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Desalination by photovoltaic thermal (PVT)-driven forward osmosis (FO) and membrane distillation (MD)
stands out for its lower operational costs and reduced carbon emissions. However, the feasibility of
a pilot-scale PVT-driven FO-MD system remains unexplored, which is crucial for industrialization. This
study introduces a pilot PVT-FO-MD desalination system designed for simultaneous water and
electricity production. The system aims to assess the feasibility of the process, evaluate its costs, and
explore its potential for industrial applications. While PVT collectors have higher costs than standard PV
panels, they offer improved electrical efficiency and additional thermal power generation, making them
more efficient overall. The optimal design was tested using saline water with a concentration of 10
000 mg per liter and a NaCl draw solute with a concentration of 1 molarity. The system produces 172.1
kW h of thermal energy, 93.9 kW h of electrical energy, and 269 L of water daily. The FO water flux
varies between 8.13 and 8.29 LMH, while the MD water flux fluctuates between 2.72 and 4.25 LMH
throughout the year. Using average yearly weather data, the system produces 33 872 kW h of electrical
energy, 65846 kW h of thermal energy, and 106.84 m® of water annually. Increasing the desalination
unit size boosts average water production to 126.47 m® annually. The project requires an initial capital

Received 21st October 2024 investment of 212 741.38 USD. The return on investment is 11.84%, with a breakeven point at nine years.

Accepted 14th February 2025
The net present value turns positive just before the end of the project's lifetime at a 10% interest rate.
DOI: 10.1039/d4ra07525k Although this type of system has not yet been commercialized, further studies are recommended to

rsc.li/rsc-advances enhance its market competitiveness.

1. Introduction Alayvad et al r.evie.wed the ir%tegration of renewable energy w.ith
various desalination techniques and reported the following
The rapid increase in the world population makes water supply ~ findings:® the use of geothermal energy in desalination process
more challenging.! Reports indicate that approximately 1.8 ensures continuous operation. Wind and solar energy powering
billion people face severe water scarcity, and water demand reverse osmosis plants offer low-cost solution and represent
continues to grow.? Additionally, a recent study reported that mature technologies. Similarly, photovoltaic systems powering
one-third of the world's population lives under water-scarce electrodialysis desalination are cost-competitive with fuel-
situations.® Desalination is considered a reliable option for driven electrodialysis systems. A recent study integrating
fresh water supply due to the abundance of seawater.! The photovoltaic systems with ultrafiltration and reverse osmosis
desalinated water supply will reach 192 x 10° m® day ' by reported benefits in clean water production and an enhanced
2050.° However, desalination consumes substantial energy. The ~energy-water nexus.’
growing demand for water in agriculture, industry, and Desalination by solar energy becomes one of the promising
drinking necessitates sustainable and cost-effective desalina- solutions to the water shortage. The demand for water and solar
tion methods. Since most desalination plants rely on fossil energy intensity are closely linked, as water needs increase
fuels, the associated carbon emissions encourage a shift during the summer when solar energy is more abundant. Solar
towards renewable energy-driven desalination.® photovoltaic thermal (PVT) systems offer a sustainable, eco-
Desalination powered by renewable energy offers advantages friendly method for desalination, generating both electricity
such as wide availability and low greenhouse gas emissions. and heat. The PVT system is constructed by covering a thermal
collector with a PV layer. This design improves the electrical
efficiency of the PV panel.® Utilizing PVT for desalination is an
emerging application, allowing both electricity generation and
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desalination, while the electrical energy can be used to power
membrane-based desalination or be converted into thermal
energy for thermal desalination.’

Among various desalination techniques, forward osmosis
(FO) and membrane distillation (MD) are gaining popularity. In
FO, water molecules pass through a porous membrane due to
the osmotic pressure difference across the membrane. In MD,
a hydrophobic porous membrane is used to allow vapor to pass
through while retaining non-volatile matters on the feed side,
driven by the vapor pressure difference across the membrane.
Coupling forward osmosis with membrane distillation has
shown promise as a viable alternative, especially when utilizing
readily available waste heat.” This innovative system has
several advantages: it can treat diverse water sources (seawater,
brackish water, or wastewater), operates at low pressure, effi-
ciently removes organics, salts, and pollutants, handles high
salinity, and can be integrated with renewable energy sources,
making it environmentally friendly."* By using waste heat, it
lowers operational costs and carbon emissions."* The hybrid
system also provides a double barrier against contaminants.
Combining the FO and MD systems enhances their individual
performance to produce high-quality water with a minimum
risk of fouling.”> FO is energy-efficient, operating under low
hydraulic pressure, significantly reducing membrane fouling,
and MD operates at low temperatures (40-80 °C), making it
effective even with high salinity streams,” while also disinfect-
ing water. Its integration with solar energy is highly recom-
mended for water-stressed areas rich in solar radiation.* The
system's ability to utilize waste heat and handle saline solutions
enhances its potential for cost-effective desalination.™

