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ABSTRACT

This work examines the employment of high concentrated photovoltaic (HCPV) modules to drive
reverse osmosis (RO) desalination unit in Kuwait weather. The RO systems which are operated by
HCPV modules have several benefits, as low running expenses, easy running, simple setup and it is
also environmentally friendly. An equivalent circuit model for single diode which is compatible with
TRNSYS software is implemented to evaluate triple junction HCPV modules efficiency in Kuwait’s
environment considering concentration level and temperature effects. The performance of the RO
unit powered by HCPV designed to provide drinking water at a constant daily load profile of 20 m®/d
to a community in a remote area in Kuwait is studied and optimized. A code consistent with avail-
able TRNSYS routines is developed to evaluate the efficiency of the RO unit in Kuwait’s climate.
The developed models are validated through comparison with experimental data available from
literature. The efficiency of RO-HCPV unit is optimized by varying the different system parameters
mainly: water salinity, water feed pressure, permeate water pressure, concentrate water pressure as
well as permeate flow rate. In addition, HCPV modules slope and orientation are varied by running
several simulations until the HCPV system size which satisfies the energy requirement needed is
achieved. To explore the environmental effects of utilizing RO-HCPV system, the emissions of CO,
avoided is calculated. The results show that an HCPV modules of inclination of 26° due south, which
is about 0.88 of Kuwait latitude (29.5°), can attain maximum power generation. Current predictions
reveal that a regular supply of 1.7 m%h leads to about 6,400 m® yearly from freshwater. Finally, the
optimum HCPV modules slope which maximizes the reserved CO, emission corresponds to Kuwait’
latitude and is equal to 2.1 ton/year.
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1. Introduction

Available freshwater represents a very small percentage
of the available water resources. Furthermore, about two-
thirds of freshwater are commonly in snow and ice config-
uration on mountain areas and isolated islands. Population
growth and evolved industrial development significantly
increased the need for water sources and consequently
results in water shortage. Suitable and efficient desalination
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of brackish water and seawater can certainly minimize cur-
rent and anticipated future scarcity of water. The excessive
need for conventional fuel resources is the primary disad-
vantage of the desalination process in addition to environ-
mental pollution. Therefore, water desalination using renew-
able energy resources represents an interesting alternative
in resolving water shortage. Renewable energy sources
extensively exist in nature and at the same time, they are
environmentally friendly. Many locations encounter water
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deficiency and at the same time have high irradiance as is
the case in the Arabian Gulf regions. Making use of these
interesting characteristics, renewable energy can economi-
cally be adapted to power different desalination methods to
produce freshwater. Typically, electricity is utilized in mem-
brane processes, whether for operating pumps with high
pressure or salts ionization in seawater.

Reverse osmosis (RO) systems powered by photovoltaic
(PV) solar modules are now regarded as a typical option in
desalination plants [1-3] because PV and RO units’ layouts
are simple and basic [4]. Numerous researches are carried out
involving the integration of PV and RO systems [5-7]. There
are different types of solar systems in addition to various
techniques that can be adapted to conduct the desalination
process. Efficient setup methods are required for the desali-
nation of seawater to consider the water quality, seawater
salinity, environmental effects, energy efficiency and location
variables [8,9]. Several standards must be considered when
selecting an appropriate solar system such as working tem-
perature, method of energy storage, type of solar system and
system shape [10]. Integrating the two processes requires
specific changes for reliable combination. Fortunately, most
of solar desalination plants are combinations of components
modified individually [11].

Herold and Neskakis [12] mounted an RO-PV system
including storage batteries to store energy to generate
0.8-3 m?/d of clean water. They concluded that when water
pressure is 45 bar, the unit should be run for about 6 h to
get the needed generation at energy usage of 16.3 kWh/m?
and salinity of 450 ppm. Whilst utilizing a supply of 63 bar,
enables the unit to obtain 0.16 m*h with 330 ppm salinity
when using feed pressure of 63 bar and 15 kWh/m?® of energy
usage. Thomson and Infield [13] employed a MATLAB
Simulink program to examine no storage RO-PV plant to
generate 3 m*/d of clean water. A PV array having single-axis
tracking with 2.4 kW is used. Kumarasamy et al. [14] pre-
sented a code model to analyze an RO system powered by no
battery PV array. Analytical optimization of the unit is car-
ried out to calculate the optimum parameters for different
situations, with no storage and with permeate storage.

