 GOR =22 ) GOR

Quep _lkg

and vs. which are decision variables and
determine the amount of energy distribution
in each of the energy carriers within the hub
equipment.

2.2. RO modeling

Two modeling methods for the RO system are
proposed by FILMTEC [39]. The first method
is element to element. In the second method,
if the feed quality, temperature, and intensity
of the purified water flow and the number of
elements are known, the average value is used
to calculate the feed pressure and quality of
purified water. If, instead of the number of
elements, the feed pressure is specified, the
number of elements is obtained through
several integration equations. The design
equations for the FILMTEC SW30 8-inch
elements are given in the references [39]. In
this paper, considering the demand for water
and the maximum water quality required
based on the World Health Organization
(WHO) standard for drinking water [40], the
required water recovery, 6 elements per
pressure vessel, membrane type selection
(SW30XLE-400i) and water flow intensity
and a silt density index (SDI) of under 3 [39],
and the amount of power assigned to the RO
can be determined based on the amount of

feed pressure. The mean value method is
considered. In regard to the hub, by
determining the amount of power, the
pressure can be determined based on the
equation below [39].

=mf(Pf_Pamb) (6)
PMp

In Eq. (6), Pris feed stream pressure; Pum
is ambient pressure; Np is pump isentropic
efficiency and p is water density.

In this model, the Pelton turbine has been
used as an energy recovery system.
According to Eq. (7), the amount of energy
required by the RO system can be determined
in accordance to Eq. (8) [39]. In Eq. (7), P» is
pressure of brine stream and P, is pressure of
permeate stream.

Wp

. iy (P, — )
Wy = ———F= 7
’ Pout Mt ( )
Wnet = WP - WT (8)

2.3.MED modeling

According to reference [38] where a multi-
effect distillation system is assessed as
experimental characterization, a number of
empirical equations are extracted in order to
measure the performance of the system under
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off-design conditions. In addition, the impact
of the key parameters variation where the
MED plant is determined (inlet hot water
temperature (Twe) and flow rate (mu.)) on
GOR and freshwater production were
evaluated with an empirical campaign of 82
tests. The MED plant steady state results
working at off-design circumstances are
addressed in a state which presents: The
Tt and the mua effect on the production of
distillate (mmep) and on the plant GOR. The
MED modeling equations are presented in
this section. Eq. (9) and Eq. (10) are valid for

60 < Thor <74°C and 7 < mpy, < 14 §
[38].

Mypp = —0.273 + (0.008409 Tpy,) —
(0.04452 my,,) + (0.0003093T2,) — )
(0.002485 m2,,) +

(0.001969 Ty, Mpoe)

GORpygp

= 648.2 — (26.74 Tyyp) (10)
— (1645 myy,) + (0.3842 T2,,)

+ (03137 Thyy My

+(0.5995 m2,,) — (0.001835 T3,,)
—(0.002371 TZ,, Mpo)

— (0.01844 m},,)

— (0.0001411 Ty,p, mZ,,)

The final parameter finds out the MED
plant thermal efficiency (GOR)and it is
shown in Table 1. (Row 12). Where mwuep is
the distillate production (L/s); Gain origin
ration (GOR) (-); hot water temperatures
(The), and the hot water flow rate (Muo); Qno
Heat consumed by MED.

Parametric equations were successfully
achieved in reference [38] prior to being
statistically validated to predict the GOR and
distillation production as a function of various
input parameters via an extensive validation
range.

3. Exergy analysis

Exergy analysis can aid in developing
planning and measures for the effective use of
energy in various systems. Exergy can be
divided into four classes. Two prominent
types of exergy are physical exergy and

chemical exergy. In this study, kinetic and
potential exergy are hypothesized as
negligible. The physical exergy equals the
maximum workable flow of matter and is
determined by a process from the initial state
or an environment that only involves heat
exchange with its surroundings. The
maximum work acquired when each
substance concentration in the system varies
to its concentration in the ambient at the
ambient temperature and pressure (TO, p0) is
the chemical exergy. It is prominent to note
that the chemical exergy will ignore if the
environment and the system are both pure
substances (for example: pure water). Even
so, for a multi-component system (for
instance: exhaust gases and seawater) the
chemical exergy should be assessed. By using
the first and second law of thermodynamics,
the following exergy equilibrium is obtained
[41-44].

