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ABSTRACT

The aim of this paper is to identify and evaluate potential areas of technical improvement to
solar-powered desalination systems that use reverse osmosis (RO). We compare ideal with real
specific energy consumption (SEC) to pinpoint the causes of inefficiency. The ideal SEC is com-
pared among different configurations including a batch system driven by a piston, and con-
tinuous systems with single or multiple stages with or without energy recovery in each case.
For example, to desalinate 1 m? of freshwater from normal seawater (osmotic pressure 27 bar)
will require at least 0.94 kWh of solar energy; thus in a sunny coastal location, up to 1850 m? of
water per year per m? (m?/m?) of land covered by solar collectors could theoretically be desali-
nated. For brackish water (osmotic pressure 3 bar), 11570 m?/m? of fresh water could theoreti-
cally be obtained under the same conditions. These ideal values are compared with practically
achieved values reported in the literature. The practical energy consumption is found to be
typically 40200 times higher depending on feed water composition, system configuration and
energy recovery. For state-of-the-art systems, energy losses at the various steps in the conver-
sion process are quantified and presented with the help of Sankey diagrams. Improvements
that could reduce the losses are discussed. Consequently, recommendations for areas of R&D
are highlighted with particular reference to emerging technologies. It is concluded that there is
considerable scope to improve the efficiency of solar-powered RO system.
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Efficiency

1. Introduction

Water and energy are two essential elements to
maintain life on the earth. Nowadays, nearly one fourth
of mankind is suffering from fresh water shortage, and
this situation will get worse as population increases [1].
The growing demand for fresh water, the environmen-
tal impacts of conventional desalination, and climate
change are factors that call urgently for the desalination
of seawater and brackish water using renewable energy
sources (RESs). Nonetheless, although the coupling of

*Corresponding author.

RESs with desalination plants is promising and has
been studied for years, plants using RESs remain mostly
small in scale and represent only approximately 0.02%
of the total world desalination capacity [2].
Desalination processes can be classified according
to the type of energy source such as: (i) thermal energy,
for example multi-effect desalination (MED) and multi-
stage flash (MSF) technologies; (ii) electrical energy,
for example electrodialysis (ED) technology and (iii)
mechanical energy, for example reverse osmosis (RO)
and vapour compression (VC) technologies. Among
these desalination technologies, RO is a relatively new
process, whose successful commercialization occurred
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in the early 1970s. Ever since, RO has been rapidly over-
taking thermal desalination in terms of market share
thanks to its relatively low initial investment, plant
modularity, reduced environmental impact and short
construction times [3]. More importantly, during RO
desalination, there are no water phase changes and all
energy is used to provide pressure to the saline feed, so
the overall energy consumption of RO is much lower
than that of MSF, MED and VC technologies [4].

There are three main RESs available and applicable
to desalination: solar, wind and geothermal. For the
purpose of desalination, geothermal energy is not as
popular as the other two as it is available in few places,
whereas wind and photovoltaic (PV) solar energies are
more commonly coupled with RO desalination. Solar-
driven RO desalination technology has been under
development since the 1980s [5]. Most systems use
either direct solar thermal energy to distil the water or
PV conversion of sunlight to electricity followed by the
use of the electricity in RO processes. Many experiments
have been conducted on PV-RO desalination systems
and practical implementations have been seen in many
remote areas. Keeper et al. [6] reported one of the earliest
PV-SWRO desalination systems with an energy recov-
ery device (ERD) in 1985. The system achieved a specific
electrical energy consumption below 4 kWh/m? of prod-
uct water. In comparison, recent systems have achieved
SECs of 2.32 kWh/m? [7].

To identify the performance of practical solar-powered
RO desalination, this paper is going to review several note-
worthy solar PV-RO and solar thermal-RO desalination
systems. In particular it will compare their performances
with the ideal cases and thus quantify the theoretical
potential for improvement. Further, by evaluating the vari-
ous energy losses occurring in the RO, PV and Rankine
cycle subsystems, the paper will recommend about how
to minimise these losses and thus ultimately increase the
overall efficiency of future systems.

2. The reverse osmosis subsystem
2.1. Ideal vs. real energy usage of RO desalination

The ideal RO desalination process could be consid-
ered as a batch system as illustrated in Fig. 1, where the
piston is the semi permeable membrane. As the piston

RO membrane

/

Fresh water

[ Saline water

Fig. 1. An ideal RO batch desalination system.

is pushed towards the right side, only fresh water flows
through the membrane, while salt is rejected. Assuming
such an ideal batch RO system has 100% salt rejection
and performs without any leakage, pressure or fric-
tional losses, it will consume a theoretical minimum
energy when it is utilized to desalinate a portion of salt
solution. Ideally, this theoretical minimum work would
only depend on the osmotic pressure P of the solution
and the recovery ratio r, but needless to say, we cannot
expect to achieve it in practice. Nevertheless, the theo-
retical minimum energy consumption provides a stan-
dard value against which to evaluate the performance
of practical RO systems.

For minimum energy consumption, the pressure
applied to the solution should be just sufficient to over-
come the osmotic pressure. Since the bulk concentra-
tion increases as freshwater is extracted through the
RO membrane, the osmotic pressure P__ of the solution
increases correspondingly; thus, the theoretical energy
of desalination depends not only on the osmotic pres-
sure but also on the fraction recovery r of pure water
removed from the solution. If the water permeating the
membrane is completely free of salt, the theoretical min-
imum work W to desalinate a volume V of feed solution
is given:

W =P,V h{ij (1)
1-7r

So, the ideal SEC corresponding to mechanical work
(or electricity) per unit volume of recovered solution is:

1 1
SECiyest = Py —1
ideal ’ n (1 — 1’)

)]

Thus, for a desalination process driven by solar
energy, the ideal solar energy usage is:

1 1
3
" (1 - 1"):| Nsolar ( )

SECideal = Pysm l|:1
r

wheren_ is the ideal efficiency of solar energy conver-
sion to mechanical work, which is equal to 86.8%, as will
be explained in Section 3 [8].

For instance, to desalinate 1 m® of freshwater from
normal seawater, with osmotic pressure 27 bar, at recov-
ery ratio of 25% will ideally require just 0.94 kWh of solar
energy, which indicates that in a sunny coastal location
receiving 7200 MJ/m?/y, up to 1850 m® of water per year
per m? of land covered by solar collectors could theoreti-
cally be desalinated. To desalinate brackish water, with
osmotic pressure 3 bar and 50% recovery ratio, 11570 m*
of fresh water could theoretically be obtained under the
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same conditions. Now according to the US reference
daily intake, drinking water per person per day must be
at least 2.7 1 [9]. If the ideal solar-RO system were real-
ized, 1 m? of solar collector could therefore desalinate
enough seawater to provide drinking water for 1850
people. This emphasises the potential of solar-powered
desalination to provide abundant clean water in arid
coastal areas.

In practice, the electrical energy requirement for
SWRO desalination systems coupled with renewable
energy is usually in the range 7-15 kWh/m? With
ERDs, this value can be reduced to below 5 kWh/m?3.
For brackish water, the minimum SEC (for feed water
of osmotic pressure 2.7 bar) with 70% recovery ratio is
0.15 kWh/m?®. Nevertheless, the practical SEC of brack-
ish water systems is 1-3 kWh/m? [10,11].