Employing PV as an energy resource to drive the RO
unit with a small size for freshwater generation is explored
by Qiblawey et al. [15]. The proposed unit is assumed to be
completely powered by PV arrays for situations with and
without storage batteries. Sundaramoorthy et al. [16] pre-
sented a diffusion model proposing flow, pressure and solute
concentration change in the membrane unit. A process pro-
posing that membrane is nonporous media is presented by
Kaghazchi et al. [17]. Abbas and Al-Bastaki [18] introduced
the neural network’s method to investigate an RO water
desalination unit. Input model parameters are concentration,
supply pressure, and temperature. The output parameter is
the rate of permeate. Though, the presented model is only
applied to units for which measurements are performed
and cannot be applied for different RO systems.

A dynamical model for the RO system with permeates
subsystem, brine subsystem and membrane subsystem is
proposed by Gambier et al. [19]. Energy, mass and momen-
tum conservation are employed to solve the equations of
every subsystem. Though, the proposed method needs a lot
of factors making its utilization a very complex one in the

expert control system. Khayet et al. [20] modified an artificial
neural network and response surface technique to analyze
the RO-PV unit. Model inputs are feed flow, concentration,
pressure, and temperature, where salt rejection and permeate
flux are the model outputs. The energy requirement for the
RO technique relies on the membrane characteristics as well
as feed water salinity [21,22]. RO unit driven by PV arrays is
more feasible and has more benefits to the environment than
units operated by a diesel generator [23]. Off-grid RO-PV
unit of capacity 72 gal/h at the Kingdom of Saudi Arabia can
provide the freshwater needs for 250 people [24]. Hrayshat
[25] simulations result for solar PV-RO units at ten places
in Jordan revealed that feed water salinity and weather
data have an important effect on freshwater production.
Colangelo et al. [26] suggested numerical models for various
shapes of RO units powered by a PV system. Al-Suleimani
and Nair [27] discovered that a PV-RO system of 5 m*/d hav-
ing a life span of 25 years is more efficient than RO unit func-
tioning with diesel and with the same capacity. The price of
water generation per cubic meter was estimated to be 6.52
and 8.68 USD for a solar-powered RO and a diesel system,
respectively.

Ullah and Rasul [28] presented an extensive review of the
different desalination methods including the RO-PV system.
RO-PV unit installed at Brisbane Botanic Garden, Australia
is examined by Peterson and Gray [29]. The system generates
about 3.36 x 10° L of permeate for 484 d for optimum water
generation rate of 10,270 L/d during August 2009. A desali-
nation unit powered by PV arrays for Abu Dhabi is exam-
ined by Kaya et al. [30]. The system analysis revealed that
a PV unit with an efficiency of 20% can produce 511 kWh
for each square meter at the price of $200. In addition, the
RO-PV system can provide extra energy to the grid.

The cost of water production and the energy usage of
the RO unit generally depend on the shape of the membrane
and the ratio of total dissolved salts in water supply [31]. The
expense of water generation and the usage of energy of the
RO-PV combined units can be significantly decreased when
employing PV modules with higher efficiency. Despite the
great reduction in the prices of PV modules and land avail-
ability, higher initial expenses remain the major reasons
for limiting the widespread of this system on a large scale.
Nagaraj et al. [32] examined a hybrid energy system com-
posed of solar PV, wind generator and battery to provide
the required electricity for a desalination unit. They intro-
duced an artificial neural network model to determine the
total energy required for the proposed hybrid system. They
concluded that the total annual energy evaluated employing
the neural network technique is accurate and reliable.

In this current study, high concentrated photovoltaic
(HCPV) modules are suggested to operate a small size RO
water desalination unit. A single diode circuit model is
developed to investigate the efficiency of HCPV modules
considering the effects of both temperature and concentra-
tion factors. Additionally, a diode shunt resistance which is
typically neglected in the established studies is accounted
for in the model introduced for this work. To judge the preci-
sion and reliability of the present model, outcomes are com-
pared to available experimental results. The current model
results are in good agreement with corresponding mea-
sured data. To be able to simulate an RO system employing



A.A. Ghoneim, H.A. Alabdulali / Desalination and Water Treatment 177 (2020) 29-39 31

TRNSYS software [33], a brand-new subroutine is developed
compatible with different TRNSYS subroutines. The devel-
oped component is devoted to study and analyze the electric
pump and the RO membranes. Location parameters as feed
water properties, ambient temperature, and solar radiation
are set as simulation inputs. The RO unit is suggested to
generate 20 m’/d of freshwater to fulfill the needs of people
residing in a certain rural area in Kuwait. The recommended
HCPV grid linked unit should be designed to generate the
annual energy needed to operate the RO plant. Therefore,
a constant supply of power is guaranteed to run the RO
system without the necessity for extra expensive batteries.
The influence of the HCPV area, HCPV tilt angle, water
salinity and flow feed water on the freshwater production
are analyzed. Lastly, the CO, emission avoided as a result
of employing the HCPV system is assessed to inspect the
environmental effects of the RO-HCPV system in Kuwait
weather conditions. To our knowledge, this is the first work
evaluating the efficiency of the HCPV-RO unit in Kuwait
weather conditions.