E)ICQ +Zml ex; = (11)
i
Z m, ex, + Exy, + Exp
e

The 4 parameter indicates that when
exergy flow is outside the control volume
shown in Fig. 3 and enters the system
(x=Buy), it is considered positive in equations
and if exergy flow exits volume control
(x=Cell) it is shown as negative in equations.
In Fig. 3, exergy flow is calculated as:

Exyg = Mg rotar LHV § (12)
where parameter & is defined as follows for
NG [42]:

0.07
£=1.03+0017 L -~ (13)
X X

Water flow exergy is equal to [45]:
. . . h
Exwater = Exﬁ;later + Exlz/lj/ater (14)

where Ex§% ;o and E var;ter are water physical
exergy and chemical exergy respectively
and are calculated in [45]. For an ideal mixture
model of seawater, the chemical exergy is
determined as [45].
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Fig. 3. Schematic view of exergy hub flow

(15)

In which y;, is evaluated at a hypothetical
standard state, y; is the mole fraction and w;
is mass fraction for the component j. Heat
exergy and electricity are calculated based on
Eq. (16) and Eq. (17) [46]:

. T, . 16
Erg = (1 -0, (16)

(17)

In Eq. (16) the term Q; shows the heat transfer
time rate at the energy hub boundary in which
the T is the absolute temperature of the heat
source and T, refer to the ambient conditions.
Finally, hub exergy efficiency is calculated
based on Eq. (18) [46]:

Expower = W

. to1 Exp,t (18)
thv=1 Exf,t
— Itv=1(2i3=1 Exdmn,i) Tt
Y (i cyp LHV + Ep) T¢

If i=1, heat exergy of the demand heat flow is
calculated as follows [60]:

. To\ - 19
Edmn,l = (1 - T_h) Hymn (19)

If i=2, electricity demand exergy is
calculated as follows [46]:

Edmn,z = Es (20)

If i=3, water demand exergy is calculated
as follows [45]:
Egmn3 = Ewater

(21)
— .dmn
= Myaqter Exwater

4. Economic analysis

Economic analysis is required to select
equipment and coefficients stated in the hub
section. In economic analysis, equipment
costs and maintenance costs are calculated
according to the utilized equipment. Eq. (22)
is used to estimate MED costs [60]:

Cmep = ZmepCRFE + Zogum (22)
Zogum 18 calculated by Eq. (23) [10].
Zyep = C Mpresh water (23)

In this equation, C = 81430.27 $ according the
reference [48]. Other hub costs are set
according to Table 1. Economic parameters
are determined based on reference [49, 50]
shown in Table 2. The cost of the
transmission line is also determined by Eq.
(24) with unit of $/m [20].

Cpipetine = 0.9734 (32000 +
213000 D)

(24

In which D is the media pipe diameter (m).
Finally, TAC is calculated based on Eq. (25)
[51]:
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Table 2. The cost functions for each equipment of energy hub [49, 50].

Component

Cost function

GT Zor = (—0.014 Pyp + 600)Pyy

Steam Turbine

Boiler

Zsr = 1200 Pq;

— 70.87
ZBoiler - 205QBoiler

TAC ($/ year)
= Cygp + Cro + Cer + Cs7 + Cp
+Cr

N
+ Z[Eb(pe,b - Es(pe,s
t=1

+ mf,totalLHV}‘uel‘pf
+ 3600 MeopPem] T

(25)

Table 3 presents cost parameters. * is an hour
time period and N is equal to 8760 hours.
Capital recovery factor (CRF) is dependent
on equipment estimated life and interest rates
and is written as [60]:

i@+ (26)
T+ i)vear —1

In which ‘year’ is the system service life
and i is the interest rate.