Table 1 reviews PV-RO systems for seawater and
brackish water desalination which were built in the
last 10 y and exhibited good performance. Based on the
assumptions mentioned before, the theoretical mini-
mum SEC for each system in Table 1 can be obtained
from Eq. (3). The solar energy available for desalination =
solar irradiance x PV panel area; thus, the actual solar
energy usage equals the total input solar energy divided
by the fresh water production. We define the efficiency
ratio r, as the ideal energy usage divided by the actual
solar energy usage.

There are several reasons why the energy needed is
in practice significantly greater than the theoretical mini-
mum. Many losses occur through the desalination process,

Table 1
Overview some of the outstanding PV-RO systems

whereby the supplied energy — instead of being converted
into the free energy of the separated components of the salt
solution — is lost to the surroundings in some non-useful
form such as heat. Due to these losses in the RO system
and, moreover, other losses in the PV system, the efficiency
of PV-RO desalination system are quiet low compared to
the ideal cases. Table 1 shows that even the best existing
systems may theoretically be improved some 40 times for
seawater and 200 times for brackish water. The main losses
in an RO system are discussed in the next sections.

2.2. Energy losses

RO is a filtration method that uses a semi-permeable
membrane to remove salt from feed water. A typical
PV-RO system operates using a high pressure pump
which is powered by electricity from PV panels, and
imparts high pressure to the feed water, thus forcing
feed water to overcome the osmosis pressure and flow
through the membrane surface. The Sankey diagram of
Fig. 2 shows the different types of energy losses during
this operation. Note that this diagram represents the
situation without any ERD. The amount of crossflow
losses are determined by membrane properties, concen-
tration polarization (CP) and longitudinal concentration
increase phenomena. On the left side, the total input
electrical energy is denoted as 100%; but after successive
losses, the essential energy of desalination is just 2.5%.
Firstly, we will discuss the inverter and pump losses and
then the losses in RO system.

Author, year and source

Feed Recovery Ideal solar PV PV

Energy  Actual solar Efficiency

water ratio energy usage material capacity recovery energy usage ratio (rn)
(ppm) (KWh/m?) (kWp) device (kWh/m?3)
Mohammed et al., 2006 [12,13] 30425 0.1 0.82 Mono Si  0.85 Clark 547 0.015
pump
Herold et al., 2006 [14,15] 35500 0.15 0.98 Mono Si 4.8 No 754 0.013
Mohamed et al., 2003 [16] 40000 0.23 1.16 Mono Si 31.2 Brine 114.2 0.01
hydraulic
Thomson et al., 2003 [17] 29000 0.1 0.78 Mono Si 1.53 Clark 347 0.023
pump
Tzen et al., [18] 40000 0.23 116 MultiSi  26.3 Yes 34.2 0.034
Joyce et al., 2000 [19] 2549 0.02 0.07 - 0.15 No 343.7 0.0002
Qiblawey et al., 2007 720 0.37 0.02 Mono Si 0.11 No 110.5 0.0002
Ahmad et al., 2000 [20] 2000 0.5 0.07 Mono Si 1.1 No 55 0.0013
Carvalho, 2000 [21] 1200 0.27 0.04 - 11 No 8.9 0.004
Munari et al., 2005 [22] 3982 0.18 0.11 MultiSi 0.6 No 90.2 0.0012
Richards et al., 2003 [23] 3500 0.55 0.13 Mono Si 0.26 No 254 0.005
Riffel et al., 2006 [24] 800 0.13 0.02 - 017 No 309 0.0007
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Desalination energy 2.5%

Hydraulic
friction4%
Crossflow and

high-pressure
pipe losses 2.5%

Input
electrical
energy 100%

Concentrate loss 61%

Pump loss 15%
Inverter loss 15%

Fig. 2. Sankey diagram showing various energy losses in a
typical seawater RO system.

2.2.1. Motor and pump losses

The first set of losses is associated with the conver-
sion of the supplied energy, typically in the form of elec-
tricity or shaft work, into mechanical work acting on
the solution. The latter can be referred to as hydraulic
work and is equivalent to the pressure of the solution
multiplied by the volumetric flow at which it is sup-
plied to the RO membranes. Though electrical energy or
shaft work can in theory be converted to hydraulic work
with 100% efficiency by means of a motor and pump, in
practice several losses occur. In a PV-RO system, since
all of the electrical energy is consumed by the high pres-
sure pump, pump selection becomes a crucial issue. The
high-pressure pump should provide just enough power
to get a continuous, defined ideal flow rate of permeate
flow without extra energy wastage.

The losses in the pump will depend on the type of
pump used. In a centrifugal pump, for example, clear-
ances around the pump rotor allow some of the fluid
to flow in the reverse direction. Shearing of the fluid
between the rotor and casing is another source of loss.
Franca et al. also pointed out that high pressure centrifu-
gal pumps easily tended to corrode in the salty solution
without proper design, resulting in a gradual deteriora-
tion of efficiency to values as low as 40% [25].

In general, positive displacement pumps and cen-
trifugal pumps are used in RO systems. These two types
of pumps behave very differently regarding pressure
head and flow rate. The positive displacement pumps,
unlike the centrifugal pumps, produce constant flow at a
given speed regardless of the system pressure, and have
higher hydraulic efficiency than centrifugal pumps.
However, their output capacities are limited and they
require more frequent maintenance than centrifugal
pumps [26]. Positive displacement pumps are always
used in small capacity systems and their efficiency can
achieve 90%, which is a distinct advantage compared to
65-75% efficiency of centrifugal pumps. Fig. 3 shows the
categories of positive displacement pumps. In battery-
less PV-RO desalination systems, the available power
varies with solar irradiance, so positive displacement

Positive
Displacement
Pumps

Reciprocating Rotary
Pumps pumps
i Vane .
Plunger pumps Diaphragm Progressive
pumps pumps cavity pumps

Fig. 3. Types of positive displacement pumps.

pumps are better suited. Nevertheless, in large capac-
ity RO systems, centrifugal pumps are exclusively used,
due to their almost unlimited capacity; moreover, at
higher RO feed flows, the efficiency of such pumps can
reach 84-88% [27].

As regards electric motors, these are subject to losses
due to electrical resistance in the windings, friction
caused by air interacting with the rotor and electromag-
netic losses to the surroundings. The shaft connecting
the motor to the pump will be subject to friction from
the bearing supporting it. Operation conditions also
affect their performance, which can be improved by set-
ting optimum operation parameters. The high pressure
pump preferably should be operated with a DC motor,
directly connected to the solar-PV panel via a buffering
battery, whereas AC operation would add a further loss
through the need for a DC/AC converter.

2.2.2. Energy loss in concentrate

The second type of loss associated with the RO sys-
tem has to do with energy recovery from the concen-
trated solution that leaves the RO module. Since the
brine pressure is only slightly lower than the operating
pressure, the energy loss in the rejected brine can be
a major part of the overall losses. To recover the large
amount of energy in the brine is an efficient way to mini-
mize energy consumption and eventually to improve the
efficiency of RO desalination systems. Thus, it is desir-
able to reuse the energy contained in the brine by means
of an ERD. The specific electrical energy consumption of
RO desalination has been decreased significantly over
the past decades with the help of improved ERDs.