Thermal energy from PVT can drive both forward osmosis
and membrane distillation, while also boosting PV panel elec-
trical output. Anand et al.** proposed integrating PVT system
with FO and MD technologies. They explained how PVT's
thermal energy could preheat the FO solution or aid in draw
solution recovery, while its electrical energy could power auxil-
iary equipment.’® The integration of PVT with FO and MD has
been evaluated through laboratory-scale experiments,
modeling, and simulations. Kamel et al."* reviewed the appli-
cation of the FO-MD system in water treatment, highlighting
the importance of water transfer balance between the two
units.” Tashtoush et al.™ noted that previous studies focused
primarily on experimental investigations and testing various
draw solutions, identifying a gap in integrating FO-MD with
PVT systems." They analyzed a PVT-driven FO-MD system
incorporating phase change materials for energy storage to
produce water during the night. Their system, with a capacity of
213.25 L per day, proved effective for brackish water desalina-
tion.™ A more recent study examined the dynamic performance
of PVT driven FO-MD desalination for water and electricity
production.”® Using PVT-FO-MD to produce water and energy
simultaneously, reduces reliance on fossil fuels, which are
major contributors of carbon emissions. Additionally, it mini-
mizes waste heat emissions. The extended lifetime of PVT
systems offsets carbon emissions more effectively compared to
conventional energy sources.
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After evaluating the feasibility of PVT-driven FO-MD desali-
nation on a laboratory scale, conducting pilot-scale analyses is
crucial for industrialization and assessing large-scale feasibility.
However, no pilot-scale studies of the PVT-driven FO-MD
system have been reported in the open literature. Bounahmidi*®
patented a method for waste heat recovery from concentrated
solar power (CSP) for forward osmosis desalination applica-
tions. Building on this, a pilot FO-MD plant driven by CSP was
designed.'” CSP is a technology that collect solar energy using
a thermal collector to produce high-temperature heat. Its
operation is involves heating a working fluid with solar energy,
which is then converted into electrical energy through a power
block.*® The waste heat from the power block is aimed to drive
FO-MD desalination system. While CSP generates high-
temperature thermal energy, its conversion to electrical energy
requires expensive power blocks. Moreover, CSP plants utilize
only the direct component of solar radiation, whereas PV
systems can harness both direct and diffuse radiation. A
comparison between PV and CSP shows that PV systems achieve
a 13% improvement in electrical energy output while requiring
23% less area. When using a similar area, an energy improve-
ment of 23-33% was recorded.” Replacing CSP with PVT
systems reduces costs associated with thermal energy conver-
sion. Our previous study numerically evaluated a PVT-driven
FO-MD desalination system, claiming it as the first attempt to
integrate mass and heat analyses for the entire system using
Pyomo AML, validated by experimental data.'* This study
contributes to the field by designing of a PVI-driven FO-MD
pilot system for the first time, along with conducting a cost and
profitability analysis.

The objective of this study is to design a pilot plant inte-
grating photovoltaic thermal (PVT), forward osmosis (FO), and
membrane distillation (MD) for the simultaneous production of
electricity and potable water. This pilot plant can either replace
the CSP plant or operate in parallel with the CSP system previ-
ously designed by our research team. As a case study, the design
is evaluated based on the annual weather conditions of Fez,
Morocco. Additionally, the study conducts an economic evalu-
ation of the pilot PVT-FO-MD plant to provide background for
feasibility analysis.

2. Design of PVT-FO-MD system

2.1 PVT system design

A solar photovoltaic thermal collector combines a PV panel and
a thermal collector to generate electricity and thermal energy
simultaneously. PV cells are connected in series to form
a module for electricity generation, while a thermal absorber
attached to the back captures heat. Optimal heat transfer
between the PV module and the absorber is assumed, and fluid
flow tubes are integrated into the absorber through extrusion.
Saline water or working fluid flows longitudinally along the PV
module. Insulation is applied to the back to prevent heat loss.
Multiple PVT modules are connected to meet the required
power output.

Photovoltaic panels are assembled by connecting individual
PV cells. Crystalline silicon cells, commonly measuring 15.6 cm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by 15.6 cm, are often used.”® Each module typically holds either
60, 72, or 96 cells.?*>* The module area (A oqule) is the product
of the number of cells (n) by area of a cell (A..;) divide by the
packing factor (PF):**

Amodule =nX AceII/PF (1)

The module area should be larger than cell area because cells
cannot be arranged without space. For rectangular cells a 90%
packing factor is reasonably considered. The input power for
a certain area is estimated as:*

Pin =G x Amodule (2)

Under standard conditions, the electrical power output of
a single crystalline PV cell can be estimated using the relation:

Pout = Voc X Isc (3)

where V,. is the open circuit voltage and I is the short circuit
current of a cell.

The electrical efficiency, which represents the ratio of the
cell's output electrical power to its input power, can be calcu-
lated as:

0 = Poud Pin x 100% (4)

The thermal output from the panel is estimated using the
relation:*®

Pier = m X Cp X (Tout - Tin) (5)

where m is the mass flow rate of the cooling fluid, ¢, is the

specific heat capacity, and T, and T}, are the outlet and inlet

temperatures of the fluid, respectively. The type of PVT collector

is based on a previously studied extruded absorber.?” Such PVT

Table 1 Design parameters of the studied PVT panel
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collector has the advantage of higher heat transfer between the
panel and absorber. The dimension of the PVT collector is 1 m
by 2 m. The tube's internal diameter is 10 mm. The number
of tubes per panel is decided based on the water mass
flowrate considering an optimum velocity for heat to transfer
from the absorber to the fluid. Based on the above description,
the following table shows the values for each parameter
(Table 1).