CRF

5. Case study

A diagram of the power plant in the city of
Qeshm is presented in Fig. 4. In Fig. 4 there
are the hot exhaust heat and exhaust it
through its upper HRSG. Also, in this figure,
the potential points for utilization of steam
from the power plant are shown. One of the
points where it is possible to utilize heat is the
low pressure steam for MED and second

point is using steam for running a steam
turbine. Energy hub located on the island of
Qeshm is close to the Kuvei city. The demand
for consumed water (kg/s) for each hour
during the year for Kuvei is determined which
should be supplied by the energy hub. Its
water demand to supply its 4243 population is
9.8 kg/s. Also, the consumption of electricity
(kW) for each hour during the year is 1220
kW. Since the variances in consumption at
various hours of the year are insignificant in
relation to the consumption level, the average
annual consumption for all hours can be
considered. Also, the distance between the
power plant and the city of Dargahan with
14525 population is approximately 1.9 km,
which will allow the transfer and sales of
excess water to the city.

6. Optimization

GA (Evolution) is an algorithm based on
repetition. The strategy of this algorithm is to
apply a random search to determine an
optimal solution. In principle, the simple
method of biological evolution is to emulate
the evolutionary characteristics of a
population of individuals in which the
individual consists of decision variables
values for a potential optimized solution.

Table 3. Values of economic parameters [53, 54, 55]

Economic parameters Unit Value
Interest rate (i) % 10
Operation years (n) Year 20
Operation hours in a year (N) Hour 8000
Cost of fuel $/md 0.15
Electricity sales price $/kWh 0.015
Electricity purchase price $/kWh 0.045
Heating cost $/kWh 0.001
Desalinated water cost $/md 0.002
CO; emission factor (Wem) $/kg coz 0.02086
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Fig. 4. Schematic of heat utilization potential in Qeshm power plant

The decision variables and optimization
variables are given in Table 4. The objective
functions of this optimization are Eq. (18) and
Eq. (25) which determine the hub’s exergy

efficiency and economic  parameter,
respectively.
A decision making process should be

employed to select a single optimal point
from the present points on the Pareto front.
Such process is typically based on
engineering  experiences  where  the
importance of every decision making
objective is highlighted. An assumed point
taking the role of an ideal point is usually used
to determine the final decision making

process. When two objective functions are
individually optimized whilst disregarding
other objective functions, the compositions of
these values symbolizes the ideal point or
ideal objective point. Figure 5 presents the
usual Pareto front in addition to the ideal point
to maximize the first objective whilst
minimizing the second objective. It is evident
that it is not possible to achieve both
objectives at optimal points concurrently. The
closest Pareto frontier point to the ideal point
may be chosen as the final optimal solution
because the ideal point is not a solution that is
placed on the Pareto frontier.

Table 4. Design parameters and their range of variation for the optimization procedure

Parameter Lower Upper
bound bound
CHP Power dispatch factor Verp (-) 0 1
MED Water dispatch factor vmep (-) 0 1
Boiler Heat dispatch factor Voiter (-) 0 1
Steam Turbine Power dispatch factor Vst (-) 0 1
RO Water dispatch factor Vro () 0 1
Water recovery rate (RO) Rro (%) 0.3 0.85
Hot water inlet temperature (MED) Thot (°C) 60 74
Hot water flow rate (MED) Mhot (L.S7) 7 14
Power consumption per Water Desalinated (RO) EWRro(kJ/kg) 0.1 8
Maximum Heat Produced by Boiler Qrmax,Boiler (KW) 100 3000
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Fig. 5. Pareto optimal front for energy hub

Prior to this, the objectives are non-

dimensionalized. LINMAP, linear
programming techniques for
multidimensional  preferences  analysis

method is  implemented to  non-
dimensionalize the objectives in this paper by
employing the following equation [52]

o Fij (27)

ij
2
/ mi(Fij)?

Such that i is the index for each Pareto front
point, j is each objective’s index and m
displays the Pareto front’s number of points.
Hence, the distance for each Pareto front point
from the ideal point is attained [52]:

d; = Z(F{} - Firclieal,j)z (28)

=1

Such that ideal is ideal objective function
index. Thus, the value of distance for each
Pareto frontier point is derived via the
equation stated above and optimal point
leading to minimum d is chosen as final
optimal solution.