Over the years, varieties of ERDs have been devel-
oped and implemented for RO systems [13,28-34].
In 1980, the first large municipal SWRO desalination
plant began operating in Jeddah, Saudi Arabia. Without
ERD, it consumed about 8 kWh/m? [35]. Then Francis
turbines were introduced for energy recovery. Taking
as an example the desalination plant at Las Palmas, in
the Canary Islands, the implementation of the Francis
turbine enabled the energy consumption of the plant to
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be lowered to 5 kWh/m?. In the later 1980s, Francis tur-
bines were replaced by Pelton turbines due to the higher
efficiency of the latter. Since the 1990s, another type of
ERD, the hydraulic turbocharger, has become popular.
They are similar in concept to the Pelton turbine, but the
difference is they are not directly connected to the high-
pressure pump, resulting in flexibility of operation and
a slightly higher efficiency of 80%. Pressure exchanger
ERDs have been developed in the last 15 y. The piston
type pressure exchanger has high efficiency of 95%,
which enables it to lower the SEC of a desalination sys-
tem to 3 kWh/m? [36]. Moreover their efficiency is rela-
tively constant despite flow and pressure variations and
is independent of device capacity. The rotary type pres-
sure exchanger ERD, which has a higher efficiency up to
98%, may lower energy consumption even further [37].
Energy Recovery Inc. claims that their ERI PX Pressure
Exchanger can reduce the amount of energy required in
seawater desalination by up to 60%, to as low as around
1.7 kWh/m? [38]. Fig. 4 represents the energy consump-
tion of some desalination systems which adopted differ-
ent ERDs together with the efficiency of these ERDs.

However, previous work showed that ERDs are more
suited to seawater systems than to the brackish water
systems due to the much lower operation pressure of the
latter [35,37,39]. Moreover, unless 100% of this energy is
recovered and used to assist the feed pump, the ideal
minimum of Eq. (2) cannot be achieved. Depending on
the type of ERD used, the actual energy recovered may
be somewhat less than the ideal amount. In smaller sys-
tems energy recovery may be absent altogether. There is
a great opportunity to improve the efficiency of brackish
water desalination systems, especially smaller systems,
through the implementation of ERDs.

A further set of losses is associated with the fact that
the pressure needed in the RO system is, in practice,

8 1.0
+0.8
6+
/2] Energy consumption
(kwh/m3) 10.6
41 —e— ERDs Efficiency
104
24
+0.2
%. 0.0
No ERD  Francis  Pelton Hydraulic Clark DWEER  ERIPX

Turbine  Turbine Turbocharger Pump

Fig. 4. Energy consumptions of systems adopting different
ERDs and efficiencies of ERDs.

significantly greater than the ideal minimum. There are
three main causes of this as explained in the following
sections.

2.2.3. Concentration polarization

In the RO process, the flux of water through the mem-
brane results in a build up of salts near the membrane
surface. Thus, the salt concentration near the surface of
the membrane exceeds that in the bulk of the solution
by a factor C,. This transverse gradient of concentration
across the channel enclosed by the membranes is referred
toas concentration polarisation and isillustrated in Fig. 5.
Since the osmotic pressure is, to a good approximation,
proportional to the concentration it can be expected that
the required operation pressure will be increased by
the factor C, and the operation pressure and pumping
power requirements will be increased correspondingly.
Moreover CP can cause many other negative effects on
the RO process, such as decreasing permeate flux and
increasing salinity of the product water [40,41].

In order to understand the CP phenomenon and
minimize its negative influence on energy efficiency,
some models have been established to explain the solute
transport mechanisms. In 1970, Michaels and co-work-
ers provided the first comprehensive analysis of CP in
ultrafiltration, and Porter proposed the gel-polarization
model to explain the effects of CP [42,43]. Many other
researchers have studied this phenomenon and pointed
out several fundamental models applicable to ultrafil-
tration and RO [44-46]. Among these models, the film
theory is the most classic one, since it provides a simple
analytical approach that works well for most RO sepa-
rations. Therefore, film theory has been applied as the
design basis for most modern RO processes.

The film model proposed by Sourirajan is:

]=k1n[c'"_cp] 4)

Cb_Cp

Longitudinal concentration
Filirate

Membrane

—_—— =

Membrane

Filtrate
Concentration Polarization

Fig. 5. The phenomenon of concentration polarization and
longitudinal concentration gradient in membrane filtration.
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where | is the water flux (cm/s), k is the mass transfer
coefficient, C is the membrane surface salt concentration
and C, is the bulk salt concentration [47]. This expression
can be rearranged to provide a direct estimation of the
concentration polarisation modulus (C, /C,) from:

Sn _ (1= Ry) + Ry exp(l) 5)
Cb k

where R is the salt rejection.

Since the 1970s, many researchers have simulated CP
in RO channels based on film theory models and solu-
tion diffusion models [8,48,49]. But the majority of these
models are based on filtration in flat channels; therefore
they are simplified cases compared to practical RO spiral
wound modules which are the most popular modules
used in desalination today. The mathematical analysis
of spiral wound modules needs to take into account the
three-dimensional geometry of the feed and permeate
channels and their spacers. Thus, the mass transfer coef-
ficient k is a function of the physical properties of the
geometry and the fluid flow. Chiolle proposed an equa-
tion to calculate the mass transfer coefficient k in a RO
channel equipped with a spacer, which was proved by
experiments [50,51]:

1 1
k = 0.753 (L]A D (P—e’ijé 6)
2-K) & M

where K is the mixing efficiency of the net, M is the char-
acteristic length of net, Sc is the Schmidt number (v/D)
(v is velocity), Pe is the Peclet number (u/1/D) (u is vis-
cosity, h is height of the channel), and D is the diffusion
coefficient of the solute (m?/s).

From Egs. (5) and (6), it is obvious that the concen-
tration at the membrane surface depends upon the flux
through the membrane, the retention of the membrane,
the diffusion coefficient of the solute D and the thickness
of the concentration boundary layer. Intrinsically, CP is
highly related to the feed velocity, feed concentration,
applied pressure and operating temperature [52].

Based on the mechanism of CP, there are two types
of method that could be adopted to reduce it: (i) increase
of membrane cross flow velocity, but this requires more
energy and may be limited due to the pressure drop
along the channel; (ii) increase of mass transport, which
can be done by new design concept of RO modules, such
as adding turbulence promoters, rotating and vibrating
membranes.

2.2.4. Longitudinal concentration increase

Aside from the transverse gradient of salt concen-
tration mentioned in the last section, there also occurs

1.045 1.000

~ 0.999

Mean concentration
Feed concentration
-

5
ainssaud psse4
ainssaid uesly

~ 0.998
1.01 ~

1.00 0.997
0 10 20 30 40 50

Longitudinal distance {cm)

Fig. 6. Feed water mean concentration and pressure changes
along channel longitudinal distance.

a longitudinal gradient of concentration as the water is
progressively removed from the solution while it moves
along the membrane channel. For the case of seawater
desalination with an inlet flow velocity of 0.08 m/s,
Fig. 6 (based on reference [50]) shows the longitudinal
concentration and the pressure changes along the chan-
nel. Similar to the CP phenomenon, the osmotic pressure
increases with the increasing longitudinal concentra-
tion along the channel. Therefore, in order to maintain
a flux of water over the entire membrane surface, the
solution must be pressurised according to the concentra-
tion at the outlet, even though this exceeds the pressure
required at the inlet where the concentration is the least.