Based on the requirements, the design specifications are
outlined. The required thermal power for FO and MD is
supplied by the PVT panel. Therefore, the thermal output
should match the conductive heat transfer from the absorber
layer of the PVT collector. i.e. Piherm = He X Aaps X (Taps — T¥)
where #. is the conductive heat transfer coefficient from the
absorber to the fluid, A, is the heat transfer area, and Ty is
the temperature of the absorber. The temperature profile of the
PVT collector is estimated by applying the conservation of
energy to each layer. The steady state energy balance equations
on each layer are given as follows: eqn (6) for the PV layer, eqn
(7) for the absorber, eqn (8) for the flowing fluid, and eqn (9) for
the insulator. In these equations, G, A, 1, h, T, and (8 represent
irradiance per unit area, area of a layer, efficiency, heat transfer

coefficient, temperature, and temperature coefficient,
respectively.
Energy balance on the PV layer:
GA(I - "PV) = hrA(Tpv - Tsky) + th(Tpv - Tamb)
+ hcA X (Tpv - Tabs) (6)

Energy balance on the absorber:

hcondA(Tpv - Tabs) = hcAabs,f(Tabs - Tﬂuid) + hcA(Tabs - Tins) (7)
Energy balance on the fluid:
As X hconv(Tabs - Tt) =nm X Cp X (Toul - Tm) (8)

Type Value Comments

Open circuit voltage (V) of cell 0.6 28

Short circuit current (A) of cell 7.7 28

Electrical cell efficiency (%) 18 Estimated from I, V,., and input irradiance at
standard testing condition

Number of cells per panel 72 Standard PV panels consist 60, 72 or 96 cells. 72
cells are commonly used when bigger panels are
required***°

Cells dimension (cm x cm) 15.6 x 15.6 Standard crystalline solar cells dimension is

Standard testing condition

Packing factor 0.9

Panel area (m x m) 1x2
Mass flowrate per panel (kg s~ ') 0.004
Heat capacity of the fluid (J kg™* k™) 4180

© 2025 The Author(s). Published by the Royal Society of Chemistry

25°C,1000 Wm 2, 1ms '

considered for design purpose*’

The standard testing condition is used for
estimation of cell performance while actual
condition is used for design purpose?’

29

An optimal mass flow rate for better heat
transfer from absorber to fluid from previous
study is used®’

BW at a temperature 25 °C is assumed for the
inlet fluid
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Energy balance on the insulator:

hcondA(Tabs - Tins) = hconvA(Tins - Tamb) (9)

The electrical power is estimated using the equation:*
Pele =MNete X G X A= Nele,ref X (1 =B % (Te — Tre)) X G X A(l())

where 7,¢ is the reference efficiency of the PV module.

The specifications discussed above are for a single PVT
collector. To design the pilot PVT collector, sizing begins with
standard PV modules. The size of the pilot PVT collector is
determined to operate either independently or as a substitute
for the existing concentrated solar power (CSP) system when it
is not operational. The CSP pilot plant was initially designed to
drive the FO-MD unit. The pilot PVT unit is designed to meet
the desalination unit's thermal energy requirement of 17 kW at
60 °C. This capacity was chosen to enable operation of the new
design with the previously designed and currently under
construction FO-MD unit. Achieving the design target involves
balancing the outlet temperature (energy quality) with the
generated thermal power (energy quantity), which can be
controlled by adjusting the cooling fluid flow rate and
improving the heat transfer design of the PVT collector. The
number of PVT collectors required to produce 17 kW is esti-
mated by dividing the pilot plant's power requirement by
a single module PVT collector output. The battery storage
system stabilizes power supply by compensating for fluctua-
tions in solar energy, and storing energy to run the system when
thermal power is insufficient. Modules should be arranged to fit
the battery's voltage demand.

To design the heat exchanger and pumps, we need to esti-
mate the thermal output from the absorber, which is designed
to operate at the required temperature for desalination. The
thermal output depends on inlet temperature (7j,), heat
capacity of the cooling fluid (Cp), and mass flow rate (7). The
inlet temperature (T},) is considered the ambient temperature.
The mass flow rate is determined by the fluid's velocity, density,
and flow area. An appropriate flow rate is considered for effi-
cient heat transfer from the PV panel to the thermal collector. As
discussed in the previous paragraph, the brackish water flow
rate should maintain the balance between temperature and
heat load. After estimating the thermal output and flow rate, the
heat exchanger size can be determined, and pumps can be
selected based on outlet temperature, head, and power
requirements. The pump's power is calculated using the equa-
tion: P = m x g x h/n, where m, h, g, and n are the flow rate,
head, gravitational force, and pump efficiency, respectively.

The surface area of the heat exchanger is estimated from the
following relation:

MCy(Ty — Tou) = Mux X U x A x LMTD (11)

The heat transfer coefficient (U) is calculated using the
relation:*?

ifl_'_i] @ +_i><i 12)
U~ I 2k B\ e (
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where &; and A, are the heat transfer coefficients of tube and the
shell fluid, %; is the thermal conductivity, d; and d,, are the inner
and outer diameters of the tube.

