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Abstract
Small-scale photovoltaic-powered reverse osmosis (PVRO) desalination plants can provide fresh
water to remote communities that do not have sufficient natural sources. The technical feasibility of
such systems is well-established and the economics for specific locations have been addressed.
Recently, generalized methods to evaluate their economic feasibility have been proposed. They show
that the economic feasibility is a strong function of location. Also, increasing the efficiency of PVRO
systems can extend their feasibility to currently marginal or unfeasible locations.
Here, this feasibility evaluation methodology is briefly reviewed. Then, a concept for enhancing
PVRO system feasibility based on smart control is presented. Finally, a program to establish
experimentally validated models required for these control algorithms is described, including the
experimental system for model verification and for algorithm testing. Early experimental results are
presented that show good agreement with those of the analytical models.
1. Introduction
a. Motivation
Approximately 1.2 billion people worldwide do not have access to adequate clean water, many
in small remote communities [1]. That number will increase with population growth and global warming
[2, 3]. Alternative water solutions are required for these locations.

Remote communities are often located in areas with access to seawater or brackish
groundwater. For such communities, small‐scale reverse osmosis (RO) desalination can provide fresh
water. Desalination is an energy intensive process. Diesel generators or grid power are commonly used
to power RO systems; however, diesel generators pollute the environment and their fuel is expensive.
Grid power may not be available or may be expensive. Using photovoltaics to power RO desalination
systems is a promising solution for such communities.
Here, the economic feasibility of photovoltaic reverse osmosis (PVRO) systems is briefly
reviewed. From these results it is clear that a key to extending the utility of PVRO is improving its
efficiency. This paper then presents our research program’s pathway to meet this objective.
b. Background and Literature Review
There are well-established desalination technologies to produce water for large communities,
such as reverse osmosis and thermal desalination. Thermal processes work well for large communities,
but they do not scale well to smaller communities. Reverse osmosis desalination systems can more
easily be scaled to the demands of smaller communities.
PVRO systems have been proposed [4 – 8]. Early systems simply combined a photovoltaic array
and batteries to power an existing reverse osmosis desalination system. Battery-based systems were
found to be inefficient and expensive. Recent research has focused on increasing system efficiency with
some success [4, 5]. A photovoltaic-powered brackish water reverse osmosis system without batteries
has been the subject of significant research [6, 7].
These studies show that PVRO systems are technically feasible. However, for PVRO to be
practical, it must be economically competitive with alternative, conventional methods. In this research
program, the economic feasibility of PVRO systems for small communities has been studied [9]. The
results of this study, summarized below, show the current efficiency of these systems limit the use of
PVRO for many communities.

c. Overview of the Research Program
Increasing overall PVRO system efficiency can potentially increase the locations where PVRO
systems are practical. Substantial research is being done to improve the efficiency of individual system
components, such as solar cells and reverse osmosis membranes; however, little research is currently
being done on optimizing the overall system performance using system control methods.
Two of the major challenges associated with the control of small-scale PVRO systems are the
intermittent and variable insolation requiring the system to adjust its settings to maintain its maximum
water production. Other factors, such as air and water temperature, and water source salinity, also
require adjustments to the system. The common solution of dealing with variations in solar radiation is
to include batteries to store energy; however, batteries are expensive and have limited lives. The
approach taken here will consider system configurations without batteries. The system operation must
be adjusted continuously to maximize water output while maintaining water quality and prolonging
system component lives. Autonomous control is also required, since it is not practical for an operator to
monitor a small-scale PVRO system continuously.
To achieve these objectives, a series of PVRO system models, described below, have been
developed to evaluate system and control algorithm performance. A small-scale experimental system
has been designed and fabricated to validate the system models and evaluate control approaches.
Details of the system design and sample experimental data are presented. The system models show
good agreement with preliminary experimental results.
2. Feasibility Study
A feasibility study was conducted as a first step in this research program [9]. As discussed
above, PVRO systems have been developed and shown to be technically feasible. To be practical,
however, these systems must also be economically feasible. Economic feasibility studies of PVRO
systems have been conducted in the past for specific locations, such as Oman, Greece and the United