One possible approach to minimize the effect of lon-
gitudinal concentration gradient is to divide one whole
channel into several stages in series, with intermedi-
ate pumps to apply the appropriate pressure to each
one. Table 2 lists the expressions for SEC and efficiency
ratio for RO systems with different numbers of stages.
Based on these formulae, Fig. 7 plots the theoretical effi-
ciency ratios vs. the recovery ratios. It is seen that the
multi-stage RO system achieves higher efficiency than
its counterparts with fewer stages. To achieve the ideal
minimum energy usage, the number of serial stages
should theoretically be infinite, which is infeasible in
practice, thus there will remain in practice some loses
associated with the longitudinal concentration gradient.
However, for a recovery of 50%, the 3-stages system will
increase the efficiency ratio by 12.4%, which is a signifi-
cant improvement.

2.2.5. Excess pressure to overcome hydraulic friction

Even if transverse CP could be eliminated, and the
effects of longitudinal concentration gradient minimised,
a third reason why the pressure across the membrane
needs to be greater than the local osmotic pressure is to
overcome the hydraulic friction of the membrane.
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Table 2

Specific energy consumptions and efficiency ratios for different RO system configurations operating at recovery rate r (single

stage) or overall recovery rate R for more than one stage

RO system configuration Without energy recovery With energy recovery
Specific energy Efficiency ratio (r,) Specific energy Efficiency ratio (r,)
consumption consumption
Single stage P 1 1 "in 1 P 1 (1-7) n 1
r{l—r) 1-r) (1-7) r (1-7)
Two stages P ( 2 1) In[1/(1-R)] b ( 2 2) In[1/(1-R)]
R \31-R ( 2 71J ML -R 2( 1
-R $h-R
n stages Posm[n n —(n—l)} In[1/(1-R)] Posm(" n —n) In[1/(1-R)]
1-R [ " —(n—l):| 1-R n( ! —1)
Y1-R Y1-R
o8 single stage The membrane is not infinitely permeable to pure
- --2stages | water; instead some differential pressure is needed to
"o 3stages - drive a finite flux. This can only be eliminated by mak-
S 04 ing the area of membrane very large which, aside from
S being costly, would result in a significant passage of salt
e through the membrane such that the permeate would
3 become less pure. Thus in practice there is always some
5 02 energy loss associated with the hydraulic friction of the
membrane. Nevertheless, choosing the most suitable
membrane could reduce the energy loss related to mem-
brane resistance.
0'00_0 02 04 06 08 10 The required energy and pressure are dependent on
Recovery ratio the feed water concentration and the permeate flow rate
(a) which are determined by the permeation characteristics
of the membrane material and its molecular structure.
107 For the same recovery ratio, membranes having a high
permeability with similar salt rejection capabilities enable
0.8+ a reduction in hydraulic friction of membrane and lead
o to energy consumption reduction. Fig. 8 illustrates the
T 06 required energy to desalinate a 3000 ppm NaCl solu-
§ tion for different types of membranes (simplified from
2 o4l [11] Fig. 4). These membranes have similar salt rejection
= rate; however the energy consumptions vary widely from
02, single stage 0.48 kWh/m? for the ESNA type membrane to 3 kWh/m?
- - -2 stages for the CAB type membrane.
---- 3 stages A further hydraulic loss may be associated with the
00 o2 o4 o8 o8 o,  friction of the fluid flowing along the channel. The pres-

Recovery ratio
(b)

Fig. 7. Efficiency ratio of different RO system configurations:
(a) system without ERD (b) system with ERD.

sure at the inlet to the RO module is in practice slightly
greater than that at the outlet whereas ideally these two
pressures should be equal. However, this loss is in prac-
tice likely to be small compared to the other three pres-
sure-related losses mentioned above.
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Energy consumption (kwh/ma)

ESPA LFC CAB sSwC

Membrane type

ESNA PVD

Fig. 8. Energy consumption VS different membrane type,
ESNA: softening membranes, PVD: polyvinyl alcohol deriv-
ative membrane, ESPA: low-pressure membranes, LFC: low-
fouling membranes, CAB: blend cellulose acetate membrane,
SWC: seawater membrane.

3. The photovoltaic subsystem

In a PV-RO desalination system, aside from the vari-
ous losses happening in the RO system, the inefficiency
of the PV system also lowers the system performance.
The next sections give an overview of PV solar cells,
the losses occurring in them, and potential methods to
reduce these losses.

3.1. The physical basis of PV solar cell operation

In PV-RO applications, PV modules and panels are
formed by connecting and encapsulating numerous
solar cell units. Solar cells are made from solar PV mate-
rials which are semiconductors. Generally, PV energy
conversion consists of two essential steps as shown
in Fig. 9: (i) electron-hole pair generation: because the
semiconductor materials have weakly bonded electrons
occupying valence band, once photons are absorbed by
these electrons, they can jump over the energy gap, and
move to conduction band; (ii) electron collection: the
generated electrons and holes are separated and col-
lected by the structure of solar cell and electricity is thus
conducted through the solar cell.

Most commercial solar cells are made of mono- or
multi-crystalline silicon; these accounted for 90% of the
world market in 2000 [53]. Other materials employed
include amorphous silicon, cadmium telluride and even
polymers. Solar cell developments have already been
through three generations. The first generation was
based on silicon wafers, which still dominate the solar
cell market thanks to their high efficiency. In early 1980s,
thin-film solar cells started to show promise and these

Conduction &)

Band ® A
. e —3|—>
v E, — @
% ] n
ACurrent
®-® L
Valence Band Voltage
() (b)

Fig. 9. For a typical conventional crystalline silicon solar cell
(a) the electron-hole pair generation, (b) electrons collection.

became known as the second generation. Thin-film solar
cells are super light and flexible, although they do not
have advantages regarding efficiency compared to sili-
con solar cells, they do save a lot of materials, therefore
cutting costs. And now researchers are trying to invent
and develop novel designed solar cells of the so-called
‘third generation’ that have both higher efficiency and
lower cost [54]. This generation represents the cutting
edge of solar technology and with operating principles
quite different from the traditional semiconductor p-n
junction. The third generation includes emerging solar
cells such as polymer solar cells, dye-sensitized solar
cells, etc, and the research on them is still at a very early
stage.

3.2. The efficiency of solar cells

The Carnot limit applied to solar energy conversion
suggests an efficiency of 1 - (T,/T,) (where T, is the tem-
perature of the ambient conditions, which is assumed
300 K, T, is the temperature of the sun which is about
6000 K) implying that 95% may be possible. In fact, the
conversion from sunlight to electricity necessarily has
efficiency lower than this value, because solar energy
capture is necessarily an irreversible process.

In 1950s, two sets of pioneers Trivich and Flinn and
Shockley and Queisser calculated the 30% fundamental
upper limit for single junction solar cells [55,56]. After
that, more complete analyses of the theoretical limits of
solar cells were given by Mathers and Ruppel [57,58]. In
addition, several authors studied the efficiency limit of
tandem solar cell structure since 1970s; and finally the
maximum efficiency limit of 86.8% was concluded for
infinite number of stacked solar cells in concentrated
sunlight as shown in Table 3 [8,59-62].