According to [43], some of the essential
features of genetic algorithms
optimization are:

(1) The generalization of the formulation.
(2) Looking for global optimal points,

Robustness, in the sense of avoiding local
optima.

(3) The ability of using multiple objectives.
(4) Computational  efficiency decision
variables.

7. Results

The Pareto curve is derived from two-
objective optimization, and in order to
achieve optimal decision variables and
optimal objective function values, the two-
objective functions will be TAC and exergy
efficiency. Figure 5 shows the optimum
Pareto front results for two objective
functions. The acquired results show that two
chosen objective functions i.e. energy
efficiency and TAC differ in the optimal state.
Attempts to enhance energy efficiency will
increase TAC in both cases and vice versa.
The confliction trend in the optimal state
should be highlighted via multi-objective
optimization. Increases in energy efficiency
increases optimal TAC with the increment
slope significantly increasing for maximum
energy efficiency. Thus, the energy hub is not
economically viable for maximum energy
efficiency. The developer should choose the
final optimal point according to the
significance of each objective. Additionally,
the optimum Pareto point is influenced by
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optimal results acquired in the energy hub.
Table 4 lists ten design factors i.e. decision
variables along with relevant variation ranges
in order to maximize energy efficiency value
while minimizing TAC.

A decision making process is implemented
to select the final solution from optimal
Pareto front points. This process is conducted
on the basis of the significance of every
objective for the decision makers and
engineering experiences and. Fig. 5 shows
that at design point A (76.15%) there is
maximum exergy efficiency exists and the
TAC is highest at this point. Furthermore, at
design point C, the minimum TAC is
achieved (780514.7 $/year) along with the
lowest exergy efficiency value (60.16%). The
optimal exergy efficiency state as a single
objective function is at design point A. The
optimal condition where TAC is a single
objective function is at design point C. Table
5 lists the optimal values for two objectives
regarding five usual points from A-C (Pareto
optimal fronts) for the input values stated in
Table 6. Also, Table 6 shows that, moving
from point A to point C, the vuep value change
approximately 0.18, which indicates a
decrease in annual costs and a decline in
exergy efficiency for the use of MED
desalinating water.

Also, the use of a steam turbine to
generate electricity and RO for water
production remained the TAC and exergy
efficiency constant. Since the city of Kuvei
that is located in the vicinity of the power
plant, has a specific population, as a result, the
highest demand for energy carriers and heat is

limited; resulting in the maximum purchases
of electricity through a hub of 348 kW and
maximum heat was sold to 412 kW. In the
energy hub, urban water demand is a
considered as the demand for energy hubs.
Results indicate that due to the high costs of
water transfer and the distance from the
nearest city (Dargahan) to the power plant,
there are no water sales outside the hub. Upon
optimization and using the energy hub
concept, the water purchased from the grid
has dropped from 9.8 kg/s to 4.72 kg/s,
indicating that part of the water is produced in
the hub and utilized in the adjacent city (5.08
kg/s). Also, the energy hub is self-sustained in
electricity maintenance, with the exception of
the remaining 874 kW supplied by the GT and
steam turbine. Also, in order to supply the NG
required by the GT and boiler, 0.038 kg/s is
consumed in the hub.

Another factor in reducing TAC can be
accredited to the utilization of gas turbine.
One of the features of this apparatus is its
electricity and heat supply based on an initial
production cost. Therefore, the genetic
algorithm increases the role of this system in
the energy hub leading to a reduction in the
installation costs pertaining to other
equipment such as a boiler.

As shown in Fig. 6, it is evident that energy
efficiency increases with Tw: as expected.
Considering the impact of mw: on energy
efficiency, it is clear that energy efficiency
slightly decreases for Low mu. (from 12 L/s
to 8 L/s) while increasing considerably
(approximately 1.2%) for smaller mu.. Such
progressive decreases may

Table 6. The optimum values of design parameters for optimum selected points A—C in Pareto optimum front.