2.2 FO-MD system design

The desalination unit consists of FO and MD units. The FO unit
extracts water from the feed (heated saline water), while the MD
unit regenerates the draw solution. The FO module contains
two channels separated by porous membrane. Brackish water
(BW) flows through one channel, and the draw solution flows
through the other channel. The concentration difference
between the two channels drives the process. FO membranes
allow water to pass from the feed solution to the draw solution
via osmotic pressure. MD recovers the draw solution's concen-
tration after water extraction. Membrane distillation is an
effective method for recovering concentrated draw solutions
due to its several advantages. The process relies on a porous
membrane that separates the hot feed solution from the
cold permeate. The temperature difference between the two
solutions creates a partial pressure gradient, which drives
water vapor through the membrane's hydrophobic pores,
allowing only water to pass. This temperature difference is the
key factor determining the rate of vapor transport across the
membrane.

The desalination system is powered by the thermal energy
from the PVT collector. The desalination units (MD and FO) are
sized to operate based on the average available energy from the
PVT. A constant BW flow rate and draw solution concentration
are considered. The FO unit's design depends on the thermal
energy collected, BW flow rate, and module size.

Using mass conservation principles, the water flux (J,), the
module area (Aro), and water density (p) determine the output
brine flow rate (71,,.). The total mass balance defines the inlet
flow rate (71;,) as the sum of the outlet brine flow rate (72,,,) and
the water and salt fluxes across the membrane.

Min fa = Mourfd + Jw X Aro X p — JsAro (13)

To calculate the solute material balance on the feed side of
the forward osmosis (FO) unit, where C represents the salt
concentration in the inlet and outlet streams, we use the
following equation where Q and C represent volumetric flow
rate and salt concentration, respectively:

Oin,faCinta + JsAro = Qout,td Cout,ta (14)

The water flux through the FO membrane is determined by
the equation:* J, = permeablity X (Ilgraw — Hfeeq) Where IT
signifies the osmotic pressure of the draw or feed solution. We
also performed similar overall and component material
balances on the draw solution stream.

mout,d = min,d + JW X AFO X p— JSAFO and Qin,dcin,d = Qout,d-
Cout,d + JSAFO (15)

We assume a saline water concentration of 10 000 ppm and
a NaCl draw solution with a concentration of 1 M. By solving the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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combined set of material balance equations, we can determine
the required membrane dimensions. The water flux of the FO
unit is temperature-dependent. Energy balance equations for
both the feed and draw sides of the FO module are included in
the calculations. The energy balance equations are as follows:

WldeCpXde:JWXAFoXpXTF0+mb><Cb><Tbande><
AFoXpXTF0+deCdXTMD:mCXCCXTC (16)

where the subscripts fd, b, ¢, and d indicate the fluid inlet to FO,
brine from FO, circulation fluid (diluted draw solution), and
concentrated draw solution, respectively. It should be noted
that the heat exchanger tube side outlet is the inlet to the feed
side of the FO unit.

The size of the membrane distillation unit depends on the
input flow rate from the FO system. The sizing between the FO
and the MD unit should be compatible to maintain a contin-
uous flow throughout the system without any overflow or
depletion. Similar to the FO unit, material balances are con-
ducted on the MD unit to determine its required size.

The mass flux (J,) through the porous membrane in the MD
unit can be described by Darcy's law:*?

Jv = Cm(APV) = Cm(ng'YVf - Pep) (17)
where Cy, is the mass transfer coefficient, P, represents the
partial vapor pressure, and vy, denotes the activity coefficient of
the brackish water or draw solution. The Antoine equation is
used to determine the vapor pressure (PY) on the feed and
permeate sides (P, and P,p,) as follows:

3816.44
P =exp (23,1964 - m) and Py,
3816.44
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As indicated by the Antoine equation, the partial pressure is
temperature-dependent. This underscores the importance of
mass and energy transfer analysis, which primarily occurs in the
MD unit. Heat transfer involves convective heat transfer in
the feed channel, conduction across the membrane, and heat
of vaporization. The heat transfer equation across the
membrane is given as: Qotal = Qcond + Qvap Where Qcong is
conduction heat flux through the membrane and Q. is
vaporization heat flux. The conduction and convection heat
fluxes are expressed as:

Ocond = km/0m X (Tinf — Tmp) and Qvap = Jyw x AH,  (19)
Here, AH, is the latent heat of vaporization of water given by
AH, = 1000(—2.426 X Tp¢ + 2503).%*

The design incorporates several parameters. For brevity, the
parameters used in previous works are not repeated here;
readers are referred to previously published articles.’**
However, changes in the mass transfer coefficient (Cy,) of the
MD unit are as follows:*>?¢

M, 1
~ RT 1 1
| LT
Rv Rkn + RM

(20)

where the resistances R,, Ry, and Ry, are given as:** R, = er°P/
8THg, Rm = €PD/tPyir, and R = 27¢/37\/8RT /M.