2. Theoretical model of HCPV

Generally, there are various strategies and processes
presented by researchers to calculate the efficiency of multi-
junction PV cells as two diodes model for every sub-cell, sin-
gle diode equivalent circuit model for each sub-cell, lumped
diode model and network cell model. The numerical model
adapted to evaluate the efficiency of HCPV cells should
precisely take into account the variation of cell power vs.
incident irradiance, ambient temperature as well as the con-
centration ratio of a solar cell. In the current work, a model
for a single diode circuit of triple junctions PV cells is utilized
to develop a numerical code to calculate the IV curve of the
AZUR SPACE [34] triple-junction PV cell at various ambient
temperatures, radiation intensities, and concentration ratio.
The single diode model offers precise and dependable results
and also it requires less empirical factors to be determined,
that is, more time saving than the two diodes model which
necessitates the determination of the empirical variables of
multi-junction solar cell for every sub-cell. Fig. 1 is a sche-
matic of a single diode equivalent circuit for multi-junction
solar cells. The solar cell model consists of a current source
which acts as a function of radiation in parallel with a diode.
The present model can be extended for concentrator modules
to account for potential differences resulted because of series
resistance. Additionally, diode shunt resistance typically
neglected in available models is considered in the present
mathematical model.

Triple-junction cell composed of 3 junctions connected
in series. Each connection described by single diode model.
Current-voltage equation for every junction including shunt
resistance is expressed as:
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Each sub-cell utilizes 5 parameters: saturation current
(I,), short circuit current (I, ), series and shunt resistances
R, and R ; as well as ideality factor of the diode (n). T is

cell temperature, V is voltages, k, is Boltzmann constant,
electron charge is g, I, is load current; and express junction
cell (1 for upper cell, 2 for medium cell and 3 for lower cell).
Diode ideality factor (1) describes non-idealities in the dif-
fusion diode. The main factor impacting the value of V_,
is I, (reverse saturation current), which is a loss indicator
for minority carriers through p-n junction in reverse bias.
According to the theory of Shockley diodes (n = 1), however,
values of n greater than unity is much suitable to consider
defects generated during industrial procedures. R_ is the
addition of the metal grids bulk resistance; bulk resistance
of semiconductor materials and resistance of metal contact
and the semiconductor. Series resistance, R, is regarded as
the major factor helping to attain improved performance
of the concentrated cells. Shunt resistance is a result of the
leakage current through the p-n junction in the cell bound-
ary or the crystal in the proximity to the junction because
of imperfections or impurities deposition. V_ is obtained by
setting I =0 in Eq. (1).

The last term in Eq. (1) leads to an implicit and nonlin-
ear equation which requires great efforts to be solved. That
is why this term is normally neglected in available models
which presume that shunt resistance value is infinity. This
assumption has a vital effect on the accuracy of the outcomes.
Therefore, current work considers the shunt resistance.
Utilizing Lambert W-function, Eq. (1) is varied from an
implicit equation to an explicit nonlinear equation. Jain and
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Fig. 1. Multi-junction HCPV cell single diode model.
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Kapoor [35] adapted Lambert W-function to reformulate
Eq. (1) as:

Rsh i (Rb xIsc i + Rc xIa i + ‘/z) nkBT

Lambert W
” Vlk T (R + Rsh 1 ) q
I =- - 1 +
’ Rs,i + Rsh,i Rs,i
Rsh,r (Iﬂ,i + Isc,i) (2)
Rs,i + Rsh,i

Eq. (2) has an explicit characteristic that is why it is
usually utilized to study PV systems [36,37]. Lambert
W-function can be analyzed and resolved to employ already
available mathematical software programs. The well-
known Maple program is used to perform numerical model
calculations. Ghoneim et al. [38] introduced a detailed
numerical procedure to analyze and solve Eq. (2). The solar
radiation absorbed by PV cells Q , is:

Qab&. =X G Arecn (3)

where A __ is the receiver area, G is the global radiation
over the Fresnel lens in (W/m?), 1 is the optical efficiency
and X is the geometrical concentration factor of the HCPV
optical system. The concentration factor (X) is the receiver
area (A, ) divided by the concentrator aperture area (A, )
Triple ]unctlon cells electrical efficiency () is correlated to
both cell temperature T and concentration ratio X and is
given by [39-42]:

=0.298 +0.0142In X +[-0.000715 + 0.0000697 In X |(T,,, ~298) (4)

pv
The optical, module and inverter efficiencies (1,1,
n..) of the concentrator are assumed to be constant values,

inv.

so the power generated is expressed as [39-42]:

va = XGApvnopnmodninvncl (5)

where A_ is the HCPV cells area.