With Waste heat recovery

Parameter A B (Best Point) C
Vere () 0.99 0.92 0.93
Vmep (-) 0.01 0.04 0.19
VBoiler (') 0.20 0.72 0.67

Vst () 0.30 0.31 0.31

Vro (-) 0.86 0.92 0.92

Rro (%) 0.38 0.38 0.40

Thot (°C) 60.61 65.60 63.96

Mot (L.S™) 12.59 12.85 12.47

EWro(kJ/( kg)) 0.11 0.11 0.11
Qmax,Boiler (kW) 228483 210843 211131
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be because of the evaporative process via the
tube bundle that is nearer to its hot water
temperature design value (11.54 L/s). Due to
the increases in thermal energy used which is
greater than the distillate production, an
energy efficiency reduction is experienced by
Quen. Also, by growing the rate of Thw (from
60 °C to 74 °C), the exergy efficiency
increases by 1.5%.

Figure 7 shows vro, vmep variations in terms
of TAC. In this figure, with vmep variations
from O to 1, TAC increase by an average of
30.1%. Also, vro variations from 0 to 1 will
increase TAC by an average of 25% and up
from 749362 $/year. By increasing the
allocated share of fresh water production to
the RO system, it is evident that TAC costs
have increased. In order to produce more
water, the RO system requires higher

water pressure from the intake water supply
as well as higher water pressure. By allocating
more energy to this component, the water
pressure will increase.

{Lis} 6 60

Thot ['C)

flow rate and hot water temperature

Fig. 6. The rate of exergy efficiency in energy hub at hot water

In the current system, the following
resources are used to meet the demand of the
consumption section. Electricity supply from
the national grid (conventional centralized
power plants on the island), fresh water
produced from the RO system and heating
based on current heat generators is dispersed
for each consumer. Also, since the systems
are designed to just meet the demands of
consumers, purchases and sales with the grid
are not considered. Table 7 presents the
results of the basic parameters of the hub both
in an optimal state and current state. In the
optimal scenario, by recovery waste heat from
the gas turbine, heating, power and water
generation in addition to optimizing energy
flows and capacity of utilized equipment, fuel
consumption will be reduced by over half
whilst exergy efficiency will increase by
34.31%. Also, Co. emission will drop by 471
ton/year and TAC will decrease by about
257904 $/year.

TAC [$/year)

VRO ['l v

Fig. 7. The rate of TAC in energy hub versus dispatch

factors of MED and RO

Table 7. Comparison of results between basic parameters of the optimal scenario
and current system on Qeshm Island

Parameter Current system Optimized System
CO, Emission (kgcoz/year) 7945600 5235053
Nex (%) 38.1 72.41
TAC ($/year) 1081060 823155.7
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According to the reference [56], 443 grams
of carbon dioxide are produced, for every one
kWh of power production by combine cycle
power plants. As the amount of power
consumption in energy hub side is 1221 kW,
about 7035.4 tons of carbon dioxide will be
produced annually. Regarding power
production at the power plant which is
equivalent to the reduced carbon dioxide for
the recovered waste heat, carbon dioxide is
declined by 75%. In the case of energy hub,
the CO. gas produced is considered based on
electricity, and water demand from the grid.
The demand for water is 9.8 kg/s which
produce 910 tons of CO.per year. With the
energy hub, upon optimization and heat
recovery from gas turbine, the consumption
of NG is 0.038 kg/s equivalent to 3649 tons of
CO:; per year for power generation in GT
which is the main CO; producer when using
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the energy hub. While, the primary energy of
desalination systems is captured from the
power and heat generated within the energy
hub, it is therefore considered to be equivalent
to the change in carbon dioxide emissions in
the primary energy changes, and thus the
carbon dioxide generated by the production of
water is not taken into account. Considering
all energy carriers before and after
optimization, the environmental impact of
producing 7.945 thousand tons of CO. per
year has been reduced to 7.474 thousand tons
of COs per year (Fig. 8).