The thickness (6,,,) of the MD membrane is taken as 150 pm.
The membrane porosity (¢) is 0.7, and complexity of the
membrane pathways or tortuosity (t), calculated as © = (2 — €)*/
g, is 2.41. The membrane radius (r) is 0.22 um. The dynamic
viscosity (ug) of the gas is given as a function of temperature.

pe=—3.036 x 107" x T2 +6.638 x 107® x T+ 1.356 x 10 °(21)
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Fig.1 PVT driven FO-MD desalination pilot unit.
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The designed PVI-FO-MD system is illustrated in Fig. 1.
Solar energy heats the PVT collector, generating electricity and
thermal energy. The electricity powers auxiliary equipment, is
stored for later use during sunless periods, or is converted to AC
for household applications. Simultaneously, BW circulates
through the PVT collector, absorbing thermal energy and
heating up to 60 °C. This heated BW then transfers its heat
to the diluted draw solution stream before entering the FO
unit. Membrane in the FO unit, separate the BW into concen-
trated BW and fresh water. The concentrated brackish
water mixes with inlet BW. Fresh water permeates from the feed
side of the FO unit and mixes with the draw solution on the
draw side resulting in a dilute draw solution. The latter enters
a heat exchanger for further heating using the PVT thermal
energy. Subsequently, the MD unit separates the heated
mixture into fresh water and draw solution. The recovered draw
solution cycles back to the FO unit, while the produced
fresh water flows directly to consumers. Pumps are used to
ensure the circulation of draw solution and to provide contin-
uous feed.

2.3 Simulation of PVT-FO-MD system

The system of equations developed in Sections 2.1 and 2.2 were
solved simultaneously using the algorithm shown in Fig. 2. This
algorithm was further employed to analyze the yearly

o Import Pyomo environment to python

o Import ipopt non-linear solver

o Create concrete model

o Create variables using Var class with boundaries,
domains, and their initialization

l

v

Declare parameters using Param class

Input weather data

l

v

Create functions of model equations

Create functions of boundary and initial conditions

v

Create constraints for model equations and initial and

boundary conditions

l

v

Initialize and Solve system of equations

Change initialization

Convergence | Analyze results and

test end simulation

Fig. 2 Simulation algorithm.
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performance of the pilot plant. It requires creating a Pyomo
model in the Python environment. The required inputs for this
algorithm include BW flow rate, irradiance, wind velocity,
ambient temperature, dimensions, and feed solution and draw
solute concentrations. The outputs, including temperatures in
the PVT layer, outlet temperature of the fluid from the PVT, FO,
and MD units, water fluxes, as well as thermal and electrical
powers, were estimated. The system of equations developed in
Section 2.1 and 2.2 are implemented as functions with appro-
priate naming conventions. Boundary and initial conditions are
also specified. The equations were solved after initialization,
and convergence was tested. If convergence is achieved, the
simulation stops; otherwise, the initialization is adjusted. The
results were then analyzed. This algorithm has been applied in
our previous studies. Readers interested in further details are
referred to our previously published articles.**” For this algo-
rithm, the inputs required are brackish water flow rate, rate of
radiation per unit area, the concentration of BW, and the
concentration of draw solution.

3. Results and discussion

The capacity of the pilot PVT unit is determined based on the
thermal energy demand of the desalination unit as discussed in
the methodology. For design purposes, a yearly average irradi-
ance of 710 W m™?, an ambient temperature of 24.8 °C, and
wind velocity of 1.6 m s™" are used. The battery stores excess
energy generated by the PVT system when irradiance levels are
high. This stored energy can be used to supplement the desa-
lination unit's energy demand during periods of low irradiance.
Under these conditions, the PVT should generate the required
thermal energy for desalination. When estimation results in
a decimal, the number of panels is rounded up. The daily
operational period is limited to 10 hours, considering the hours
of available solar irradiance. Local metrological data was
considered to understand its effect on the performance of the
pilot plant.

Table 2 provides a summary of the specifications for the pilot
plant. Output variables such as FO and MD water flux, inter-
mediate and outlet temperatures, electrical and thermal
powers, heat exchanger area and load, pump power, and MD
area were estimated by varying input parameters, including
panel area and number, BW flowrate, inlet temperature, and FO
area.

Based on the discussion in the design section of the pilot
PVT-FO-MD unit, the plant flowsheet, with appropriate labeling
of stream flowrates, temperatures, and concentrations, is given
in Fig. 11. For ease of steady state analysis, the feed BW should
mix with the brine at ambient conditions. A saline water flow
rate of 0.196 kg s is required to provide the necessary thermal
power. The PVT collector was estimated at 98 m?, generating
9.39 kW of electrical power. The average daily electrical energy
was 93.9 kW h. The saline water temperature at the heat
exchanger outlet was 38 °C, serving as the inlet to the FO unit.
The FO unit size is 3.3 m?, with a water flux of 8.14 LMH. The
diluted draw solution, heated to 43.5 °C in the heat exchanger,
was further heated to 60 °C using an electrical heater. The MD

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Pilot plant design specifications results
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Parameter Amount

Comments

Single panel area (m?) 2

Number of panels 49

FO unit membrane area (m”) 3.3

MD unit membrane area (m?) 9.36

Number of pumps 2

PVT inlet saline water flow rate (L h™") 705.6

FO water flux (LMH)
MD water flux (LMH)

MD permeate flow rate (L h™")

25 °C
48 °C
9.39

17.21

Saline water inlet temperature (°C)
Saline water outlet temperature (°C)
Electrical power produced (kW)
Thermal power produced (kW)

Heat load of the heat exchanger (kW)

Area of the heat exchanger (m?) 6.8

unit area was estimated at 9.36 m?, with a water flux of 2.87
LMH. The concentrated draw solution, at a flow rate of 0.237 kg
s~ and a temperature of 33 °C, is recirculated to the FO unit.