As regards the efficiencies of real solar cells, Charles
Fritts created the first prototype in 1883 with an effi-
ciency of just 1% [63]. It was made of selenium and
coated with a thin layer of gold. With the contribution of
many scientists and researchers, solar cells efficiencies
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Table 3

The maximum efficiencies of tandem cells as a function of the number of stacked cells, from [8]

Unconcentrated sunlight

Number of stacked cells Maximum efficiency (%)

Concentrated sunlight (ratio 45900: 1)

Number of stacked cells Maximum efficiency (%)

30
42
3 49
oo 68.2

1 40
55

3 63

oo 86.8

have improved gradually ever since. Take the mono-
crystalline silicon solar cell as an example: its efficiency
was only about 5% at the beginning of 1950s, increased
to 14% in 1960, reached 16% in 1968, and finally 24.4%
was achieved in silicon in 1998, which is still the best
silicon solar cell efficiency measured under laboratory
conditions [64—66].

Generally, commercial solar cells perform with lower
efficiencies than the laboratory test values due to mass
production and undesirable operation conditions. For
instance, most of the mono-crystalline silicon PV pan-
els employed by practical PV-RO desalination systems
have an average efficient around 13%, in contrast to the
best silicon solar cells which possess over 20% efficiency.
Fig. 10 collates the best solar cells efficiencies achieved
in recent decades for all the major PV technologies.

A multijunction solar cell is made of more than one
high purity crystalline material and can therefore capture a
wide range of the solar spectrum (see Section 3.3.1below).
Consequently, these cells perform with higher effi-
ciency than the other kinds of cells, albeit at higher cost.
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Fig. 10. The trends in best efficiency achieved over the past
decades.

Regarding the minority materials used in PV technology,
thin-film solar cells are becoming promising. They include
Cu(InGa)Se(CIGS), CdTe and so on. Though their efficien-
cies are slightly worse than for silicon, nevertheless they
have advantages with respect to cost due to their config-
uration. The third generation solar cells such as organic
polymer and dye sensitized solar cells are less than 10%
efficient.

3.3. Losses in solar cells

From the large difference between real solar cell effi-
ciencies (Fig. 10) and the theoretical limit of 86.8%, it is
evident that various losses happen during the conver-
sion process of sunlight to electricity. There exist huge
possibilities to improve the performance of solar cells.
Fig. 11 presents a Sankey diagram showing the typical
losses occurring in a high-performance silicon solar cell.
The total input solar energy is denoted as 100%; but after
successive losses, the actual energy output is only 23%.

In order to identify ways to minimise these losses
to increase solar cell efficiency, and therefore ultimately
improving PV-RO desalination system performance, in
the following sections possible losses are pointed out
together with recommendations. The discussions are
based on silicon solar cells as this is the type used in
almost all PV-RO systems today.

Power output 23%
N

Available solar
energy usedin
conversion 100%

Series resistance loss 6%

Optical and other losses 14%
Recombination loss 5%

Excess photo energy
not utilized 31%

Long wavelength
not absorbed 21%

Fig. 11. Various energy losses in a silicon solar cell.
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3.3.1. Utilization of only part of solar energy

Sunlight is a spectrum of photons of energies dis-
tributed over a wide range. For a semiconductor which
has a single energy band gap, only the photons whose
wavelengths are the same as the band gap can create an
electron-hole pair without further loss of energy. In fact,
a large number of the photons that will be absorbed will
have more energy than is needed to create an electron-
hole pair. Any energy that a photon has in excess of the
energy gap of the material will not be utilized in the
conversion process; instead, it contributes to the lattice
vibrations of the material and will eventually be dissi-
pated as heat. The other photons whose energy are less
than the energy gap of the semiconductor do not con-
tribute at all to electron-hole pair generations because
they will go straight through the semiconductor; thus
their energy is lost. The magnitudes of these two losses
depend on the band gap of the semiconductor, which
therefore has a big influence on solar cell efficiency. It is
found that the most suitable band gap for absorbing sun-
light is in the range 1.0-1.6 eV [67]. Therefore, for a sili-
con solar cell whose band gap is 1.1 eV, two large losses
occur because of its poor utilization of solar energy: 21%
of the available solar energy is wasted due to the photon
energy being too low and 31% of the incident energy is

.

ARC

GalnP Top Cell

Fig. 12. A multi-junction solar cell.

dissipated as heat inside the silicon because the photon
energy is too high. These are basic physical losses and
governed by the semiconductor material.

To match more closely the energy spectrum of
the sun, i.e., absorb as much solar energy as possible,
semiconductor materials of different band gaps can be
stacked together to form a much more efficient solar
cell structure, i.e., multi-junction solar cell as shown in
Fig. 12. Higher band gap semiconductors at the top of
the stack absorb higher energy photons, allowing pho-
tons of energy less than their band gap to pass through;
then, semiconductors beneath of lower band gaps absorb
these photons. Thus, this approach could minimise the
magnitude of the losses mentioned above, increase the
overall conversion efficiency of solar cells. For example,
single band gap GaAs solar cells have efficiency up to
26.2%, whereas the efficiency can be increased to 30%
with double band gap GaInP/GaAs cells [68,69].

3.3.2. Recombination losses

When a semiconductor is illuminated by a photon
and electron-hole pairs are generated, not all the elec-
tron-hole pairs are created within the charged region
of the p-n junction. Only those pairs created within
a diffusion length of the junction can be collected and
separated. Instead of being collected, the electrons and
holes tend to relax back toward their equilibrium state
through recombination process. Thus, recombination is
the opposite process to carrier generation. It affects both
the output current and the voltage of a solar cell, reduc-
ing its efficiency.

There are three types of recombination mechanisms
as shown in Fig. 13.

a) Radiative recombination

Radiative recombination is simply the inverse of the
generation process of electron-hole pairs. It happens
in the body of the cell, when an electron falls from the
conduction band down to the valence band, giving the

Ec (&

B Ec

Ev

EV E
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Fig. 13. Three types of recombination losses: (a) radiative recombination; (b) Auger recombination; (c) defect mediated

recombination.
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energy to an emitted photon, which is called spontane-
ous emission (this is how semiconductor lasers and light
emitting diodes operate).

Radiative recombination is more prominent in direct
band gap materials like gallium arsenide (GaAs) than
indirect band gap materials like silicon due to the direct
transitions from conduction band to valence band [70].
For instance, the coefficient of the radiative recombina-
tion rate of silicon material is 1.8x107?' m3/s, which is
much smaller than GaAs’s coefficient of 7.2x107 m3/s.

b) Auger recombination

Auger recombination is similar to radiative recombi-
nation except that instead of emitting the energy away,
the energy is given to another carrier, in either the con-
duction band or the valence band. Thus, the electron, or
the hole release its excess energy and back down to the
conduction or valence band edge.

From the mechanism of Auger recombination, it
is clear that the intrinsic carrier concentration affects
Auger recombination. In silicon, whose intrinsic car-
rier concentration is 1x10* m™, Auger recombination is
much faster than in GaAs whose intrinsic carrier con-
centration is only 2 m=. Green demonstrated that Auger
recombination, rather than radiative recombination,
can pose the most severe intrinsic limitation on output
current [71].