Arab Emirates [10 – 12]. Studies of these results show that feasibility of PVRO systems is critically
dependent on location. A generalized method to determine economic feasibility as a function of
location had not yet been done. The results of our generalized feasibility study are briefly summarized
below [9].
In this feasibility study, a generalized method to evaluate the economic feasibility of small-scale
PVRO systems as a function of location is developed. The economic feasibility is determined by
comparing the PVRO water cost with water provided by conventional methods. The common method to
provide fresh water to remote, water scarce regions is by transporting water or by using diesel powered
water desalination. Feasible regions are those where the cost of water produced by the PVRO system is
less than the cost of transported water, and the total system lifetime cost of the PVRO system is less
expensive than an equivalent diesel-powered reverse osmosis system.
To determine economic feasibility, the full lifecycle costs of both the photovoltaic-powered and
diesel-powered reverse osmosis systems were calculated. The lifecycle costs were broken into two
components: the system capital costs and operating costs. These costs are determined for a location
based on the local solar resource, water characteristics and water demands.
A simple schematic of the PVRO system considered is shown in Figure 1. (The difference
between the PVRO and diesel generator system is the power source; otherwise a schematic for the
diesel system is identical.) Here, the energy source powers a feed pump and a high-pressure pump to
pressurize the incoming water. The high pressure produced by the pumps drive the water through the
reverse osmosis membrane, leaving high pressure brine that passes through a turbine to recover its
energy before exiting the system.
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Figure1: Simple photovoltaic reverse osmosis system considered in evaluation.

An energy analysis was performed to determine the reverse osmosis system capacity, solar
array size, diesel generator size and diesel fuel consumption rate for a given water production and
location. Since it was assumed that the photovoltaic-powered system does not have batteries, it only
runs during the daytime. The diesel-powered system is assumed to run 24 hours a day. Local political
factors, such as incentives and carbon taxes are not included. The cost of water produced by the dieselpowered and PVRO systems was then determined using the equivalent annualized cost method [13].
The PVRO system is considered economically feasible if the calculated water cost is less than the cost of
water produced by the diesel-powered system and that of transported water [9].
Geographic Information Systems (GIS) data of annual solar insolation [14] and water
characteristics [15] is used in the analysis. Cost data, component lifetimes and maintenance schedules
are taken from the published literature. The key parameters for the cost analysis are shown in Table 1
[9].
Table 1: Input parameters for seawater reverse osmosis analysis [9].
Parameter
Plant Capacity
Plant Lifetime
Interest Rate
Plant Capacity Factor
Recovery Ratio
Reverse Osmosis System Cost [13]
Installed Array System Cost [16]
Initial Diesel Fuel Cost [17]

Value
10 m3
25 years
5%
90%
40%
$2400 / m3
$9.00 / Wp
$0.66 / L ($2.50 / Gallon)

The overall water cost for the PVRO systems is shown in Figure 2. The majority of the equatorial
regions are able to produce water for less than $6.00 per m3. PVRO systems are able to produce water
at a cost of less than $5.00 per m3 in many water-stressed areas, such as the Middle East.

3

Figure 2: Cost of water ($/m ) for solar powered system [9].

The regions where the PVRO system is more cost effective than the diesel-powered system are
shown in Figure 3, and include large areas of water scarce regions. The coastal regions of northern
Africa, the Middle East, South Africa, Mexico and the Caribbean are all examples of water stressed areas
where a seawater PVRO system could feasibly deliver clean water to small communities at a lower cost
than diesel-powered reverse osmosis systems.

Figure 3: Areas where a solar powered system is less expensive than a diesel system without government incentives [9].

Table 2 shows the details for six representative locations. As expected, the areas with higher
water salinity require more energy to perform reverse osmosis, and the areas listed with the low solar
insolation are not favorable for the solar powered systems. For the price assumptions made, the PVRO
system is less expensive than the diesel system for all of the sites except Boston and Los Angeles. In
general, PVRO is feasible in areas with a high solar resource.

Table 2: Site specific analysis results – seawater reverse osmosis without incentives and carbon tax [9].
Location

Boston,
USA

Los Angeles,
USA

Limissol,
Cyprus

Aqaba,
Jordan

Cap-Haïtien,
Haiti

Jeddah,
Saudi Arabia

Latitude

42.35 N

34.05 N

34.67 N

29.52 N

19.76 N

16.89 N

Longitude

71.06 W

118.24 W

33.03 E

35.07 E

72.2 W

42.55 E

4.4

5.6

6.1

5.9

6.1

6.6

Daylight Hours (hours)

9.08

9.88

9.87

10.25

10.93

11.13

Water Salinity (ppm)

32664

33505

39182

41160

36275

38340

Energy Required per day (kWh)

29.2

30.1

34.1

35.7

31.9

33.4

Solar Array Area (m )

44.2

35.8

37.3

40.3

34.8

33.7

Total PVRO System Capital Cost ($)

149,830

123,349

120,049

125,696

118,296

111,748

PVRO System Equiv. Annual Cost ($)