Finaﬁy, to evaluate the electrical efficiency of the HCPV
system, electrical efficiency (n,) is determined by utilizing
the equation [39-42]:

PI’V — XGAPVnopnmodninvnel

= 6
e AG ©
ap ap
Fill factor (FF) is given by:
FF — I)m —__mm VmIm (7)
VOC sC VOCISC

where V —and I are maximum voltage and current at
maximum power P .

The performance of a PV cell subjected to concentrated
radiation will be enhanced. The short circuit current I_
(Xsun) at concentration ratio X is expressed as:

I, (Xsun) =XI_ (1sun) 8)

where I (1sun) is short circuit current at 1sun (1,000W/m?).

The introduced model is examined vs. available experi-
mental data provided by the manufacturer of AZUR SPACE
[34] high concentrated solar cells. The present predicted
results agree well with the measurements recorded by the
AZUR SPACE manufacturer.

3. RO design criteria and performance

The standard demand is to obtain the required fresh-
water over the whole day, so arrangements are necessary to
consider the routine functioning of the system. The consumer
must calibrate the flow rate to accommodate operation hours
for every day. As an example, if 1,000 L per day freshwater
is needed to be generated by an RO-HCPV unit and the unit
works only 6 h daily, the chosen flow rate must be four times
greater than the rate of flow for continuous daily operation.
Characteristics of permeate flow rates together with supply
water values are normally the inputs of simulation to select
the proper pump and membrane. The following operating
parameters need to be minimized as much as possible to
precisely calculate the efficiency of the RO system: conduc-
tivity of permeate, the conductivity of supply, concentrate
pressure, feed and permeate pressure, flow of permeate and
temperature.

The operation procedure of the RO system is as follows:
feed water gets into the RO membrane with high pressure
adequate to get rid of osmotic pressure. Next, water mole-
cules move through a semi-permeable membrane and salts
and different contaminants are not allowed to pass and are
sent through concentrate flow, which inputs to a drain or
might be supplied once again to be reused across the RO
system for water conservation. The energy demands for an
RO process are mainly because of the pumping power, pre-
treatment process, and the high-pressure pumps. Energy
required for the RO method is significantly reduced when
employing two different techniques. The first technique is
the improvement in the membrane manufacturing process to
allow membranes to work effectively at low pressure and the
second technique is using devices for energy restoration.

4. Numerical model of the RO process

Desalination consumes additional energy when com-
pared to various types of water treatment and supply. Power
required depends on different factors such as feed water
temperature, water quality, system design, and employed
technique. Furthermore, desalination methods of energy sup-
ply are a significant parameter as it is the major parameter
influencing the price of freshwater. The energy required for
desalination processes has been greatly reduced throughout
the last few years due to the great enhancement in adapted
processes and techniques which are anticipated to be further
minimized shortly. Energy required for desalination meth-
ods can be minimized by controlling certain factors such as
utilizing highly efficient pumps and employing advanced
membrane materials.

To implement TRNSYS code to determine the efficiency
of the RO unit, a novel subroutine compatible with other
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TRNSYS subroutines is formulated and introduced. The
developed subroutine is mainly dedicated to the simulation
and analysis of the RO desalination unit and it consists of the
high-pressure electric pump in addition to membranes. The
membrane of the RO system is a fundamental component
of the filtration process. Permeate water rate of flow (Q,) is
proportional to pressure difference through the membrane
whilst the flow rate of salt is proportional to the change in
concentration through the membrane and does not depend
on the pressure applied. So, the flow rate of permeate across
the membrane (Q,) is a powerful correlation of the differ-
ence between osmotic pressure and supply pressure and is
commonly expressed by the well-known formula:

Q, =NA,S, (AP - An) ©)
where N is the membrane number, A  is the area of the mem-
brane and S, is the permeability coefficient of the membrane.
At is the change between osmotic pressure on the supply
side (1) and osmotic pressure of permeate (np), AP is the
difference between average hydraulic pressure on the sup-
ply side (P) and hydraulic pressure of permeate (P ). A is
a characteristic of the solution not related to the membrane,
that is, it is a solution characteristic and does not depend on
the membrane, and is usually expressed by the equation:

