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Many regions of the world face the problem of saline water. Water desalination
processes, which require significant energy consumption, are a common solution
to produce drinking water. This study evaluated the influence of the following
process operational parameters on the energy consumption of seawater reverse
osmosis systems: water salinity, permeate recovery ratio, membrane perfor-
mance, and feed water temperature. Optimal operational conditions for the theo-
retical minimum energy consumption were determined with experiments by vary-
ing water qualities and operational parameters. In order to further reduce energy
consumption a reverse osmosis system was integrated with a photovoltaic solar
system and a pilot photovoltaic reverse osmosis system was built and tested. The
results obtained from this study indicated that even though a solar photovoltaic
system incurs a huge initial capital investment, it will yield significant benefits in
the long run of the reverse osmosis operational period.
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Introduction

The availability of surface and ground water sources for agricultural, industrial, and
personal use is becoming increasingly constrained. In response, reverse osmosis (RO) water
desalination has been touted as a potential technology for increasing the available water re-
sources in many parts of the world [1]. The RO has been chosen because it is the cheapest op-
erational desalination technology and it is commercially available in a range of sizes. Utiliza-
tion of renewable energy sources for water production in Florida, USA, has the potential of
lowering costs while providing long term sustainability [2, 3]. However, the design and per-
formance prediction of desalination plants running on solar energy is generally more compli-
cated than desalination plants running on fossil fuels. Solar energy is, by nature, fluctuating,
whereas existing RO systems are designed for continuous operation. This demonstrates the
difficulty in integrating these two systems. Consequently, the operating condition of solar de-
salination plants depends upon the prevailing meteorological conditions, such as solar radia-
tion and ambient temperature. A pilot unit was built and tested and has demonstrated the
technology’s capability to produce good-quality water, but process optimization and energy
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consumption minimization were yet to be fully addressed and are the focus of this work.
Three tasks that are addressed in this study are:

— optimizing the RO process design for energy efficiency [4],

— improving the integration between photovoltaic (PV) and RO, and

— lowering cost of PV.

Traditionally, implementation of PV-powered desalination units is coupled with a
battery and an inverter. This approach results in high cost of water production, reduced energy
efficiency, and increased system complexity. Recent research has focused on increasing sys-
tem efficiency with some success [5, 6]. However, for PVRO to be practical, it must be eco-
nomically competitive with alternative, conventional methods [3].

It can be seen that the main issues are related to the development of a reliable theatri-
cal model of energy consumption and further lowering the cost of water treatment by RO. This
paper focuses on optimizing energy requirements of desalination with the integration with solar
energy. This study confirms that using PV cells to power RO desalination systems is a promis-
ing solution for many in remote coastal areas facing a shortage of fresh water.

Solar desalination technologies

There are various technological combinations for integrating solar energy with water
purification processes. The possible combinations have been classified depending on the solar
energy used with desalination technologies. Figure 1 describes a couple of the technological
combinations.

Solar PV technology is more efficient as it directly converts solar energy into elec-
triCity which is high grade energy, comparing to solar thermal technology. The latter converts
it into thermal or heat energy, which is low grade energy and has to be directly used or again
converted into electrical energy, incurring additional losses [4].

The components of PVRO system consist of a RO desalination unit, PV generator,
inverter, charge regulator, and battery storage. The layout of the system is shown in fig. 2.
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Figure 1. Technological combination of conjunction  Figure 2. Schematic drawing of PVRO system
of solar energy with water purification technologies

Reverse osmosis

Water desalination has become a major component of the freshwater portfolio in nu-
merous communities, with water desalting by RO technology being the dominant desalination
technology. The RO is a process where external pressure is exerted on the saline water side of
RO membrane, forcing low total dissolved solids (TDS) water through and retaining salts.
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Water production cost in a typical RO desalination plant generally consists of the
cost of energy consumption, equipment, membranes, brine management, labor, maintenance,
and financial charges. Typical RO desalination costs are shown in fig. 3. Energy consumption
is a major portion of the total cost of water desalination and can reach as high as ~58% of the
total permeate production cost [3].

