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Abstract

Photovoltaic assisted reverse osmosis (PV-RO) has been proven an efficient renewable energy-based desalination tech-
nique to provide drinkable water, especially in remote areas. In this manuscript, a simulation based RO design system
was adopted to evaluate the desalination performance for three cities of Pakistan, that is, Lahore, Hasil Pur, and
Faisalabad. The inlet concentration of Lahore, Hasil Pur, and Faisalabad was reduced from 1495, 2190, and 7683 TDS to
295.44, 237.69, and 241.98 TDS respectively, according to the WHO drinking water recommendations. The RO desali-
nation system was integrated with the photovoltaic system to fulfill the energy requirement for desalination. The energy
requirement for the RO system for the working of 10h/day with the freshwater production rate of 0.80m%h for
Lahore, Hasil Pur, and Faisalabad is 60, 95, and 31| kWh/month, respectively. According to PVsyst software, the energy
demand can be accomplished by installing 9 PV panels in Lahore, 15 PV panels in Hasil Pur; and 40 PV panels in Faisalabad.
The simulation results in PVsyst showing that the battery losses will be 52.2% in Lahore, 51.1% in Hasil Pur, and 49% in
Faisalabad.
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Introduction stands at number 80 according to the ranking of 122
nations regarding the quality of drinking water.* The
magnitude of the problem can be assessed by the
increased mortality rate of children in Pakistan due to
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Figure 1. Reverse osmosis plant flow diagram.

the unavailability of clean drinking water.> Generally,
in Pakistan, the supply of drinking water comes from
surface water sources such as rivers, canals, lakes, and
the underground water reservoirs.” Currently, the reli-
ance on groundwater, however, has been increased and
it is estimated that 70% of the drinking water extract
from underground resources.® However, the quality of
underground water is becoming progressively worse
due to the naturally occurring contaminants in the soil
and other human activities which involve sewage,
industrial waste, and heavy use of pesticides and fertili-
zers in the agriculture sector. A proposed solution to
this problem is Reverse Osmosis (RO) desalination pro-
cess, in which these sediments and contaminants are
separated from water by passing it through a mem-
brane at a certain pressure.’

In the RO process, a high-pressure pump is required
which pushes the high concentrated saline or contami-
nated water to the semi-permeable membrane which
refrains the salts and other contaminants to pass as
shown in Figure 1.

RO plants efficiently remove the dissolved salts and
any contaminant having a molecular weight of more
than 200kg/mol. This can be very effective for the
brackish, surface, and groundwater for both small and
large flow applications.® To meet the specific pressure
requirements for RO, the mechanical pump is used, run
by an external power. This power can be provided by
an electrical motor or by some internal combustion
engine which is another challenge for an RO plant to
operate in a country like Pakistan which is facing a
severe energy crisis for more than a decade and the sit-
uation is only becoming worse.’

The percentage of the population which has access
to electricity is only 55% and 68% of Pakistan’s total
population lives in rural areas that have no electricity in
most parts.” The shortfall has reached 3 GW of power
supply which resulted in a massive load-shedding prob-
lem all over the country.'® The reserves of oil and gas in
Pakistan are not simply enough to meet its energy,
industrial and domestic demands. Therefore, the coun-
try has to depend upon imported oil and gas which put
an immense strain on the country’s economy.'® These
facts, at least for the current situation make grid elec-
tricity and fossil fuel non-reliable sources to operate the
RO plants. So, there is a need to look for other energy
resources that are more reliable and sustainable. Solar
energy is one of these sources and Photovoltaic (PV)
cells have a lot of potentials to be considered as the
main energy source for the RO plants.'""'? The photo-
voltaic system is the most suitable choice in far areas
for low or medium loads because this system produces
power without harming the environment.'*!'* The stan-
dalone photovoltaic system supplies power to the load
without connecting to the grid. In this system, an exter-
nal storage device is needed to store energy when excess
energy is generated and to provide energy when the gen-
eration is less than the required.'” It has a higher initial
cost off course, but it is more reliable and sustainable
for a country facing such an immense energy crisis.
Moreover, it is suitable for rural areas and remote loca-
tions where grid electricity is not available but the
demand of safe and clean drinking water is high.