21,757

17,524

16,568

17,265

16,523

15,447

Total Diesel System Capital Cost ($)

46,718

46,644

46,362

46,279

46,497

46,445

Diesel System Equiv. Annual Cost ($)

17,147

17,295

17,983

18,231

17,626

17,758

Cost of Water Solar ($/m )

6.62

5.33

5.04

5.25

5.02

4.70
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5.21

5.25

5.47

5.54

5.36

5.41

Average Latitude Tilt Solar
2

Insolation (kWh/m -day)

2

3

Cost of Water Diesel ($/m )

The results of the study show the clear location dependency of PVRO feasibility. This
dependency is due to the differences in water demand, water characteristics and solar resources. They
also show that the PVRO is feasible for many water-stressed regions. The high fuel costs for the dieselpowered systems result in higher water costs for most locations. When the system is configured for a
region without high solar resources, the high capital costs for community-scale seawater PVRO systems
are not recovered during the system lifetime. With intelligent system control of the PVRO systems, it is
possible to further reduce system costs, thus the PVRO systems could become affordable for larger
regions.
3. System Modeling
Full non-linear system models have been developed for PVRO systems. The models incorporate
the key factors that affect PVRO system performance, including solar radiation, water salinity, water
temperature, air temperature and water demand. A representative PVRO system with stochastic
system inputs is shown in Figure 4.
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Figure 4: PVRO system schematic

The PVRO system models have been developed in Matlab/Simulink. A high-level block diagram
of a simple PVRO system is shown in Figure 5. These models were constructed at the individual
component level, and are a blend of physics-based and empirical equations. Full presentation of all
model equations is beyond the scope of this paper. Here, only the key concepts are presented.
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Figure 5: High-level PVRO system model block diagram.

a. Solar Energy Model
A simple model was developed to estimate the solar energy available during a clear day. For a
given latitude, longitude and time, the solar elevation and azimuth are well-known [18]. This model is
used to estimate the direct, diffuse and reflected portions of solar radiation [19]. Then, the amount of
direct radiation incident on the panel can be found using the following equation:

Gmod ,dir  Gdir cos  sin  cos      sin  cos  

(1)

where Gdir is the direct insolation on a plane normal to the incoming sun rays, α is the sun elevation
angle, β is the module tilt angle, ψ is the module azimuth angle, and θ is the azimuth angle of the sun.
The total insolation incident on the panel surface is given by:

Gmod ,tot  Gmod ,dir  Gmod ,dif  Gmod ,ref

(2)

where Gmod, dif and Gmod, ref are the diffuse and reflected insolation received by the panel, respectively.
b. Solar Array Model
For the PV panel, each individual solar cell is represented using the classic two-diode model,
given by [20]:

I cell  I ph  I D1  I D 2 

V  I cell Rs
Rsh

(3)

where Icell is the cell current, Iph represents the light generated current, ID1 and ID2 represent the losses
due to recombination (which are temperature dependent), V is the solar cell operating voltage, Rs is
the solar cell series resistance in ohms, and Rsh is the solar cell shunt resistance in ohms. The lightgenerated current is given by:

I ph  Ac  C0  C1Tcell  Gmod ,tot

(4)

where Ac is the solar cell area in m2, C0 and C1 are solar cell-specific constants, Tcell is the cell
temperature in Kelvins, and Gmod,tot is the incoming solar radiation in W/m2.
The cell temperature at a given solar radiation is given by the following empirical relationship:

Tcell  Tamb 

Gmod ,tot ( NOCT  20)
800

(5)

where Tamb is the ambient temperature in °C, NOCT is the normal operating cell temperature in °C, and
Gmod, tot is the total incident solar insolation on the module in W/m2.
The solar panel model was developed by connecting the individual solar cell models into strings
in series, and then connecting the strings in parallel. In this model, all cells are assumed identical. For
the series connections, the current through all of the cells is the same and the voltage adds, so Equation
(3) applies. Voltage Vstring and current Istring for cells connected in a series string are found using:

Vstring  ncellVcell

(6)

I string  I cell

(7)

where ncell is the number of cells connected in the string.
For the parallel string connections, the voltage remains the same and the currents add. This
relationship is expressed as follows:

I module  nstring I string

(8)