Energy cost optimization of RO system

In order to illustrate the approach to energy cost optimization it is instructive to con-
sider RO membrane process as shown schematically in fig. 4. The energy cost associated with
RO desalination is presented in the present analysis as the specific energy consumption (SEC),
which defined as the electrical energy needed to produce a cubic meter of permeate i. e.
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Figure 3. Cost structure of RO of seawater [7] Figure 4. Schematic diagram of RO system [8]

Rate of work done by pump and transmembrane pressure, with assumption that
pump efficiency is 1 can be expressed:

Woump = AP Qg AP =P; - PR, )

The permeate product water recovery for the RO process, Y, is an important measure
of the process productivity, defined:

Y = & (3)
Q¢
Combining egs. (1), (2), and (3) SEC can be written:
AP
SEC =— 4
" (4)

The permeate flow rate can be approximated by the classical RO flux, eq. [9]:
Q, = AnLy (AP — A7) = A, L, (NDP) (5)

For high rejection RO membranes, it could be assumed that o = 1.
In many cases, the osmotic pressure can be assumed to vary linearly with concentra-
tion [9]:

7= f,C (6)
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The average osmotic pressure difference (up to the desired level of product water re-
covery), along the membrane channel can be approximated as either an log-mean or arithme-
tic average along the membrane [10]:

2 1-Y

The osmotic pressures at the entrance and the exit of the membrane module, relative
to the permeate stream, are approximated by [10]:

o In — - fC
Az =1,C; in, Ar=-2 f[1+—1—j (7)

ATlentrance = 1:osCf —TTps ATleyit = fosCr —Tps Ty = foscp (8)

For sufficiently high rejection level, the osmotic pressure of the permeate stream can
be taken to be negligible relative to the feed or concentrate streams and can be approximated
by [10]:

c, - ©)
Y

Combining egs. (8) and (9) osmotic pressure difference between retentate and per-
meate stream at the exit of the module can be expressed:
Rz,

C
ATyt :ﬁ’ Ty = fosCf , R :l_C_p (10)
- f

Equation (10) is a simple relationship that illustrates that the well-known inherent
difficulty in reaching high recovery in RO desalting is due to the rapid rise in osmotic pres-
sure with increased recovery. In the process of RO desalting, an external pressure is applied to
overcome the osmotic pressure, and pure water is recovered from the feed solution through
the use of a semipermeable membrane. Assuming that the permeate pressure is the same as
the raw water pressure, P,, the applied pressure (AP) needed to obtain a water recovery of Y
should be no less than the osmotic pressure difference at the exit region which is given by
eg. (10) [11]. Therefore, in order to ensure permeate productivity along the entire RO module
(or stage), the following lower bound is imposed on the applied pressure:

Rz,
1-Y

Equation (11) called thermodynamic restriction of cross-flow RO and herein re-
ferred to as the “thermodynamic restriction” [12]. It is particularly important from a practical
point of view when a highly-permeable membrane is used for water desalination at low pres-
sures. It is emphasized that the constraint of eq. (10) arises when one wants to ensure that the
entire membrane area is utilized for permeate production. The basic equations for the RO pro-
cess presented in this section form the basis for deriving the basic relationship between the
minimum SEC for a RO process with respect to the level of product water recovery.

The SEC in pressure units for the RO desalting process is derived by combining egs.
(1)-(3) and (11):

AP > Az = (11)

SEC> %o (12)
Y(L-Y)
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It is convenient to normalize the SEC, at the P
limit of thermodynamic restriction (i. e., operation up >
to the point in which the applied pressure equals the @10
osmotic pressure difference between the concentrate
and permeate at the exit of the membrane module), 8
with respect to the feed osmotic pressure such that:
SEC R 8
SEC =—- 13
tr, norm 72_0 Y (l—Y) ( ) )
The graphic of SECy norm function is shown in P R Ry |
fig. 5. . . i .
. - . Figure 5. Graphic of function characterizes
Analytical gI_ObaI minimum of with respect to variation of normalized SEC with water
the water recovery: recovery at the limit of thermodynamic
dSEC restriction
tr, norm -0 (14)
dy

Equation (14) shown that the minimum of SECy norm, OCcurs at a fractional recovery
of Y = 0.5 where (SECy norm)min = 4 (0btain energy is four times bigger than the minimum en-
ergy required to overcome feed osmotic pressure). This condition represents the global mini-
mum SEC (represented by the equality in eq. 13). In order to achieve this global minimum en-
ergy consumption, the RO process should be operated at a water recovery of 50% with an ap-
plied pressure equivalent to 2x, (i. e., double that the feed osmotic pressure).