According to a study, a small scale and modular
photovoltaic RO plant without inverter and battery is
an energy-efficient and cost-competitive desalination
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Table I. Chemical properties of groundwater.
( Location Selection ) City Lahore Hasil Pur Faisalabad
Chemical
v properties
( Input Parameters
pH 7.5 7.5 7.5
! CO, concentration (mg/l)  0.004 0.004 0.008
( RO Plant Design Parameters ) Conductivity (ps/cm) 3180.1 4491.7 13,966.8
C Simulations on IMS Design ) Table 2. Quality of groundwater in terms of ions
concentration.
* City Lahore Hasil Pur Faisalabad
Analysis Results on IMS Design lons
concentration
Power Calculations on IMS lons Feed Feed Feed
Design water (mg/l)  water (mg/l)  water (mg/l)
Ca*? 100.00 162.00 420.00
: Mg *? 261.73 379.86 700
C Design of PV Panels ) Fe *2 0.080 0.050 0.8
HCO;™ 0.10 0.10 1387.7
: SO4* 670.00 922.00 0.10
Result Validation by Comparison > C—f' Y 443.00 710.00 850
SiO, 20.00 17.00 4289.9

( Cost Analysis of Solar Powered

Figure 2. Methodology of research.

system.'® Whereas, for large scale RO plants with a more
sophisticated PV system with single or dual-axis tracking,
batteries, and control electronics are also feasible.!”!®
Since there is a daily and seasonal solar intensity fluctua-
tion so a variable flow pump could be utilized to com-
pensate the variable power output from PV.

In this study, design and initial cost of a standalone
PV assisted desalination system is presented for differ-
ent regions of Pakistan. There was no such work avail-
able, previously. Therefore, it will be a stepping stone
to design and develop a stand solar assisted desalina-
tion system at small scale. Three cities of Pakistan are
identified as the location for this cased study.
IMSDesign software is used to calculate the power
required to desalinate the water of these cities. To fulfill
the power requirement of the RO plant, the non-
renewable energy source is replaced with the renewable
energy source of photovoltaic panels. PVsyst software
is utilized to design a solar-based energy supply system.
Based on the simulation and renewable energy model
design, the feasibility of integrated PV-RO is presented.

Methodology

Figure 2 explains the substantial steps required to
achieve the goals defined based on the problem

explains the process flow from location selection to
input parameters selection, design, simulation, and
analysis of RO plant along with the power calculation
and corresponding PV system design. Finally cost anal-
ysis will be presented for economic evaluation.

RO system design

RO system design input parameters in IMSDesign

IMSDesign program is used for RO system design and
analysis. The chemical properties and groundwater
quality data of the three cities were defined in the
IMSDesign package. In Table 1, the chemical proper-
ties of the groundwater of three cities are presented.
The value of conductivity of Lahore, Hasil Pur, and
Faisalabad water is 3180.1, 4491.7, and 19966.8 ps/cm,
respectively. Similarly, Table 2 shown the quality of
groundwater of selected three cities. The inlet TDS con-
centration of Lahore, Hasil Pur, and Faisalabad was
1495, 2190, 7683, respectively.

RO system configuration

RO system was designed in the IMSDesign software.
The flow rate of each RO system was described in the
IMSDesign as 1.6m?*/h as shown in Table 3. The sys-
tem specification is selected in the software and the per-
formance of the system is analyzed. The two-stage
system is selected for the RO desalination process of
each city. Element per vessel is put 2, 2, and 3 for
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Table 3. RO system specifications.

System City Lahore Hasil Pur Faisalabad
specifications
Feed flow rate (m®/h) 1.6 1.6 1.6
Stages 2 2 2
Vessels/stage 3 3 |
Element/vessel 2 2 3
Table 4. RO system membrane configuration.

City Lahore Hasil Pur Faisalabad
Membrane
configuration
Element type ESPA4 ESPA3-4040 CPA2-4040

Max BWRO BWRO

Rejection rate (%) 99.40 99.40 99.50
Area (ft?) 440 85 85
Test pressure 100 150 225
(psi)
Beta 1.2 1.2 1.2
Lahore, Hasil Pur, and Faisalabad respectively.