¢) Defect mediated recombination

This type of recombination is also called Shockley-
Read-Hall (SHR) recombination. It happens commonly
at impurities or defects in cell body, or at the surface of
the semiconductor where energy levels may be intro-
duced inside the energy gap. These levels act as obsta-
cles for the electrons to fall back into the valence band
and recombine with holes. The interface recombination
leads to lowering of both output current and voltage, as
well as fill factor [72].

Surface recombination can be reduced by adapt-
ing and refining the PV device structure. For instance,
Kosyachenko and Grushko proposed that the interface
recombination and the recombination in the deletion
layer could be eliminated with an appropriate barrier
structure and material parameters: the carrier lifetime
and the concentration of uncompensated impurities
were in excess of and 10 s and 102 m™ respectively,
after investigating and analyzing these two types of
recombination in thin-film CdS/CdTe PV devices [73].

Although recombination accounts for a small frac-
tion of all losses, it reduces both the voltage and current
output of the solar cell [74]. Over the decades, much
research work has been done to reduce recombination
losses. Researchers have proved that surface passivation
of unmetallized regions on solar cells is a good way to
reduce surface recombination [75,76]. It is also possible to

reduce recombination at the external surfaces by chemi-
cal treatment with a thin layer of passivation oxide. For
silicon solar cells, by designing low metal contact areas
through heavily doping the surface of the silicon beneath
the metal contact, the rear surface can be passivated to
reduce recombination.

3.3.3. Optical losses

Semiconductor materials such as silicon are natu-
rally shiny, causing reflection losses at the solar cell sur-
face. In addition, light can be blocked and reflected by
the contacts. Optical losses reduce the incident sunlight
directly, thus lowering the production of electron-hole
pairs.

Optical losses can be minimised by technical
improvements. Shadowing can be reduced by minimis-
ing the total contact area but small contact area means
large electrical resistance. The main challenge is to
achieve a trade-off between them by new design tech-
nology. For instance, by using laser-formed grooves to
define the metallisation pattern of the contact, one can
make the contact narrower and deeper just below the
cell’s surface [67]. As regards reflection losses, these can
be reduced by the addition to the top surface of a trans-
parent anti-reflection coating (ARC) with appropriate
thickness. Cid et al. reported a single layer anti-reflection
coating which made the top surface reflection of the
cell less than 10%. They also demonstrated that further
reduction were achieved by the application of two or
more ARC layers [77].

Surface texturing is another technique for reduc-
ing reflection losses. Basically, any roughness of the top
surface would help reduce this kind of reflection loss.
Zhao et al. obtained an increase in the efficiency of a
multi-crystalline silicon solar cell from 18.6% to 19.8%
by enshrouding cell surfaces in thermally grown oxide
and from isotropic etching to form an hexagonally sym-
metric ‘honeycomb” surface texture [78]. Additionally,
‘raised pyramids’ or ‘inverted pyramids’ surface pattern
also can be utilized to give reflected light more chances
to be absorbed by solar cell, thus reducing reflection
losses as well as substantially increasing the cell’s effec-
tive optical thickness by trapping light within the cell
body [79,80]. Yoshikawa and Kasai reported that, by
using optimized double anti-reflection coating layers,
they reduced the reflection loss of a GaAlAs-GaAs solar
cell to as low as 1.09% [81]. With pyramids, when com-
bined with a single-layer ARC, the reflectivity of the top
surface can be brought down to 1%.

3.3.4. Series resistance losses

The final efficiency loss shown in Fig. 11 is due to
electrical resistance. The series resistance occurs in the
fingers and bus bar, contacts, emitter and bulk resistance.
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It has been found that in actual converters the series
resistance of the cell can cause deviation from the ideal
voltage-current characteristics. This deviation causes
the characteristic curve to flatten resulting in a reduc-
tion in the net power output. Thus the effect of series
resistance is manifested as a reduction in fill factor and
output power.

Series resistance losses can be minimized by appro-
priate design of the solar cell structure. For instance,
metal contact resistance is decided by fingers thickness,
therefore by adding more and thinner fingers instead of
less and thicker fingers, one will reduce resistance and
increase current output.

The techniques for reducing the efficiency losses
covered above have been conceived and enhanced over
many years in R&D laboratories around the world, lead-
ing to continuous improvements in solar cell and PV
module efficiencies. After further refinements, these
losses may be reduced by a further 10% or so, which will
enable commercial silicon solar to become 25% efficient,
compared to the 13% efficiency of silicon solar cells
employed in PV-RO systems today. Greater improve-
ments will be obtained using more advanced technolo-
gies such as multi-junction devices.

4. The rankine cycle subsystem

An alternative to PV-RO desalination is the solar-
thermal powered RO which typically employs the Ran-
kine cycle. In the Rankine cycle, the working fluid is
evaporated in a boiler. Then the generated vapour is adi-
abatically expanded through a turbine (or other expan-
sion device) to generate mechanical work. The remaining
vapour is cooled and condensed to liquid and pumped
back to the boiler and the cycle starts again. The work-
ing fluid flows in a closed circuit and its volume and
pressure change during the Rankine cycle operation as
illustrated in Fig. 14 (see reference [64]). The efficiency of
a Rankine cycle is less than that of the ideal Carnot cycle.

Since it is a reliable method of power production, the
Rankine cycle has been applied for various purposes for
decades, such as electricity generation (which is the con-
ventional application of Rankine cycle) and others like
vapour compression chillers, water pumping for irriga-
tion or water distribution and so on [82]. Delgado-Torres
gave a recent comprehensive review about solar-thermal
heat engines for water pumping [83]. Besides solar-ther-
mal energy, the application of Rankine cycle is power
generation by biomass combustion and geothermal
plants [84]. The emerging applications of the Rankine
cycle include waste heat recovery from biogas digestion
plants and micro combined heat and power generation
and, of course, RO desalination. Nevertheless, except for
small water pumping systems, none of these emerging

Y
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curve

Volume

Fig. 14. The volume and pressure changes of working fluid
during Rankine cycle operation. Line 1-2 represents the com-
pression of the working fluid by the feed pump to the boiler.
Line 2-4 indicates the vaporization of the working fluid at
constant pressure. Line 4-5 refers to the steam expansion in
the turbine, and then line 5-1 represents the condensation of
the vapour-liquid mixture at constant pressure.

applications has been thoroughly analysed or developed
and very few implementations exist [85].

4.1. Solar desalination with rankine cycle

Fig. 15 illustrates the diagram of a basic solar Ran-
kine cycle-RO system which includes an energy recov-
ery concept in the sense that it preheats the feed water
with the heat rejected from the Rankine cycle. The gen-
erated mechanical power is used to drive the high pres-
sure pump in the RO sub-system.

There are two main types of solar Rankine cycle con-
figurations: (i) direct vapour generation (DVG) configu-
ration where the working fluid flows directly through
the solar collectors and (ii) heat transfer fluid (HTF) con-
figuration where a heating fluid circulates in the solar
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Fig. 15. Schematic of solar-powered Rankine cycle RO system.
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collectors, transferring the heat energy to working fluid
through a heat exchanger.