An=iC, RT (10)

where i is the number of ion species, C, is molar concentra-

tion, R is ideal gas universal constant. Substituting Eq. (10) in

Eq. (9) results in:

Q, =NA,S, (AP-iC, RT) (11)
Considering the impact of the osmotic pressure of the

permeate, permeate pressure, fouling factor and pressure
variation in the RO vessel, Eq. (11) takes the form [43]:

AP T, +T
2fcpp]—(cpr~ fz ”—nij (12)

0.~ s ren) 1

The fouling factor (FF) is applied to the membrane to
simulate aging and loss of permeability because of scale
fouling. Normally, a fouling factor of 1 is assumed for a
new membrane and a fouling factor between 0.65 to 0.85 for
three-year-old membranes and older. P is the pressure of the
permeate side which typically has the value of unity. In the
RO process, increasing the temperature of feed water results
in a rise in the permeate flow rate. So, one should adopt the
correction parameter for temperature (TCF) and it is usually
a correlation of the temperature of input water (T ) in the
form [43].

exp| 2,640 1 1 , T, 225°C
198 273+T,
TCF = (13)
1 1
exp| 3,020 — - ,T, <25°C
198 273+T,

For a new membrane, TCF is equivalent to 1 and it
decreases with increasing the filtration time of the RO unit.
P, is the feed water pressure getting into the membrane
module. Pressure difference through the membrane module
during the filtration procedure (AP,) can be expressed by
the empirical formula [43]:

AP, =0.756 L+ (14)
fc 2

Concentration factor of polarization, CPF, is expressed by
the correlation [43]:

CPF = ¢7" (15)

where Y is the recovery ratio.

Utilizing previous formulas in Eq. (12), permeate flow
rate and concentration can be evaluated. It should be noted
that flow rates are assumed to be not compressible. Therefore,
mass preservation can be adapted to calculate the total flow
rate:

Q,=Q,+Q (16)

All the above-mentioned RO membrane involved
equations are formulated in a FORTRAN subroutine code
compatible with other TRNSYS subroutines. To verify the
precision and reliability of the current introduced RO model,
the results of the current numerical model are calibrated vs.
experimental data presented in the literature [44-46]. Present
developed HCPV and RO models are verified separately as
well as hybrid RO-HCPV by measured results. The compar-
ison of different present models to experimental data indi-
cated a mean average error of less than 4.5% in all models.

The RO component is then coupled with other TRNSYS
subroutines to determine the performance of the proposed
RO-HCPV system. The suggested RO-HCPV system com-
prises a membrane desalination system, HCPV modules, and
an electric pump. The controller of the pump manages the
power delivered to the membrane of the adapted desalina-
tion unit, which comprises a pump, membrane components,
and other equipment. HCPV modules are connected directly
to RO as presented in Fig. 2 as electrical power is needed to
operate the high-pressure pump.

The unit consists of a set of batteries to store energy to
maintain constant energy supply to the RO unit. In addi-
tion, a charge controller is employed to manage the batter-
ies charge to eliminate overcharging. Batteries restrict the
flow and pressure variations so that the system can produce
freshwater of high quality. The different subroutines of sys-
tem components are linked together and simulated using
TRNSYS software.

5. Environmental impact of HCPV-RO system

Carbon dioxide (CO,), methane (CH,) and nitrous oxide
(N,O) are the most harmful gases from conventional sources
of energy; but CO, is regarded as the principal parame-
ter affecting worldwide global warming. That is why the
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Fig. 2. Configuration of RO-HCPV system.

effects of CO, emissions only are studied in this work. The
quantity of carbon emission eliminated through the uti-
lization of renewable energy resources is related to both
the type of conventional resource that is not utilized in
addition to the conversion method employed to generate
energy. Substituting a plant of larger CO, emission with a
less emitting resource leads to a less CO, emission into the
environment. This difference in CO, emitted is defined as
the avoided CO, emission. The CO, emission decrease or
CO, avoided emission is typically specified as the difference
among emissions produced by traditional resources and
emissions resulted during manufacturing the solar system
through system lifetime which is usually 25 years. A mathe-
matical code is developed to evaluate the avoided CO, emis-
sion accomplished when employing the RO-HCPV system
instead of a conventional one. In this work, eliminated CO,
emission (E,) is primarily the emissions of CO, produced
when utilizing traditional energy resources and is given by:
E, =P xF, 17)
where F, is the emission factor of the plant (tonne CO,/kWh)
and P is the generated power (kWh).