IMSDesign has a membrane data base. The membrane
element for each RO system is specified. Element type
ESPA4 Max, ESPA3-4040 BWRO, and CPA2-4040
BWRO were eclected for Lahore, Hasil Pur, and
Faisalabad respectively. The membrane configuration
for each selected membrane is described in Table 4.
The membrane selection is purely based on the perme-
ate flow concentration.

Two-stage RO system was designed in this study to
desalinate the feed water, as shown in Figure 3. The
feed water passed through two stages in series to pro-
duce the clean water. From Figure 3, it can be observed
that the feed water entered in the first stage of RO at
point 2 and permeate left at point 5. The retentate of
the first stage of RO is supplied to the second stage at
point 3. Furthermore, the permeate of the second stage
leaves at point 6 and mix with the permeate of the first
stage at point 7. Moreover, the retentate of the second
stage, which is highly concentrated brine leaves at point
4. Through this mechanism, the overall water recovery
of the system is increased, because the retentate of the
first stage was again passed through the RO second
stage to get more freshwater at point 6.

Table 5. Calculation results (IMSDesign).

—D= - ® @

Figure 3. Flow diagram of the RO system.

Analysis of results on IMSDesign

Once the simulation was carried out, results will be ana-
lyzed for further processing. Based on the result analy-
sis, there could be two possibilities: Either we would
have a desired solution, that is, results were within the
limits and standards, or we were exceeding limits and
standards; if we would carry out with this that would
not be cost-effective in terms of maintenance of mem-
branes, power efficiency and misc.

However, under the described input parameters
above, our results of the IMSDesign for the RO system
was within the limits and standards.

Discussion on results of IMSDesign

The calculation results obtained from the IMSDesign
software for the three cities are shown in Table 5. The
highest beta value for Faisalabad and Hasil Pur is
within the limits of 1.2 according to the manufacturer
recommendations. Beta values for the Lahore RO plant
exceed our optimum design limit of 1.2, which in terms
increases the maintenance cost by the early replacement
of the membranes.

Table 6, shows the permeate water quality treated in
IMSDesign. The permeate water TDS level is within
the recommended standards for three cities. The value
of Mg is exceeding the WHO recommendations, but
according to the Pakistan standards for drinking water,
the value is within the recommendations. The value of
total dissolved salts for three cities is within the WHO

Array Vessels Feed pressure (bar) Feed flowrate (m*/h) Flux (Imh) Highest beta
Lahore -1 3 1.3 0.53 3.1 1.50

1-2 3 .1 0.28 0.2 1.04
Hasil Pur -1 3 29 0.53 10.9 1.20

1-2 3 2.6 0.36 6.1 I.15
Faisalabad -1 | 13.9 1.6 22.1 1.13

1-2 | 13.1 1.08 1.7 I.11
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Table 6. Quality of water treated in integrated membrane system (IMSDesign).

City

Elements

Lahore

Hasil Pur

Permeate (mg/l)

Permeate (mg/l)

Faisalabad

Permeate (mg/l)

WHO

recommendation

Pakistani

standards

Ca

Mg

Fe
HCO;
SO,
Cl
SiO,
CO,
TDS
pH

21.582
56.486
0.017
0.040
29.237
179.162
8919
0.004
295.44
7.1

18.444
43.249
0.006
0.064
54.779

117.879

3.265
0.004
237.69
74

4.858
8.097
0.001
0.006
7.194

75
50
0.1
200
250

144.395 250

1.151
0.008
241.98
6.8

1000
6.5—85

200
100

400
500

1000

6.5—8.5

Table 7. Power calculation of RO system for three cities.

Lahore Hasil Pur  Faisalabad

Pump/boost pressure (bar) 1.3 29 13.9
Product flow gm3/h) 0.8 0.8 0.8
Pump flow (m*/h) 1.6 1.6 1.6
Total pumping power (W) 200 300 1000

and Pakistan standards limits for drinking water. The
total dissolved salts value is 295.44, 237.69, and 241.98
for Lahore, Hasil Pur, and Faisalabad, respectively.