Although power generation based on medium tem-
perature solar-thermal collectors combined with the
Rankine cycle is well established for power generation
around tens of MW, the application of the Rankine cycle
to RO desalination is still at an early stage of study and
development; consequently the relevant knowledge
and experience are very scarce [86]. Among the few
published studies on the design and simulation of solar
Rankine cycle driven RO desalination shown in Table 4,
only three solar heat engine-driven RO systems have
been implemented.

The first design study of solar-thermal energy pow-
ered RO desalination was that of Bowman et al. and was
focussed on Saudi Arabia [95]. Their design was small
in size, and intended for producing fresh water from
brackish water with a salinity of 5400 ppm. The system
consisted of an array of line-focus parabolic trough col-
lectors (PTC), thermal storage backup and reciprocating
steam engines which provide mechanical energy to the
RO unit high pressure pump and the electrical genera-
tor. Simulation results showed that the system could
produce a total of 200 1 fresh water for unit square meter
of collector area (I/m?) for an average March day. The
remarkable feature of this system is the thermal storage
backup which consists of a steam accumulator feeding
the piston engines. This technology balances the ther-
mal energy between the heat source and the heat load,
ensuring the system can run continuously under vari-
able operation conditions such as varying solar irradi-
ance during the day.

At the same time, Maurel reported a pilot solar ther-
mal desalination system operated in 1979 at Cadarache
in the south of France [96]. It was connected to a 3 kW
thermodynamic motor, producing 15 m?® of fresh water
from 2000 ppm brackish water a day. Since then, in 1981,
Libert and Maurel installed a larger system with a 10 kW
solar motor in Egypt which could produce 130 1/m? per
day from 3000 ppm brackish water, and had a 2.2% ther-
modynamic efficiency [87]. More recently, Manolakos
et al. conducted a solar Rankine cycle -RO desalination
experiment under real world conditions-at Marathon
village, Greece [93]. The system used 88 m? solar evacu-
ated tube collectors and was capable of producing 80 and
140 1/m? fresh water on a cloudy and sunny day respec-
tively. The expander efficiencies were 15% and 29% and
the Rankine engine efficiencies are 0.73% and 1.17% on
a cloudy and sunny day respectively. These values are
much lower than the corresponding design study under
laboratory conditions, when then expander had 75%
efficiency and Rankine engine gave 7% efficiency.

Since the Rankine Cycle requires a working fluid,
solar collectors and an expansion system, its efficiency

is directly affected by each of its components. Conse-
quently, each component will now be discussed.

4.2. Working fluids

One of the most attractive topics as regards improv-
ing the Rankine cycle performance is the selection of
working fluid. The Rankine cycle’s efficiency is strongly
affected by the difference between evaporation temper-
ature and condensation temperature, which are highly
related to the thermal properties of the fluid. Addition-
ally, environmental issues about various working fluids
should be considered carefully. This is why researchers
have been searching and selecting the most appropriate
working fluids for decades [97-100].

Water is the conventional working fluid for Rankine
cycles. Other types of inorganic fluids (e.g., ammonia)
have also been used. However water has some weak-
nesses, such as low molecular weight, and the moisture
content of steam may be too high leading to the erosion
of the turbine blades. To overcome the shortcomings of
the steam-based Rankine cycle, organic working fluids
can be utilised such as freons, butane, propane, and
other new environmentally friendly refrigerants. Their
higher molecular weights lead to slower rotations of
the turbines, while lowering the pressure and erosion
of the metallic parts and blades. It has been found that
for low-temperature levels of heat source, the system
will be more efficiently with the use of organic work-
ing fluids instead of water [101,102]. Moreover, because
of the different critical temperatures and pressures of
various organic compounds, the organic Rankine cycle
can be utilized for different heat sources of low energy
and temperature levels, for instance solar thermal, geo-
thermal, biomass or waste heat from various industries
[103,104].

In the last few years, siloxanes have shown them-
selves to be advantageous as working fluids for low-
temperature Rankine cycles. Compared to other organic
working fluids, they have higher molecular weight, bet-
ter stability and lower toxicity [105]. Benzene is also a
favourable working fluid regarding its performance,
but it exhibits toxicity problems. The conclusions con-
cerning the best working fluids for Rankine cycle-RO
systems are controversial. Delgado-Torres and Garcia-
Rodriguez presented a working fluid selection study
for the low-temperature Rankine cycle coupled with
RO desalination [106]. After considering the thermody-
namic efficiencies of 12 working fluids with their envi-
ronmental characterizes and unit aperture area factors, 4
fluids were selected: isopentane, isobutene, R245ca and
R245fa. For a heat transfer fluid (HTF) configuration
Rankine cycle, isopentane is the best fluid which gave
the highest Rankine cycle thermal efficiency of 10-16.6%
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Table 4
Overview of solar RC-RO systems
Authors, date and source Feed System Solar Working Fresh water RC thermal
water configuration collector  fluid production efficiency
type type (I/m? per day) (%)
Libert et al., 1981 [87] BW - FPC Freon 130 22
Manolakos et al., 2009 [88] SW HTF ETC HFC-134a 80-140 0.73-1.17
Delgado-Torres et al., 20104 [89] SW - CPC R245fa 504-744 9-12
FPC 552-960 9-13
ETC 984-1224 13.5-16
BW - CPC 1782-2600 9-12
FPC 1920-3310 9-13
ETC 3408-4752 13.5-16
Delgado-Torres et al., 2007¢[90,91] - DVG PTC Toluene - 21
D4 - 19
MM - 18
HTF Toluene - 14-20.6
D4 - 12-18.3
MM - 10-17
Delgado-Torres et al., 2007¢[92] SW DVG PTC Toluene 18002640 23-32
D4 1200-2160 16-27
MM 1200-2160 15-26
HTF Toluene 1540-2400 23-30
D4 1080-1848 15-27
MM 1130-1780 15-25
Manolakos et al., 20054[93] SW HTF ETC HFC-134a 240 7
Nafey and Sharaf, 2010 [86] SW DVG FPC Butane 166 8-8.1
Water 188-192 9-10
PTC Toluene 520 25.8-26
Water 590-600 30-30.5
CPC Hexane 200-230 14-14.5
Water 220-280 13-18
Burno et al., 20084 [94] SW HTF FPC Octafluoropropan  21-30 8
ETC R-245 42-53 13.3
PTC Isopentane/ 75-260 28/32
N-prpylbenzene
BW FPC Octafluoropropan  60-100 8
ETC R-245 140-170 13.3
PTC Isopentane/ 170-830 28/32

N-prpylbenzene

HTF=heat transfer fluid configuration;, DVG=direct vapour generation configuration; CPC=compound parabolic collector; FPC=flat
plate collector; ETC=evacuated tube collector; PTC=parabolic trough collector; VTC=vacuum tube solar collector; HFC-134a=1,1,1,2-
Tetrafluoroethane; R245fa=1,1,1,3,3-Pentafluoropropane;D4=0Octamethylcyclotetrasiloxane; MM=Hexamethyldisiloxane; “=design study.

and the lowest unit aperture area no matter what type
of solar collector was used. Delgado-Torres and Garcia-
Rodriguez also pointed out that the size of Rankine
cycle-RO compounds, such as the vapour turbine and

the condenser, are affected by the choice of working fluid
[106]. They found out that for the same power output, the
smallest devices were with isobutene as the working fluid
whereas isopentane would yield the biggest devices.
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Kosmadakis and Manolakos also presented a working
fluid selection study for the top cycle of a high tempera-
ture two-stage Rankine cycle-RO system [107]. The study
considered 33 organic working fluids. After a selection
which was not only based on their thermodynamic per-
formances but also various criteria, the most appropriate
working fluid found was R245fa.