Vmodule  Vstring

(9)

where Imodule is the current of the module, Vmodule is the module voltage, and nstring is the number of
strings connected in parallel.
c. Control Electronics
The control electronics and computer take the power being produced by the solar array and
condition it for use by the reverse osmosis system motors and pumps. In this portion of the model,
different control algorithms can be implemented to control the operating point of the PVRO system.
Since the systems considered here do not use batteries and the power conversion is not perfect, the
following relationship is used:

vmotor imotor  mpptVmodule I module

(10)

where vmotor is the motor voltage, imotor is the motor current and mppt is the power conversion efficiency
from the solar module to the motor, and Vmodule and Imodule are the voltage and current of the solar
module found from Equations (8) and (9).
d. Motor
A simple static motor model, with motor resistance assumed constant, was used to estimate the
system performance. The shaft torque  can be expressed using the following equation:

   imotor  i0  / KT

(11)

where imotor is the motor current, i0 is the friction related current, and KT is the torque constant.
The internal back-EMF vm is assumed to be proportional to the rotor speed  via the motor
speed constant KV as shown:

vm  Ω / KV

(12)

The motor terminal voltage vmotor can be found by adding the resistive voltage drop to the backEMF vm , as shown:

vmotor  vm  imotor Rm 

Ω
 imotor Rm
KV

(13)

where Rm is the resistance of the motor in Ohms.
e. Pump
Due to the pressures and flow rates involved in the reverse osmosis system, positive
displacement pumps are commonly used. The flow rate produced by a positive displacement pump Q is
found using:

Q  Dn  Cs

D p
 QR
2 

(14)

where n is the pump speed in revolutions per minute, D is the pump volumetric displacement per
revolution, Cs is the pump slip coefficient,  is the dynamic viscosity of the water, pis the pressure
difference across the pump, and QR is the flow loss due to inlet flow restriction.
The torque required by a positive displacement pump can be given by:



pD
D
 Cd D n  C f
p  Tc
2
2

(15)

where Cd is the coefficient of viscous drag, Cf is the coefficient of friction for the pump geometry, and Tc
is the pump torque constant. Since the motor and pump share the same shaft, the motor torque and
pump torque are equal.
f.

Energy Recovery

There are many different types of reverse osmosis energy recovery devices. The presentation of
the full set of equations describing the energy recovery is beyond the scope of this paper. For full
details, refer to [6].
Here, the Clark Pump pressure exchanger produced by Spectra Watermakers [5] is described.
The Clark Pump is a fixed-ratio pressure exchanger consisting of two pistons connected with a rod, as
shown in Figure 6. When the piston reaches the end of travel, a reversing valve switches the brine and
exhaust connections, and the piston reverses direction. The area of the rod changes the effective areas
on either side of the piston, and the device adds the energy in the medium pressure feed to the energy
in the concentrate, producing water at a higher pressure than the concentrate.
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Figure 6: Basic Clark pump mechanics.

The recovery ratio, Rt, of a reverse osmosis system using the Clark pump is defined as [6]:

Rt 

Ar Qp

Ap Q f

(16)

where Ap is the area of the piston, Ar is the area of the connecting rod, Qp is the fresh water flow rate,
and Qf is the medium pressure feed flow rate. Using the recovery ratio, the relationships for the fresh
water flow rate QP and brine flow rate QE, respectively, are [6]:

QP  Rt QF  QL

(17)

QE  QF 1  Rt   QL

(18)

where QL are the leakage flow rates in the Clark pump, found empirically using [6]:

QL  1.78 104 QF PH  1.56 105

(19)

where PH is the pressure of the feed water entering the RO pressure vessel.
The feed water pressure is found by balancing the forces on the piston, and can be defined in
terms of the recovery ratio as [6]:

PH  PF  PC 1  Rt   PE 1  Rt   PL

(20)

where PF is the pressure of the feed water entering the Clark pump, PC is the pressure of the brine
entering the pump, PE is the pressure of the brine exiting the pump, and PL are the pressure losses in
the pump. The pressure losses are defined empirically using [6]:

PL  49.2QF 2  7.09 102 P  0.528

(21)

where QF is the feed flow rate in L/s and P  PH  PC in bar.
g. Reverse Osmosis Membrane
An RO membrane is a cross-flow separator. The flow of fresh water out of the membrane can
be written as:



Qp  ASE TCF  FF   P  



(22)

where SE is the membrane surface area, A is the membrane permeability for water, TCF is the water
permeability temperature correction factor, FF is the membrane fouling factor,  P is the average
pressure applied across the membrane, and  is the average osmotic pressure applied across the
membrane. Here, empirical relations from Dow [21] are used to determine the temperature correction
factor, and the fouling factor is not currently estimated.
The average pressure applied across the membrane is found using:

 P  PH 

Pfc
2

 Pp

(23)

where Pp is the pressure of the fresh water exiting the membrane and Pfc is the pressure drop over
the membrane module, estimated empirically using [21]:

 (Q  QF ) 
Pfc  0.756  C

2



1.7

(24)

where QC and QF are the brine and feed flow rates in L/s, respectively. The pressure drop over the
membrane can also be used to calculate the pressure in the exiting brine using:

PC  PH  Pfc

(25)

The average difference in osmotic pressure is calculated using:

   pf 

 f  b
2

 p

(26)

where pf is the concentration polarization factor, f is the osmotic pressure of the feed, b is the osmotic
pressure of the brine, and p is the osmotic pressure of the fresh water. The osmotic pressure is
estimated using an empirical relationship from the ASTM Standards [22], and the polarization factor is
estimated using an empirical relationship derived by Dow [21].
Since separation across an RO membrane is not perfect, some salt is also transmitted across the
membrane in the fresh water. The concentration of salt in the fresh water is given by:

Cp 

BS E  pf  (TCF )C fc
Qp

(27)

where B is the membrane permeability to salt and Cfc is the average concentration of the water on the
concentrate side of the membrane, given by:

C fc 

C f  Cb
2

(28)

where Cf is the salt concentration in the feed water and Cb is the salt concentration in the exiting brine.
Finally, since salt water flow is considered incompressible, the flow of both water and salt are
conserved:

QF  QC  Qp

(29)

QF C f  QC Cb  QpC p

(30)

Equations (1) through (30) are a complex set of nonlinear quasi-static equations whose solution
has been implemented in Matlab. This complete model forms the core of our optimal control algorithm
development. To ensure that these models are sound, they are validated with our experimental system,
described below.
4. Experimental System
The MIT system has been constructed on a campus rooftop (see Figure 7). This system is
modular and reconfigurable. It is composed of a tracking PV Panel, custom control electronics, parallel
DC pumps, a Clark pump energy recovery system, reverse osmosis membrane within a pressure vessel,
and plastic water tanks. The system does not use batteries for power leveling. Small batteries are used
as backup power for the electronics. The system is fully instrumented and computer controlled to
optimize the system water output, and is designed to produce approximately 300 L of fresh water per
day in Boston on a sunny summer day.

Figure 7: Experimental system setup.

The system instrumentation consists of 18 different sensors that provide sufficient information
for model validation and control feedback (see Figure 8). Sensors include thermistors for measuring
solar panel, feed water, and ambient air temperature, flow sensors, salinity sensors, pressure
transducers, and sensors for measuring solar panel orientation. The sensors are connected via custom
electronics to the data acquisition and control computer, shown in Figure 9.
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Figure 8: Experimental system layout.

Figure 9: Experimental system data acquisition, control and power architecture.

Two PIC24 microcontrollers in a Master/Slave configuration are used to acquire sensor data
through a sensor conditioning board, and to perform computation and control tasks. The Master PIC24
is used to control a DC/DC step down converter that receives power from the solar panels and converts
it to the voltage desired by the two DC boost pumps. The Slave PIC24 is used to drive the solar panel

tracker motors. The Master PIC24 also communicates with a base station PC running Linux over a
wireless modem. The base station is used to record the acquired data and to display it in real time.
The experimental system has been tested under a variety of different weather conditions using
a simple conventional maximum power point tracking control. The measured solar radiation incident on
the panel for a mostly sunny day is shown in Figure 10.
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Figure 10: Solar radiation incident on solar panel.

Figure 11 shows the water production predicted by the model using the measured solar
radiation and ambient temperature. It also shows the experimentally measured water produced. The
predicted and experimentally measured results agree well, with a difference of 5% between measured
and predicted performance. As expected, the system produced approximately 300 L of clean water.
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Figure 11: Water produced over course of the day.

The overall experimental reverse osmosis system efficiency was also calculated and compared
to the modeled results (see Figure 12). The model agrees well with the experimental data. The overall
specific energy consumption of the experimental system ranges between 4 kWh/m3 and 2.5 kWh/m3
when there is a reasonable input power available.
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Figure 12: Overall reverse osmosis system efficiency.

Conclusions
This paper has presented the motivation for the PVRO control research currently being
conducted. A feasibility study was performed, in which it was determined that the geographic regions in
which PVRO is cost effective for small, remote communities can be increased by improving overall
system efficiency, and that research in improved total system efficiency using smart control techniques
is needed. Experimentally validated system models of small-scale PVRO systems have been developed
for use for control algorithm design. Preliminary experimental results show good agreement with the
models.
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