Power calculations on IMSDesign software

IMSDesign software was used to calculate the power
required to desalinate the water through the RO sys-
tem. Table 7 shows the power required for the selected
cities. Total pumping power requirement is 200, 300,
and 1000 W for Lahore, Hasil Pur, and Faisalabad,
respectively. The total pumping power requirement is
used in PV to design the photovoltaic systems, which
will be utilized to power the RO systems.

Performance evaluation

The parameters like permeate concentration, permeate
flow rate and specific energy consumption (SEC) are
the key parameters to described the performance of the
RO desalination process.'” The performance analysis is
achieved in the IMSDesign software by fixing the
boundary conditions and alerting the variable condi-
tions to evaluate the design of the RO system for the
selected locations.

In Figures 4 and 5, the effect of the permeate flow
rate and feed flow rate on the average flux rate was
studied. It can be observed from the figures that by
increasing the permeate flow rate and feed flow rate the
average flux is increased. This means the volume of the

30 4 Effect of permeate flow on average flux
25 e

20 4

Average Flux (Imh)

Permeate flow (m 3/h)

Figure 4. Effect of permeate flow on average flux.

30 + Effect of feed flow on average flux
25 o~

20

Average Flux (Imh)

5 ————— 71—
05 10 15 20 25

Feed flow (m3/h)

3.0

Figure 5. Effect of feed flow on average flux.
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Figure 6. Effect of recovery on permeate concentration.

water passed through the surface of the membrane
increased.

In Figure 6, the relation between water recovery and
permeate salt concentration is studied. It can be
observed that with the increase of water recovery, the
salt concentration in the permeate also increased. This
is because high hydraulic pressure is applied to feed
water to increase the volume of water pass through the
membrane to get the permeate according to the recov-
ery rate. This high pressure causes the salt to pass
through the membrane.

In Figure 7, the specific energy consumption relation
with the feed water concentration is presented. The
inlet feed concentration is different selected locations
are different from each other. Therefore, specific energy
consumption is also different for each location. The
relationship between the feed concentration and the
SEC is not linear.?® Furthermore, it can also be
observed from the figure that the SEC of the RO pro-
cess is increased with the increase of saline concentra-
tion in the feed water.

Design of stand-alone PV system

In this section of the manuscript, the sizing and selec-
tion of PV modules were done in the PVsyst, and results
are presented.

System specifications

The power calculated in IMSDesign was used in PVsyst
to simulate the PV system. The working of each RO
system is 10 h.

Q. Pro-G2 255 model PV module is used in this sys-
tem. The tilt angle of the module is set to be 30°. Other

1.0 4 Effect of salinity of feed on specific energy consumption
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Figure 7. Effect of salinity of feed on specific energy
consumption.
Table 8. Characteristics of module.
Average power 257.5W,
No. of modules 2
Short circuit current 9.03A
Open circuit voltage 37.99V
Current at Pypp 8.57 A
Voltage at Pypp 30.04V
Efficiency = 15.3%
Tilt 30°°
Azimuth 180°

characteristics of the module are given in Table 8.
Maximum Power Point Tracking (MPPT) controller is
used with the PV system. Since it supplies the generated
power to the connected battery at a constant voltage. It
does not matter what are the voltages generated by the
PV system the output voltages of the controller will
remain constant. For the storage of generated extra
energy, the 130 Ah battery is used with the system to
supply power to the load when the PV system is not
generating any power.

Location: Lahore

The geographical location of this system is Lahore,
Pakistan. The standalone PV system selected to run the
RO plant pump because in the tribal areas mostly elec-
tricity is not available and RO plant shouldn’t be
dependent on general electricity source. To run the
plant daily for 10h the required energy is 60 kWh/
month. Thus, to meet this electricity demand 9PV
modules are installed at the location. The results of the
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Table 9. Results of PV system simulation of Lahore.