There is no certain answer as to which working fluid
is the most suitable for a Rankine cycle -RO system,
since the working fluid cannot be optimised in isola-
tion from the rest of the system. For instance, the solar
collector efficiency will be decreased by increasing the
evaporation temperature of the working fluid. But if
the expansion system is a steam turbine, dry fluids and
superheating the fluid are necessary. Besides those men-
tioned above, the application, size of the system, opera-
tion time and conditions should also be considered.

4.3. Solar thermal collector

Currently, there are several solar collectors available
on the market: the compound parabolic collector (CPC),
the flat plate collector (FPC), the parabolic trough collec-
tor (PTC) and the evacuated tube collector (ETC). Their
efficiency parameters are given in Table 5.

To provide good efficiency in the Rankine cycle,
solar collectors must be chosen to suit the operating con-
ditions. As the Rankine cycle can be utilized for differ-
ent temperatures, all these types of solar collector can
be suitable. For electricity generation purpose, high
temperature solar collectors are usually preferred such
as the parabolic trough collectors (PTC). For solar Ran-
kine cycle-RO systems, research has been carried out to
compare the performances of these solar collectors in the
Rankine system as shown in Table 4.

In the study of Delgado-Torres and Garcia-Rodriguez,
the ETC coupled with R245fa as working fluid showed the
best Rankine cycle thermal efficiency of 16%. In another
study, Nafey and Sharaf reported that by using the par-
abolic trough collector with either toluene or water, the
system could yield more than 25% efficiency [86]. Based
on these limited simulation and design studies, the PTC
can be considered as the best choice for the Rankine

Table 5

Efficiency parameters for different collector types, from [86]
Solar Collector optical Operating
collector efficiency (n_) temperature (°C)
FPC 0.768 80-100

CPC 0.665 120-170

PTC 0.75 170-300

ETC 0.755 130-270

cycle-RO system due to its high efficiency and high oper-
ating temperature.

4.4. Expansion device

The most important component of a Rankine cycle is
the expansion device since its efficiency affects the sys-
tem performance directly. Turbines though mostly used
in the power range above 50 kW, may not be suitable
for smaller systems due to poor efficiency. Other dis-
placement machines such as scroll expanders are also
promising [108,109]. The scroll expander is a modifica-
tion of a compressor commonly used for air condition-
ing technologies. Other types of expansion device such
as rotary Wankel engine and reciprocating steam engine
have also been studied [110,111]. The major challenge
for the expansion device is the size effect: small devices
tend to have large heat losses and thus low conversion
efficiencies.

Although the experience with the Rankine cycle cou-
pled to RO desalination is limited, such systems poten-
tially offer numerous advantages like great flexibility,
automatic and continuous operation, low maintenance
requirements, long lifetime and the ability to recover low
to medium grades of input heat. The results presented
in Table 4 may not look attractive at first sight, but they
are comparable with PV-RO systems which have usually
given around 13% efficiency of solar-electricity conver-
sion [105]. From the economic point of view, the specific
total cost of a PV-RO system varies between 4.8-7.7 € /m?
depending on battery availabilities, compared to 6.85—
12.53 €/m? for solar Rankine cycle-RO systems [112,113].
However, solar Rankine cycle-RO systems have great
potential for cost reduction through further development
and commercialisation. In addition, Garcia-Rodriguez
and Delgado-Torres pointed out that the SEC of the RO
process driven by the Rankine cycle is lower than PV-RO
systems and solar distillation as well; thus solar Rankine
cycle-RO systems hold promising features for seawater
and brackish water desalination for rural communities
without access to electricity [105].

5. Conclusions

Due to the natural abundance of solar energy, recent
advances in solar energy conversion technologies and the
low energy consumption of RO desalination, solar-RO
(employing either PV or solar thermal conversion) is a
reasonable and feasible approach to help tackle the cur-
rent global water crisis.

With the help of the modern technologies of both RO
desalination and solar PVs, many medium and small scale
solar PV-RO desalination systems have been implemented
in arid or semi-arid areas. They exhibit good performance
in terms of their specific electrical energy consumption
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which can be as low as 5 kWh/m?3. However, this is much
higher than the ideal values of 0.15 kWh/m? for brackish
water and 0.94 kWh/m? for seawater; in this sense their
performances are still wanting. For large SWRO systems
using high-efficiency ERDs, the energy losses are mainly
dependant on membrane resistances which are heavily
related to membrane types and conditions. And another
aspect is system configuration. By dividing the whole
RO module channel into two or more stages in series, the
efficiency of the system can be improved up to 20%. This
improvement can be much larger for BWRO systems.
Due to their low operating pressures and high recovery,
these systems rarely employ ERDs. Additionally, the
smaller inverters and pumps which are typically adopted
in the small or medium brackish water system often have
poor efficiencies.

When the PV subsystem is taken into account, the
overall efficiencies of PV-RO systems are quite low. The
crystalline Si solar cells which are utilized in most PV-RO
systems only have around 13% efficiency, which is much
lower than the theoretical solar energy conversion limit
of 86.8%. In other words, there is still huge room for
improvement. Based on the ideal limiting efficiency of
solar energy conversion, overall efficiency could theo-
retically be improved 40 times for PV-SWRO and 200
times for PV-BWRO systems. Of course, some losses
are unavoidable in practice, because zero membrane
resistance, infinite numbers of RO stages and infinitely
stacked solar cells, etc., cannot be achieved. However,
with emerging solar cell technologies and R&D into RO
membranes, the authors anticipate that PV-SWRO and
PV-BWRO systems can be improved by at least 5 and 10
times respectively.

An alternative to the PV-RO system is the solar Ran-
kine cycle-RO system. This is still at the early stage of
development, with very few plants having been built.
Nevertheless, a few modelling and design studies have
been carried out based on different solar collector types
and working fluids. In principle, the parabolic trough
collector behaves better than other collectors. The choice
of working fluid remains controversial. Further analy-
ses regarding the choice of cost effective solar collectors,
suitable working fluids and a practical high efficiency
expansion device are required. Owing to the promising
features of Rankine cycle-RO systems, such as the com-
parable efficiency and lower cost than PV, more R&D
should be conducted to realise their potential.
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Symbols

Symbol Units Description

C ppm  concentration

D m?/s  diffusion coefficient of salt

] m/s  flux of water permeating the membrane
k m/s  mass transfer coefficient

K — mixing efficiency of the net
M — characteristic length of the net
n — number of RO module stages
P Pa pressure

Pe — Peclet number

r — recovery ratio for each stage
R — overall recovery ratio

R, — salt rejection

Sc — Schmidt number

n — efficiency

Subscripts

b —  of bulk solution

co — of solar collector

ideal — ofideal case

m — of membrane

osm — osmotic

P — of permeate

r — ratio

solar — of solar energy conversion
Abbreviations

BW  — brackish water

Cp — concentration polarization

ERD — energy recovery device

PV~ — photovoltaic

RC  — rankine cycle

RES — renewable energy source

RO  — reverse osmosis

SEC — specific energy consumption

SW  — seawater
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