1000 4

800 4 Average irradiance

Irradiance (W/m?)
Py
2
S

400 4

Irradiance
200
5 s 5
& & > N © & N & N 5
& N S O ) & » & & o & &
SR A L A AP N S

Fig. 3 Average irradiance.®”
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PV cells performance was estimated at standard
conditions

Panel performance was estimated at 710 W m"™
irradiance, 24.8 °C ambient temperature, and
1.6 m s~ wind velocity

Feed side active layer membrane is considered
FO area increased to 3.8 m? to analyze its effect
The size of MD is decided to maintain
continuous flow (constant flow rate circulation
of draw solution) throughout the loop

MD area increased to 11.6 m* to maintain the
flow when FO area increased to analyze its effect
Two pumps with a maximum of 10 m head and
75% pump efficiency are considered

One pump is used to feed saline water to the
PVT unit and another pump is used for
circulation of draw solution between FO and MD
The flow rate is optimized to provide a balance
between the outlet temperature and amount of
thermal energy demanded

Selective layer on the feed side mode is
considered

Air gap membrane distillation unit is
considered

This flow rate is estimated based on
simultaneous calculation of all the mass and
energy balance equations. This flow rate was
estimated to maintain the required water flux

2

The outlet temperature from the PVT collector

Designed with a 20% increment above the
desalination unit demand

The heat exchanged in the exchanger is
transferred to the diluted draw solution. The
fluid enters at 48 °C and leaves at 38 °C

A 0.3 kW thermal energy is considered as a loss
in the heat exchanger

To analyze the yearly performance of the PVT-FO-MD
system, we utilized weather data from Fez, Morocco. Irradiance
data for 2019 was extracted from the National Renewable Energy
Laboratory database.’” The mean irradiance was found to be
710 W m ™2, with significant daily fluctuations. Fig. 3 depicts the
average irradiance data from 8:00 to 18:00 h.

3.1 Annual energy and water production

The average electrical power production is shown in Fig. 4.
Electrical power production between March and June is gener-
ally above demand, while from July to October, it is near the
average. During the rest of the year, production tends to fall
below average. The minimum recorded electrical power was
3.28 kW in February, while the maximum was 11.26 kW in June,
with an average of 9.28 kW. Based on the design specifications,
the system can produce 33 872 kW h electrical energy annually.
These fluctuations are attributed to variations in daylight length
and irradiance intensity throughout the year.
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The thermal power is estimated using the relation: 9eer = ¢
X €p X (Tout — Tin)/(G x A). Higher thermal power was generated
in March to June, following a similar trend to the electrical
power. The lowest thermal power was recorded in November,
December, and January, with a minimum of 16.61 kW, while the
maximum was 21.86 kW. The average thermal power was 18.04
kW. The annual thermal energy production was estimated to be
65 846 kW h. The yearly thermal power production is displayed

in Fig. 5.
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The water fluxes were also analyzed, with both MD and FO
water fluxes showing variation throughout the year. The FO
water flux remains relatively stable, ranging from 8.13 and 8.29
LMH, while the MD water flux fluctuates with irradiance,
varying between 2.72 and 4.25 LMH. This variation is attributed
to changes in fluid temperature during the analysis. Fig. 6
illustrates the FO and MD water fluxes.

The average water production is 29.27 L h™', with
aminimum of 25.57 Lh ™" and a maximum of 39.95 L h ™. Fig. 7
illustrates the yearly water production. The estimated annual

Average iermal power =18.04 kW

August September  October ~November December

:FO water flux

MD water flux

0 T T T T T T

January  February March April May

Fig. 6 FO and MD water fluxes.
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Fig. 7 Average water production based on the initial membrane area.

water production volume is 106.84 m>. Similar to electricity and
thermal power, higher water production was observed in May
and June. Increased energy and water production during the
summer is crucial due to higher demand. In winter, water
demand is lower, but energy demand increases for heating. In
summer, both water and cooling energy demands are high.
Previous studies indicate that MD requires between 1 kW h m 3
and 499 kW h m™> of energy for water desalination.* The
current study, which integrates both FO and MD systems,
demonstrates specific energy consumption levels that are
comparable to these findings.

While water flux depends on factors such as osmotic pres-
sure, temperature, permeability, and others, increasing the
membrane area can enhance the water production rate.
Increasing the FO area to 3.8 m> and the corresponding MD
area to 11.6 m? results in an average water production of 34.65 L
h™', as shown in Fig. 8. However, this change requires addi-
tional heating due to the increased mass of the draw solution.
The temperature in the heat exchanger is lowered, particularly
at lower irradiance, which in turn reduces the water flux and the
water production. Despite this, the system can produce 346.5 L
per day if operated for 10 hours at the average production rate.

The flow rate and irradiance primarily influence the perfor-
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Average water production =29.27 L/h

|

October

July August  September November December

concentration play significant roles in the desalination unit.
Several combinations of input flowrate, irradiance, and feed
concentrations were tested as part of the sensitivity analysis.
Irradiance values of 500, 700, and 1000 W m™~2; feed flowrates of
529.2, 720 and 882 L h™; and BW concentrations of 3000, 5000,
and 10 000 mg L~ * were evaluated. The effect of these param-
eters on the system's performance are illustrated in Table 3.
Each input significantly impacts system performance, with
different inputs affecting different outputs. For instance, an
increase in feed concentration generally reduces water flux and
production, especially at lower irradiance levels. This occurs
because a higher feed concentration decreases the concentra-
tion gradient, which is the driving force. Similarly, thermal
power increases with both irradiance and flowrate as irradiance
improves temperature and increased flowrate enhances latent
heat transfer. The highest thermal power (29.34 kW) was ach-
ieved at the highest BW flowrate and lowest BW concentration
regardless of irradiance. The highest electrical power (12.26 kW)
was recorded at the highest BW flow rate and irradiance. The
maximum FO water flux (9.84 LMH) was observed at the lowest
cooling fluid flowrate, highest irradiance, and lowest BW
concentration. Similarly, the maximum MD water flux (6.5
LMH) occurred at the lowest BW flowrate and highest irradi-