To calculate CO, avoided emission because of the uti-
lization of the HCPV system, it is necessary to specify the
baseline electricity system. Frequently this will necessitate
identifying a traditional system and the corresponding fuel
type. Conversion efficiencies of various fuel types and the
standard emission factors are the model input.

6. Results and discussions

Weather measurements used in this study are recorded
by a set-up designed and installed at the College of
Technological Studies, Kuwait (latitude 29.5°). Weather
measurements contain typical values of hourly global radi-
ation, ambient temperature and direct solar radiation for
Kuwait during about 7 years in the time from 1% September
2011 until 15" January 2019. TRNSYS software is utilized to
calculate the efficiency of the integrated system proposed.
The time step of simulation in TRNSYS runs is adjusted to
hourly simulation. Fig. 3 presents the change of the exam-
ined HCPV cell efficiency (h) with a concentration ratio for
various temperatures with the data measured by the AZUR
SPACE cell manufacturer. The efficiency behavior is the
same as V__behavior and it is in excellent agreement with
previous results introduced by Nishioka et al. [47]. Root
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Fig. 3. Change of HCPV efficiency against concentration ratio for
AZUR SPACE cells.

mean square (RMS) error in HCPV electrical efficiency
calculations is about 1.2%.

As illustrated by Fig. 3, n rises against concentration
until the concentration level reaches about 400 suns. This
rise is restrained by logarithmic growth in V__as radiation
increases. Though, when concentration rises, the behavior is
adjusted by fill factor decrease due to series resistance losses.
Accordingly, efficiency reduces in certain concentration lev-
els. In addition, the temperature dependency of efficiency
decreases with concentration. The above-mentioned out-
comes illustrate that current results for multi-junction AZUR
SPACE cells agree well with similar experimental data. This
lets us state that current predictions accurately determine
the performance of HCPV modules through a wide range of
working parameters.

In the beginning, the size of the HCPV modules is cal-
culated considering overall loads of the RO unit. To assure
the oversizing of the HCPV-RO system and that it runs effi-
ciently, two factors are considered RO-load size which is
pump size, and seasonal irradiance variations. The number
of HCPV arrays required to produce the required power is
determined by the HCPV system needed to power the RO
system. Stand-alone (off-grid) HCPV system sizing necessi-
tates calculating the RO system energy consumption as well
as incident radiation. To accomplish the design needed, the
HCPV cell’s maximum power is estimated at standard test
conditions (air mass = 1.5, global radiation = 1,000 W/m? and
ambient temperature 25°C).

Standalone HCPV system size and performance have
been studied by the TRNSYS program. TRNSYS software is
employed to determine the behavior of HCPV cells through-
out the day when solar radiation is available. Required
energy provided by HCPV modules and battery storage is
utilized to power the RO unit when solar intensity is low.
Energy produced from HCPV modules changes due to the
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variations in insolation and ambient temperature. The mean
daily energy produced is evaluated for different months.

The flow rate of the permeate greatly depends on PV out-
put power, that is, it depends on the modules overall area.
So, it is crucial to examine the effect of HCPV output power
on permeate flow. Therefore, feedwater flow is held fixed
at 40 m®/d with salinity of 12,000 mg/L. The simulated and
measured [45] permeate flow rate vs. HCPV output power is
presented in Fig. 4. Graphs are fitted for simulation and mea-
surement results to investigate data behavior. Equations of
both predictions are found to be polynomial of third-degree
indicating that neither measured nor theoretical predictions
are a linear function of HCPV power. As shown by the figure,
simulated predictions are in good agreement with measured
data with a mean percent error of 4.18%, which validates the
reliability of the present developed model.

The flow rate of permeate Q, is directly proportional to
the pumping power, that is, it is proportional to operating
pressure difference through the membrane. HCPV power is
supplied to the RO system to run a high-pressure pump. It
is also found that approximately 42 kWh HCPV-peak power
is required for a daily generation of 20 m? freshwater for the
studied remote area in Kuwait, that is, about 2.1 kWh/m?.

The slope of HCPV modules is a crucial parameter that
influences permeate flow rate as the tilt variation affects
radiations reaching the surface of HCPV modules. Changes
in permeate flow rate for different modules inclination for
various seasons are examined. The slope of the module is
changed from zero up to 90 using a 5° step. The slope of
HCPV is noticed to have an important influence on the flow
rate of permeate particularly in summer season compared to
winter outcomes. The zenith angle is also varied from zero at
solar noon to 90° at sunrise and then steadily increases to 90°
(at sunset) in summer but it is decreased to 45° in winter and
then regularly rises to 90° at sunset. Winter permeate flow
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Fig. 4. Simulated and measured data of permeate water at
different HCPV power.