For RO plant with feed water salinity of 10000 mg/l, =, = 8-10° Pa, and commercial-
ly available membranes with permeability of L, = 10" m*m’sPa, global minimum energy
cost is [10]:

SEC =47, = 0.8 kWh/m? (15)

Permeate production capacity of RO system

The average permeate flux for RO desalination at optimal conditions Y,y = 0.5 and
(AP)opt = 2Rm, are:

1- Yopt Yopt

Q 1 R~
(Permeate) g, = H" =Ly | (AP )y, —In ® | =0.6137,L, =17.68 I/m*h (16)
Integration of solar PV system with
RO desalination system

The feasible solar energy-desalination technology combinations have been described
previously. The combination of RO membranes and arrays of PV modules is the design op-
tion that has been implemented most frequently in solar-driven RO desalination systems. Typ-
ical configuration of PVRO system is shown on fig. 6, today from a technical point of view,
PV as well as RO are mature and commercially widely available technologies. The RO is
modular and compact and has proven to be the lowest energy consuming technique, using
typically less than half energy needed for thermal processes. This, supplemented by the modu-
lar nature of PV, their low environmental impact as well as the ease of operation and mainte-
nance are incentives for this combination of technologies to be used, especially for application
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i in remote areas. The continuously decreasing

. ﬁ capital cost of PV and RO units is also helping
Aoy the feasibility of such systems.
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membrane Clean tem are [4] PV modules, inverter, tracking
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o In PVRO desalination, the direct current
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that generate the pressure required for the feed

Figure 6. PVRO system [4] water to permeate across the RO membranes.

Present industrial production focuses primari-

ly on the production of (mono- and poly-) crystalline silicon and thin film amorphous silicon

cells. Over the course of several technological developments, the conversion efficiencies of

PV modules have reached 13-16% for poly- and mono- crystalline silicon cells and 6-10% for
thin film solar cells.

During design of PV power system based on solar energy, the availability of solar ra-
diation for that area must be analyzed. The following parameters of solar radiation for the site
should be analyzed global radiation, clearness index and solar radiation on a tilted surface.

Monthly average clearness index:

k= on
"G
oh

Since most solar energy systems are installed in a non-horizontal position, irradiance
data for tilted surfaces is in great demand for solar energy research and applications. Availa-
ble solar radiation data typically consists of global horizontal data only. To yield estimates of
the irradiance on tilted surfaces, these data often have to be modeled from available record-
ings of horizontal irradiation data. It is the current practice for evaluating the irradiation on a
tilted surface to decompose the solar radiation into components — direct beam; sky diffuse and
ground reflected radiation:

-
-

Water
flow rate

r v

Smart control
Water system

Brine

(17)

G =Gy + Gy + Gy (18)

Direct radiation is the radiation, which comes directly from the Sun. The direct radi-
ation can be resolved:

coso _ cosd

G, =G,,c0s0, G, =G,,c0s6,, G, =6 , = 19
bt bn b bn z bt b oS 92 b cos 92 ( )
Ground reflected radiation is assumed to be isotropically distributed:
1-cosp G
G”:GPT’ szé (20)

There are many models to obtain diffuse radiation for a tilted surface. In this study
the Liu and Jordan [13] model is used because it is very simple and reasonably accurate:
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1-cos g
Gy =Gy — (21)

For the PV panel, each individual solar cell is represented using the classic two-
diode model [14]:

V + 1R
lcen = Iph —lp1—Ipy ——cls (22)
Rsh
The light-generated current is:
Iph =A (CO + CcheII)Gt (23)

Experimental results in correlation
with theoretical models

In order to compare experimental results
with the theoretical model, a pilot RO system
was built and tested in this research project
(fig. 7). This pilot consists of three separate
trains; each train consisting of two parallel
pressure vessels capable of housing up to
eight membrane elements. The sea water re-
verse osmosis (SWRO) pilot system was de-
signed to run up to three trains independently
with different feed water sources. Each train  rigure 7. The RO system-pilot unit used for
was equipped to measure various water quali- research
ty parameters as well as process variables.

Operating conditions of SWRO pilot unit are shown in tab. 1. The operational set
points for the typical pressure vessel length of the high flux membranes were determined using
the projection software (Q + Projection v1.2 and v1.3). The projections encompassed a wide
range of flows and recoveries. However, recoveries above 50% were eliminated to avoid violat-
ing flux recommendation set by the manufacturer and to reduce potential fouling. It was deter-
mined that good energy results were obtained at 53-61 | per minute feed flow rate and close to
50% recovery. To provide higher membrane surface sheer and more stable operation, the opera-
tional set point chosen were at a feed flow of 53-57 | per minute and ~46-50% recovery, fig. 8.