mance of the PVT collector, while temperature and ance, irrespective of feed concentration. Maximum water
50 4
40 4
g _______ N WLk - - — = — | - | S A SO |
2 ' '
g 30
g
2
=] .
i< Average water production (34.65)
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Q
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Fig. 8 Average water production based on increased membrane area.
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Table 3 Effect of feed flow rate, irradiance, and concentration effects
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Flow rate Irradiance Feed concentration Thermal power Electrical FO flux MD flux Water production
(Liter k™) (Wm™?) (mg Liter ') (kW) power (kW) (LMH) (LMH) (Lh™

1 529.2 500 3000 17.59 6.33 9.69 4.8 45.15
2 5000 16.1 6.46 9.23 4.12 38.74
3 10000 12.42 6.77 8.12 2.71 25.45
4 700 3000 17.59 8.86 9.69 4.8 45.15
5 5000 16.1 9.04 9.23 4.12 38.74
6 10 000 14.44 9.24 8.2 3.44 32.32
7 1000 3000 20.76 12.12 9.84 6.5 61.11
8 5000 20.72 12.12 9.45 6.5 61.11
9 10000 20.76 12.12 8.46 6.5 61.11
10 720 500 3000 23.47 6.17 9.69 4.81 45.22
11 5000 21.5 6.31 9.24 4.13 38.84
12 10 000 16.61 6.65 8.13 2.72 25.6

13 700 3000 23.47 8.63 9.69 4.81 45.22
14 5000 21.5 8.83 9.24 4.13 38.84
15 10000 16.95 9.28 8.14 2.81 26.39
16 1000 3000 24.4 12.2 9.73 5.15 48.44
17 5000 24.4 12.2 9.34 5.15 48.44
18 10000 24.4 12.2 8.37 5.15 48.44
19 882 500 3000 29.34 6 9.69 4.81 45.23
20 5000 26.88 6.16 9.24 4.13 38.85
21 10 000 20.77 6.53 8.13 2.72 25.59
22 700 3000 29.34 8.4 9.69 4.81 45.23
23 5000 26.88 8.62 9.24 4.13 38.85
24 10000 20.77 9.15 8.13 2.72 25.59
25 1000 3000 29.34 12 9.69 4.81 45.23
26 5000 27.26 12.26 9.25 4.23 39.8

27 10 000 27.26 12.26 8.29 4.23 39.8

production (61.11 L h™') was achieved under similar conditions
to those for maximum MD water flux.

3.2 Economic analysis of the pilot PVT-FO-MD unit

Process designs are typically conducted to provide information
for cost estimation. Estimating the required investment and
production costs is needed for profitability assessments. Such
design estimations aid in deciding between alternative and
optimized designs. A cost analysis was performed to assess the
feasibility of the PVT-driven FO-MD pilot plant. Cost and
profitability analysis concepts are provided in plant design and
economics books, such as those by Peters and Timmerhaus.*®
Therefore, the cost analysis in this study is based on this book
unless specialized studies are available for specific cases. The
total capital investment includes fixed capital (consisting of
direct and indirect costs) and working capital.*®

Direct capital covers expenses like PVT panels, FO and MD
modules, pumps, heat exchanger, and their installation, while
indirect fixed capital involves manufacturing and plant facili-
ties. Capital cost estimation is based on equipment purchasing
costs. Those costs were collected from similar studies or
manufacturers’ and suppliers’ databases, and average market
prices were considered for cost estimation. When data from
these sources is for equipment with a different capacity, the
exponential rule is applied to scale up or down, accounting for
cost index.*®* Working capital is the capital necessary for the
plant's operation. Operation and maintenance costs are

5760 | RSC Adv, 2025, 15, 5751-5765

estimated as 3% of total capital cost, based on standards.*®
Table 4 details the estimated costs for the proposed PVT-FO-
MD system, based on the equipment sizes calculated in Section
3.

The capital cost is high, but governments often support
renewable energy plants through subsidies, tax incentives, or
loan programs due to their environmental benefits. Such
intervention can further reduce costs and improve the feasi-
bility of these projects. The energy used for water production is
considered intermediate and is not included in the profitability
analysis. A portion of the electricity produced is used for
makeup heating in MD desalination, which is not considered
part of the saleable output. The system produces 292.7 L of
water and 22.7 kW h of electrical output daily. Based on current
market prices, the estimated selling price for water can be as
high as $5.95 per cubic meter (as in Norway),"” and global
electricity prices range from $0.002 to 0.458 per kW h.*® Various
water and electricity prices were evaluated to determine the
minimum selling price for project feasibility. Cashflow and net
present value (NPV) were estimated based on these prices,
projecting an annual income of approximately 25178 USD.
Cashflow refers to the difference between income and expenses,
while NPV represents the sum of all cashflows. The rate of
return on investment is estimated at 11.84%, calculated as the
ratio of yearly profit to initial investment multiplied by 100. At
a minimum selling price of $3 per kW h, cumulative cashflow
and NPV, as illustrated in Fig. 9, show the project breaking even