rate is 8 m3/d for horizontal HCPV modules, and it grows
to 12 m’/d for 35° tilt. An additional rise in the inclination
reduces the flow rate of permeate. So, modules with tilt values
between 35° and 45° are more important from the permeate
flow rate. This behavior is mainly because at noon, the angle
of zenith is 45°, and since HCPV tilt is constant up to this
magnitude then it accumulates maximum radiation result-
ing in extra HCPV energy which generates more permeate
flow rate. The maximum flow rate of permeate in summer
changes from 23 to 5 m*/d if the slope of the HCPV module is
changed from 0 to 90°. The maximum permeate flow rate is
attained for HCPV modules with zero slopes because of the
concept that the angle of zenith is nearly zero at noon, so hor-
izontal HCPV modules achieve optimum solar radiation at
this time causing an increase in generated HCPV power and
accordingly increasing the permeate flow rate. For various
HCPV slopes, solar radiations gained by HCPV panels are
smaller producing less permeate flow rate.

Because of the high expenses and other technical com-
plexes of the tracking system, it is more suitable to evaluate
the yearly optimum HCPYV tilt. Fig. 5 shows the rate of fresh-
water per year for HCPV modules with a tilt angle varying
from 0° to 90° with modules facing south (zero azimuth
angle). The calculated permeate is 1,850 m® per year for flat
HCPV modules and 890 m?® for 90° HCPV orientation. It is
found that the maximum permeates collected per year is
6,400 m® which is attained when the HCPV slope angle is 26°.
This prediction agrees well with Chang [48] result who stated
that the optimum slope for south-facing HCPV modules for
latitudes less than 65° is about 90% of the location latitude.
The optimal yearly slope angle based on current predictions
is 26° and it equals about 88% of Kuwait’s latitude (29.5°).

The RO-desalination unit is supposed to supply 20 m*/d
of freshwater and the recovery percentage of the RO unit
that will be utilized is 50%. Therefore, the daily brackish
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Fig. 5. Yearly permeate water for different HCPV module
inclination.
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water required will be 40 m?. It is found that permeate water
production (Q,) is greatly a linear function of Kuwait solar
radiation. Fig. 6 presents the permeate water produced for
each month of the year along with the required freshwa-
ter for HCPV modules optimum tilt angle. As illustrated in
Fig. 6, production of pure water in summer months satisfies
the area needs from freshwater. This means that the RO unit
operated by the HCPV system can satisfy the area needs from
freshwater during the summer months. At the same time, the
unit can supply a reasonable part of freshwater needs in win-
ter months. The simulation results show that the desalination
plant will produce fresh desalinated water of about 6,400 m®
yearly utilizing regular brackish feed water of 40 m®d cor-
respondings to a daily average of about 17 m?/d. Good run-
ning membrane filtration system has stable radiation and
low energy consumption. To attain these aims, the procedure
should be optimized regarding permeate product, pressure,
and temperature.

The salinity of feedwater flow has a significant impact
on the flow of fresh water produced. Rising the feedwater
salinity results in a decrease in the flow of clean water as
illustrated in Fig. 7 because of the rise in osmotic pressure.
So, in this situation, it is interesting to improve the number
or permeability of membranes. This means that the system
designer must search for a membrane-type compatible with
the characteristics of the feed water.

The precise calculation of CO, avoided emissions due to
utilizing HCPV modules, must consider CO, emission pro-
duced during the manufacturing of HCPV different com-
ponents. Generally, the rate of CO, emissions from HCPV
modules is much lower than the CO, emission rate produced
from traditional energy resources, therefore it is ignored in
this work. Annual avoided CO, emission change vs. HCPV
modules slope is illustrated in Fig. 8.

Fig. 8 implies that the CO, emission eliminated is maxi-
mum at an optimum slope angle of 29° which is very near to
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Fig. 6. Monthly freshwater production.

the latitude of Kuwait (29.5°). The emissions of CO, avoided
at this angle is about 2.1 ton/year. These predictions verify
the environmental effects of the grid-tied RO-HCPV unit
in Kuwait weather conditions. Furthermore, the expenses
expected when implementing the Kyoto Protocol, that
applying penalties in the case of emissions of the greenhouse
effect must be included in the prices of fossil fuel sources.
Though Kyoto Protocol is not at present applied in Kuwait,
nevertheless regarding the use of this protocol will promote
the cost-effective and environmental impacts of RO-HCPV
systems substantially. Lastly, it is important to state that the
feasibility of RO-HCPV is not examined in the present work.
However, it is essential to complete this work by analyz-
ing the economic aspects of RO-HCPV systems in Kuwait.
This knowledge will advise the government in examin-
ing the power of grid-connected solar energy systems in
Kuwaiti weather conditions.
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7. Conclusions