Months Horizontal irradiance (kWh/mz) Eavail (KWh) Eunused (KWh) Enmissed (KVVh) Eyser (KWWh) E\cad (KWWh)
January 89.2 75 9.5 0.000 62.74 62.74
February 110.9 105.9 47.0 0.000 56.67 56.67
March 153.3 191.4 125.1 0.000 62.74 56.67
April 167.0 245.6 181.5 0.000 60.72 62.74
May 189.5 297.2 230.8 0.000 62.74 60.72
June 190.2 3123 246.2 0.000 62.72 62.72
July 170.7 276.5 210.2 0.000 62.74 60.72
August 171.7 263.7 198.2 0.000 62.72 62.74
September 163.4 2153 I151.3 0.000 62.74 60.72
October 130.1 140.5 74.6 0.000 62.72 62.74
November 97.1 82.11 18.9 0.000 62.74 60.72
December 86.1 63.1 1.6 0.772 61.97 62.74
Year 1719.2 2268.6 1494.8 0.772 737.99 738.76
Normalized Production and Loss Factors: Nominal power 2295 Wp
14 :J T T T T T T T T T T T
Lu : Unused energy (full battery) 522 %
Lc : Collection Loss (PV-array losses) 192 %
12| Ls : System losses and battery charging 29 % T
YT : Energy supplied to the user 258 %
) 1.0
E 0.8
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 8. Normalized production and loss factors of Lahore.

simulation are shown below in Table 9. The following
are the terminologies used for the solar energy
description.

It can be noticed that in December, the generated
energy is less than the required energy but in all other
months the generated energy meeting the energy
requirements. In December and January, solar irradi-
ance energy is less due to which generated power is
low, but at the same time in these two months the
requirement of water is also less. Due to which hours
of working of the RO plant will reduce and therefore
the required energy will also reduce.?' In the remaining
months power system is generating extra energy which
can be used for the lightning purpose or for driving any
other low-level load. In Figure 8, the loss of PV system
is shown and full battery loss is 52.2% in Lahore. The

full battery losses can be minimized by using the extra
batteries to store the extra available energy.

Location: Hasil Pur

The geographical location of this system is Hasil Pur,
Pakistan. At this location the required energy is near
about 95kWh/month, thus to meet this electricity
demand 15PV modules are installed at the location.
Required energy demand fulfilled in all the months
except in December due to the Horizontal Irradiance
value is less in this month. The results of the PV system
simulation are shown in Table 10.

In Figure 9: the loss of PV system is shown and full
battery losses is 51.1% in Hasil Pur.
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Table 10. Results of PV system simulation of Hasil Pur.

Months Horizontal irradiance (kWh/mZ) Eavait (KWh) EUnused (KWh) Enmissed (KVVh) Eyser (KWh) E\ cad (KWh)
January 103.7 110.6 11.8 0.000 93.74 93.74
February 116.6 167.2 78.9 0.000 84.67 84.67
March 159.8 287.5 188.8 0.000 93.74 93.74
April 183.5 383.7 288.6 0.000 90.72 90.72
May 200.4 455.1 355.5 0.000 93.74 93.74
June 194.3 463.5 361.6 0.000 90.72 90.72
July 191.2 454.9 351.5 0.000 93.74 93.74
August 177.5 395.2 295.1 0.000 93.74 93.74
September 170.4 322.8 227.1 0.000 90.72 90.72
October 144.2 216.6 118.0 0.000 93.74 93.74
November 117.7 199.3 26.0 0.000 90.72 90.72
December 98.5 90.9 0 1.461 92.28 93.74
Year 1857.8 3467.4 2302.5 1.461 1102.3 1103.76
Normalized Production and Loss Factors: Nominal power 3375 Wp
1.4 :I T T T T T T T T T T
Lu : Unused energy (full battery) 511%
Lc : Collection Loss (PV-array losses) 214%
121 Ls : System losses and battery charging 3.1% 7
YT : Energy supplied to the user 245%
) 1.0
fé 0.8
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 9. Normalized production and loss factors of Hasil Pur.

Location: Faisalabad

The geographical location of this system is
Faisalabad, Pakistan. System energy requirement is
higher at this location so to meet the load 40 PV mod-
ules are installed at this location. These modules gen-
erate power near about to 1383 kWh in June. There is
a little bit of missing energy in January and
December because in these months the solar irradi-
ance energies are too low. The results of the system
simulation are shown in Table 11.