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Estimated cost of the system
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No. Item Cost (USD) Remark Ref.
1 Pilot scale PVT collector 27 790.00 The cost is estimated by 42
scaling the data given for
a 1.36 m” single panel (450
USD) from a ref. 41 cited
a manufacturer
2 FO unit 31500.00 8.14 L m~> h™" water flux is 43
considered
3 MD unit 39000.00 2.87 L m~> h™" water flux is
considered
26.86 L h™" potable water
produced
4 Balance of system (wiring, 11750.00 15% loss is considered 44
charger control, invertor,
and battery)
5 Heat exchanger 14 000.00 Sheel and tube heat 45
exchanger is considered
Heat transferred to the cold
side is 8.47 kW (0.3 kW heat
is lost in the heat exchanger)
6 Pumps 2000.00 Enough height (10 m) is
considered to compensate
pressure drop in the pipe
7 Storage tanks 1000.00 46
8 Membrane 500.00 To be changed every 2 years
9 Electrical heater 7000.00
10 Total purchasing cost 134 540.00
11 Installation, piping and 20181.00 15% of the purchasing cost
instrumentations
12 Indirect costs 38 680.25 Supervision, contractor, and
contingency
13 Fixed capital cost 193 401.25 Direct cost + indirect cost
14 Total capital cost 212741.38 Sum of working and fixed

Fig. 9 Cumulative cashflow and net present value.
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Fig. 10 Profitability analysis at different flowrates, irradiances, and feed concentration (based on data on Table 3).

in year 9. With a 10% interest rate, the project's NPV turns
positive after 19 years.

We have analyzed the effect of different flow rate, irradiance,
and feed concentration combinations on cashflow and NPV.
These combinations are derived from the data in Table 3.
Among the 27 input combinations, options 1, 2, 3, 4, 5, 6, 12,
and 15 were found to be infeasible. Options number 9, 17, 18,
and 27 are a duplicate of other combinations. The cumulative
cashflow and cumulative net present values for the remaining
combinations are plotted in Fig. 10. The left-side subfigures
show the cumulative net present value, while the right-side
subfigures display the cumulative cashflow. Among these
combinations, option 25 (at highest irradiance, highest feed
flowrate, and lowest feed concentration) yields the highest
cumulative cashflow and NPV. Conversely, option 21 (at the
lowest irradiance, highest feed flowrate, and highest feed
concentration) results in the lowest cumulative cashflow and
NPV.

The advantages of the PVT driven FO-MD system are
demonstrated through the pilot scale profitability analysis. The
results indicate that this system is competitive with conven-
tional systems. Its ability to operate in off-grid areas makes it
feasible for both small-scale and large-scale applications.
Additionally, its low-grade thermal energy utilization ensures
effectiveness under various weather conditions. The system's
capability to treat a wide range of feedwater sources further
enhances its versatility and supports diverse applications. In
summary, it has significant potential for industrial application
following a detailed economic evaluation.

4. Conclusion

A pilot scale design of a PVT-driven FO-MD desalination was
developed to evaluate process feasibility, water and electricity
production costs, and potential scalability for industrial uses.

5762 | RSC Adv, 2025, 15, 5751-5765

The system could reduce the capital cost associated with energy
conversion if concentrated solar power is implemented. While
PVT collectors are more expensive than standard PV panels,
they offer improved electrical efficiency and additional thermal
power generation, making them more efficient overall. Using
average yearly weather data, the system produces 9.28 kW of
electrical power, 18.04 kW of thermal power, and 29.27 L h™" of
water. Increasing the desalination unit sizes boosts average
water production to 34.65 L h™. The capital cost required to run
the project is 212 741.38 USD. The system generates 292.7 L of
water and 22.7 kW h of electricity per day. The return on
investment is 11.84%, with a breakeven point at 9 years. The
NPV becomes positive after 19 years at a 10% interest rate.
Although this kind of system has not yet been commercialized,
its environmental benefits are clear. However, further studies
are recommended to enhance its market competitiveness.

Abbreviation
Symbol, meaning

PVT Photovoltaics thermal

FO Forward osmosis

MD Membrane distillation

CSP Concentrated solar power

NPV Net present value

A Area (m?)

PF Packing factor

v Voltage (V)

I Current (A)

p Power (W)/pressure (Pa)

G Irradiance (W m™2)

Cp Specific heat capacity (J kg™ K™)
T Temperature (°C)

h Heat transfer coefficient (W m™> K™')

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mass transfer coefficient (s m?)

Log mean temperature difference

Over all heat transfer coefficient (W m > K ")
Diameter (m)

Thermal conductivity (W m™—" K™ )

Water flux (m* m 2 s™")

Concentration (kg m™?)

Volumetric flow rate (m® s™')/heat flux (W m™?)
Latent heat (J)

Molecular mass (kg)

Resistance (m s %)

Radius (m)

Mass flow rate (kg s)

Density (kg m ™)

Osmotic pressure (Pa)

Efficiency (%)

Porosity (m)

Thickness (m)

Membrane pathways or tortuosity (m)
Viscosity (N s m™?)
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