Table 1. Operating conditions of SWRO pilot unit

Feed pressure Permeate flux Temperature Recovery Feed TDS
[Pa] [Im~h™] [°C] [%] [mgl™]
30-10°-55-10° 12 14-31 20-51 25000-45000

Experimental testing of low salinity seawater
(25000 mg/l) TDS

The feed pressure and energy consumption increased slightly throughout operation,
fig. 9. The discontinuity observed at 90 days of operation (arrow) is due to restarting the sys-
tem after a long period of non-operation and storage. The system was then restarted at a lower
flux, and then stabilized for production of concentrate for additional testing. Additionally, it is
noted that the energy consumption of the system exhibits a general decreasing trend.
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As indicated in the data, fig. 10, stable flux operation was maintained for testing. It is
observed that the permeate recovery is slightly decreased throughout operation. Additionally, the
pressure drop across the system increases. These are indicators of fouling of the membrane sys-
tem. The dissolved solids concentration of the permeate stream and rejection for the train was
monitored throughout operation. The data indicates a general decreasing trend of rejection by
train 1 and a subsequent increase in dissolved solids concentration of the permeate, fig. 11. This
degradation in performance could be indicative of quality issues dealing with the membrane ma-
terial. Alternatively, it could be due to concentration polarization caused by a layer of biofilm,
increasing the salt concentration at the membrane-feed interface and reducing surface turbulence.

Upon investigation of the increase in rejection, and thus the decrease in permeate TDS
concentration during operation, it was determined that the temperature of the feed water de-
creased significantly, fig. 12. The decrease in feed temperature decreases the salt passage of RO
membrane materials, and thus increases rejection. Alternatively, the water permeability is also
reduced, so the energy requirements for operation are increased as temperature is decreased.

Experimental testing of high salinity seawater
(45000 mg/l) - TDS

After completion of first the experimental test, the pilot unit was subsequently reload-
ed with 14 elements of higher rejection membranes (7 elements per pressure vessel). The feed
TDS concentration for testing under high TDS conditions was approximately 45,000 mg/l. The
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feed pressure and energy consumption gradually increased throughout operation, fig. 13. The
gradual increase in feed pressure and energy consumption is caused by the onset of fouling on
the membrane surface.
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Figure 12. Rejection and permeate water quality

Figure 13. Feed pressure and energy
of 10 membrane elements

consumption of 14 membrane elements

Solar energy potential at location of
Tampa City, Florida, USA

All the solar data used in this study is from the MTM database (meteorology data
from INSEL software). Figure 14 shows monthly average values for global radiation (irradia-
tion) Gy, on a horizontal plane for Tampa City. Tampa City is located in central Florida on the
west coast.

All components of solar radiation egs. (17)-(20) were obtained from blocks in the
software packages INSEL and MTM databases for one year using global horizontal radiation,
which are given as hourly mean average values. These results are shown in figs. 15-18.

To achieve the maximum radiation energy, the PV panels need to be tilted by 15°.

Energy consumption of RO pilot unit

The energy consumption calculations to produce 10 m® desalinated water using RO
are based on the following assumptions:

— the RO energy consumption is 3.1 kWh/m? for seawater with 25000 mg/I of TDS,
— six hours running with constant load, and
— daily energy required to produce 10 m? is W,, = 31 kWh.
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Figure 14. Monthly average values of global
radiation on horizontal plane at location
Tampa City

Figure 15. Monthly mean clearness index at
location Tampa City
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m =

Nominal power output of each module at MPPT and irradiance of 1000 is 200 W. Nom-
inal power output of a series string at 1000 is:

W, = 200-9 = 1800 W (25)

The lowest monthly total radiation at location Tampa City is 4.6 kWh/m per day
during January. Daily output for each string of 9 PV modules is:

Wy = 4.6-1800 = 8280 Wh per day (26)

Daily energy consumption required to produce 10 m® of permeate water (from feed
water with 25000 mg/l TDS) is W,, = 31000 Wh per day. Number of required module strings
is:

W, _ 31000

N, =—%= ~4 27
= = 280 (27)

Total number of PV solar modules:
NPV tot :NmNmst =9-4=36 (28)

Total area of PV modules:

Aoy =1.46 m?/mod - 36 mod =52.56 m? (29)
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Conclusions

The purpose of this study was to examine the energetic and economic feasibility of a
seawater PVRO system. Theoretical research shows that energy consumption of SWRO sys-
tems mostly depends on process operation parameters, water salinity (TDS), permeate recov-
ery ratio, membrane performance, and feed water temperature.

Experimental research indicates that feed pressure and energy consumption in-
creased during operation. Simultaneously, it was observed that permeate recovery slightly de-
creased, while pressure drop across the system increased. Additionally, a general decreasing
trend of dissolved solids concentration in the reject stream and a subsequent increase in dis-
solved solids concentration of the permeate stream is observed.