Figure 9 shows the sensitivity analysis
conducted on key factors such as water price,
heating and electricity. The results from this
analysis highlighted the energy carrier with
negative slope that may be supplied with
other sources and acquired with positive
slope.

il

Power
grid
7035.402 0

Heat Total

7945.626

HEnergy hub 473.688 3649.2122 2005.176 1346.416 7474.4922

Fig. 8. Variation of CO, emissions (kgcoz/year) and energy carrier with energy hub and current system
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Fig. 9. Variation of TAC versus ratio of price and energy carrier in energy hub
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The achieved results show that when water
selling price increases, the TAC is
significantly raised with constantly varying
costs. The optimal system tends to function
on the basis of water sales. The TAC will
increase as much as 6.6% because of the raise
in water price ration. In addition, Fig. 9
depicts that with higher heating sales price
ration from -60% to 60%, overall system
TAC will be reduced by 4%. Based on the
data shown in Fig. 9, it is evident that an
increase in electricity price has less influence
on TAC in comparison to other energy
carriers.

The impact of msvalidation on the
distillate production and GOR are shown in
Table 8. Moreover, the measurement errors
and numerical results are presented in this
table. These measurement errors originate
from discrepancies between the empirical
formula and empirical values in reference
[38]. Moreover, the presented empirical
model in the section 2.3 stemming from the

extensive empirical results has been
compared with reference [47] (Fig.10). This
comparison was conducted under conditions
where the values of mrand T were within the
acceptable range of the empirical model. This
comparison shows that the empirical model
has minor differences with the numerical
results and the relevant errors are acceptable
in terms of empirical model application.

In the single-objective optimization of an
energy hub with TAC objective function, the
genetic algorithm and PSO methods were
adopted with close results. The value for TAC
was 793,393 $/year upon convergence in
single-objective optimization of the genetic
algorithm and the value for PSO was 798,359
$/year. However, in two-objective
optimization the value for TAC was 823,155
$/year. Such increase is due to the
simultaneous effect of TAC and exergy
efficiency (Fig. 11).

Table 8.Average values of empirical results of GOR and distillate production with measurement errors

Hot water inlet Feed water flow Distilla_te
temperature rate (ma/h) production GOR

(°C) (m3/h)

74 5 2.49+0.07 8.89+1.08
74 6 2.65+0.10 9.27+1.41
74 7 2.83+0.08 9.39+1.03
74 8 2.95+0.07 9.42+0.91
74 9 3.00+0.08 9.39+1.03
72 5 2.41+0.07 9.20+1.06
72 6 2.57+0.07 9.40+1.01
72 7 2.72+0.08 9.54+1.18
72 8 2.79+0.08 9.65+1.16
72 9 2.83+0.08 9.54+1.12
70 5 2.33+0.08 9.48+1.31
70 6 2.50+0.06 9.80+1.02
70 7 2.65+0.08 9.87+1.18
70 8 2.76+0.08 10.05+1.23
70 9 2.75+0.07 9.65+1.00
68 5 2.30+0.11 10.30£2.00
68 6 2.46+0.11 10.60+1.89
68 7 2.63+0.08 10.78+1.25
68 8 2.73+0.09 11.10+1.50
68 9 2.73+0.08 10.10+1.23
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8. Conclusions

In this paper the TAC for the energy hub and
energy efficiency was optimized by taking
into account the waste heat recovery from the
power plant as an energy hub. The GA was
employed to determine optimal values
regarding ten design factors to maximize two
proposed objective functions defined as
energy efficiency and TAC. Concurrent
selection of maximum heat produced by
boiler, power consumption per water
desalinated, MED hot water flow rate, MED
hot water inlet temperature, and water
recovery rate took place with dispatch factors
for RO and MED water production, steam
turbine power, boiler heat, MED water, and
CHP power. The acquired research results are
presented below:

e After optimization and comparing the
beam curve, it was found that upon
applying the energy hub and energy
recovery, the exergy efficiency and TAC
increased by 34.31% and decreased by
23.8% respectively.

e CO: emissions reduced from 7945.6 tons
per year to 7474.49 tons per year upon
utilizing the energy hub concept.

e The lower the share of water production,
the higher the price of water per cubic
meter
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