Furthermore, in Figure 10, the loss of PV system
is shown and full battery losses is 49% in
Faisalabad.

Cost analysis

PV system

The PV system consists of PV panels and the balance of
system (BOS) (wiring, control charger, inverter, and
batteries). The initial cost of the PV system is considered
in this research, without considering the shipping cost,
installation cost, labor cost, land and building cost,
operation, and maintenance cost. The initial total cost
of the PV system is given by the following equations.

Cr = Cp + Cgos (1)

(2)

Cpos = Cy, + Ccc + Cp + Cpy
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Table I 1. Results of PV system simulation of Faisalabad.
Months Horizontal irradiance (kWh/mz) Eavail (KWh) Eunused (KWh) Enmissed (KVVh) Eyser (KWWh) E\cad (KWWh)
January 89.2 328 12 8.000 303 311
February 110.9 465 175 0.000 281 281
March 153.3 845 519 0.000 311 311
April 167.0 1086 769 0.000 301 301
May 189.5 1316 991 0.000 311 311
June 190.2 1383 1056 0.000 301 301
July 170.7 1223 894 0.000 311 311
August 171.7 1166 842 0.000 311 311
September 163.4 951 634 0.000 301 301
October 130.1 619 293 0.000 311 311
November 97.1 359 56 0.000 301 301
December 86.1 276 0 34.00 277 311
Year 1719.2 10,019 6242 42.00 3617 3659
Normalized Production and Loss Factors: Nominal power 10.20 kWp
1.4 :' T T T T T T T T T T T
: Unused energy (full battery) 49 %
: Collection Loss (PV-array losses) 192 %
1.21- : System losses and battery charging 3.4 % T
Energy supplied to the user 284%
i
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 10. Normalized production and loss factors of Faisalabad.

Table 12. Cost of PV systems.

Location Initial total cost (USD)
Hasil Pur 1100
Lahore 1410
Faisalabad 2865

The cost of the PV system is calculated for three loca-
tions, according to equations (1) and (2), and presented
in Table 12.

RO membrane cost

According to the results of IMSDesign, 12 membranes
will be used in Hasil Pur and Lahore location and 8
membranes will be used in the Faisalabad. The cost of
the membranes was provided by the manufactures
(Hydranautics — A Nitto Group Company) through
email correspondence and given in Table 13.

Conclusion

Three cities of Pakistan were selected to design the PV-
RO desalination units. IMSDesign software was used
to run the simulation to desalinate the water of 1495,
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Table 13. Membrane cost.

Location Membrane type USD/pieces
Hasil Pur ESPA2-4040-BWRO 527
Lahore ESPA4 Max 527
Faisalabad CAPA3-4040-BWRO 466

2190, and 7683 TDS to 295.44, 237.69, and 241.98 TDS
for Lahore, Hasil Pur and Faisalabad, respectively.
The energy required to power the RO pumps were also
calculated by the IMSDesign software. Furthermore,
the PV system was design in PVsyst against energy
demand of 60, 95, and 311 kWh/month for Hasil Pur,
Lahore and Faisalabad, respectively. The results of
PVsyst showed that for the working of 10h with bat-
teries the PV panels will provide sufficient energy in all
seasons. However, in summer the panels will provide
more energy than the load. This extra energy can be
used for other purposes. This manuscript gives a basic
understanding of the renewable energy-assisted desali-
nation system. The integrated solar PV-RO desalina-
tion plant is designed to work as a standalone system
without any external energy supply for the remote areca
of Pakistan.
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Appendix

Notation

A Ampere

V Volt

w Watt

W, Watt peak

GW gigawatt

Pyipp temperature coefficient

TDS total dissolved solids

Eavail available energy from PV panels
Eunused energy not used by the load due to losses
EMissed missing energy

Evser energy used by the user

El oad system energy requirement

Cr total cost

cost of panels

cost of the balance of system
cost of wires

cost of the charge controller
cost of inverters

cost of battery

World Health Organization

calcium ion

magnesium ion

ferrous ion

bicarbonate

sulfate

chloride ion

silicon dioxide

carbon dioxide

flux unit (1/m2/h)