Trend variation of dissolved solids concentration in reject and permeate streams was
caused by feed water temperature variation during operation. The decrease in feed tempera-
ture decreases the salt passage of RO membrane materials, and thus increases rejection. The
water permeability was also reduced, so the energy requirements for operation are increased
as temperature is decreased.

This feasibility study of the integration of PV energy systems with RO was per-
formed and indicated that geographical location has a significant influence in the overall en-
ergy consumption of PVRO systems. As per the simulation results, it is clear that the optimal
configuration is that which has solar PV with converter and inverter. The cost of permeate
water using PVRO in location Tampa City was found to be approximately $1.9/m® of perme-
ate water with 20 years exploitation life.

Experience indicates that a one-time adjustment of water recovery, using the DC
power supply in the laboratory or during a time of perceived maximum solar intensity, is not
reliable because temperature, changes in salinity, or a later increase in solar intensity can all
have an effect on water recovery rates. Similarly, running the system at fixed pressure will not
guarantee the system will not run at higher recovery rate than what is considered safe. Experi-
ence also shows that arbitrarily running the system at low water recovery can be costly, be-
cause energy consumed per volume of permeate produced can be high in this situation. Addi-
tional energy savings could be achieved by integrating membrane cleaning system with PV
and using low energy RO membranes.
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Nomenclature
A — solar cell area, [m?] fos — osmotic pressure coefficient, [-]
An — active membrane area, [m?] G — total radiation at the ground, [Wm™]
Apy - total area of PV modules, [m?] Gp — direct radiation on horizontal surface,
C — solution salt concentration, [gl™] [Wm?]
Ct — salt concentration of the feed to the Gyn  —direct radiation on surface perpendicu-
membrane module, [mgl™] lar on solar radiation, [Wm™]
Co — salt concentration of permeate, [mgl™] Gt — direct radiation component on tilted
C, - salt concentration of the exit brine, surface, [Wm™?]
[mgl™] Gt — diffuse radiation component on tilted

Co, C; —solar cell specific constants, [-] surface, [Wm™]
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G, - monthly average solar radiation on a W,  —nominal power output of PV a series
horizontal surface unit at specific loca- string, [W]
L tion, [Wm™] Wpurnp — rate of work done by pump [W]
G,,  — corresponding value for the extraterres- W, - daily energy consumption required to
trial radiation, [Wm™] produce defined volume of permeate
Gy — albedo (reflectance of the ground), [-] water, [Wh day™]
G, — reflected radiation, [Wm™] Y — fractional water recovery
G — reflect radiation component on tilted Greek bol
surface, [Wm™] reek symbols
G, — total radiation on tilted surface, [Wm™] B —slope of the plane [°]
leenn — cell current, [A] % —angle of incidence [°]
Ips — loses due to recombination (which are 0, — zenith angle [°]
temperature dependent), [A] AP —trans-membrane pressure, [Pa]
Io2 — loses due to recombination (which are Az —average osmosis pressure difference be-
temperature dependent), [A] tween retentate and permeate stream
loh — lighting generated current, [A] along membrane module, [Pa]
Lp — membrane hydraulic permeability, o — feed osmotic pressure [Pa]
~ [mPmstlPaT] m,  —permeate osmotic pressure [Pa]
NDP - average trans-membrane net driving o — reflection coefficient [-]
pressure, [Pa] Acronims
Nm — required number of PV modules in
series string, [-] DP — differential pressure
Nmst  — humber of required module strings, [-] ED - electro dialysis

Npviot — total number of PV solar modules, [-] HD - humidification-dehumidification

Ps — inlet water pressure, [Pa] HPP - high pressure pump

Po — raw water pressure, [Pa] MD - membrane distillation

Qs — volumetric feed flow rate, [m®s™] MED - multi effect desalination

Qy  —permeate flow rate, [m*s™] MSF - multi stage flushing

R — salt rejection, [-] MVC - mechanical vapor compression

Ry — geometric factor, [-] MPPT - maximum power point tracking

Rs — solar cell series resistance, [Q] PV - photovoltaic

Rsp — solar cell shunt resistance, [€Q] PVRO - photovoltaic reverse osmosis

SEC - specific energy consumption RO - reverse osmosis

Teen - cell temperature, [°C] SD — solar distillation

Vv —solar operating voltage, [V] SWRO - seawater reverse 0Smosis

Wy — daily output for each string of PV TDS - total dissolved solids

modules, [Wh day™] TVC - thermal vapor collectors
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