In the present work, theoretical techniques are suc-
cessfully developed to examine the performance of the
RO-HCPV desalination unit. A new TRNSYS subroutine
compatible with other components is developed and linked
to other standard TRNSYS components to carry out the
present simulation analysis. The equivalent circuit model
for a single diode that is compatible with TRNSYS software
is adapted to determine HCPV efficiency in Kuwait’s envi-
ronment considering concentration level and temperature
effects. The RO unit powered by HCPV is designed to pro-
vide drinking water at the rate of 20 m’/d to a community
in a remote area in Kuwait. A subroutine appropriate for
TRNSYS software is developed to examine RO performance
in Kuwait’s climate. The developed RO-HCPV model is cal-
ibrated against measurement data in literature. Depending
on the present predictions, the following concluding state-
ments are revealed:

* The model of a single diode is an acceptable model for
effective purposes instead of utilizing the sophisticated
two diodes model. Current results have an overall RMS
error of less than 2% in comparison with published
measured data.

* RMS error in the efficiency of HCPV modules is about
1.2%.

* Simulated data for the RO-HCPV system agree well with
the corresponding experimental data with a mean per-
cent error of 4.18% which validates the reliability of the
present developed model.

e Prediction of simulations indicates that the freshwater
generation changes linearly vs. solar radiation.

* Adaily production of 20 m® of fresh water for the studied
remote area in Kuwait requires HCPV modules of peak
power 42 kWh, that is, about 2.1 kWh/m® is needed.

¢ HCPV module slope angle has an important influence on
the produced fresh water. Maximum permeate produc-
tion corresponds to the yearly optimal HCPV tilt angle of
26° which corresponds to about 0.88 times the latitude of
Kuwait (29.5°).

* RO unit powered by the HCPV system can satisfy the
area needs from freshwater in summer months while it
can supply a reasonable part of freshwater needs in win-
ter months.

e Utilizing brackish feed water of 40 m®d, RO-HCPV
desalination plant can produce freshwater of about
6,400 m®/year corresponding to a daily average produc-
tion of about 17 m®/d.

* Increasing feed water salinity results in a decrease in
freshwater flow because of the increase in osmotic
pressure.

¢ The optimum HCPYV tilt angle which maximizes the CO,
emission avoided is almost equal to Kuwait’s latitude
(29.5)°. At this optimum tilt angle, the CO, emission elim-
inated equals approximately 2.1 ton/year.

* The present results confirm the environmental impacts of
the integrated RO-HCPV unit in Kuwait’s climate.

e It is important to complete this study by carrying out
a feasibility study to determine the life cycle cost of
the RO-HCPV unit. This will necessitate the precise

evaluation of each component cost as well as other instal-
lations and maintenance costs.
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Symbols

Aap —  Concentrator aperture area, m?

A, —  Membrane area, m?

A. — Receiver area, m?

A~ — HCPV cells area, m?

CE[J’F —  Concentration factor of polarization, -

C —  Molar concentration, mol/m?

E, — Eliminated CO, emission, ton

F, —  Plant emission factor, ton/kWh

FF — Fouling factor, -

G — Global solar radiation on collector surface, W/m?

I — Load current, A

I — Maximum current, A

I — Saturation current, A

I, —  Short circuit current, A

k, —  Boltzmann constant, J/K

n — Ideality factor of the diode, -

N — Membrane number, -

p, —  Pressure on supply side, N/m?

P — Maximum power, W

p, — Hydraulic pressure of permeate, N/m?

q —  Electron charge, C

Qe Solar radiation absorbed by PV cells, W

Q. —  Concentrate flow rate, m?

Q —  Total flow rate, m?

Q, — Rate of permeate across membrane, m?

R —  Gas universal constant, J/mol K

R, —  Series resistance, W

R, — Shunt resistance, W

S, —  Permeability coefficient of membrane, -

T —  Temperature, K

T, — Input water temperature, K

T ~ — Cell temperature, K

4 — Voltage, V

V.. — Open circuit voltage, V

v, — Maximum voltage, V

X —  Concentration factor, -

Y —  Recovery ratio, -

Na  — Solar cells electrical efficiency, -

M., — Inverter efficiencies, -

Ninod Module efficiencies, -

n, — Optical efficiency, -

us —  Osmotic pressure on supply side, N/m?

T, —  Osmotic pressure of permeate, N/m?

AP, — Pressure difference through membrane during
filtration, N/m?

Am —  Osmotic pressure change, N/m?
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