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ABSTRACT

A new low-temperature phase-change desalination process has been presented where saline
water is desalinated by evaporation at near-ambient temperatures under low pressures. The
low pressure is achieved naturally in the head space of water columns of a height equal to the
local barometric head. By connecting the head space of such a saline water column to that of
a distilled water column, and by maintaining the temperature of the former about 15-20°C
above that of the latter, fresh water is evaporated from the saline column and condensed in the
distilled water column. This paper presents an exergy analysis of this process to evaluate the
thermodynamic efficiency of its major components and to identify suitable operating condi-
tions to minimize exergy destruction. Three different heat sources such as direct solar, photo-
voltaic energy as well as a low grade heat source were considered. It was found that the major
exergy destruction occurs in the condenser where the latent heat of the water vapor is lost to the
environment. Exergy performance of individual process components and recommendations to
further improve the exergy efficiency of the proposed process are presented.

Keywords: Desalination; Energy; Exergy analysis; Second law of thermodynamics; Exergy

destruction; Irreversibility

1. Introduction

Desalination has now become a promising alter-
native to freshwater supply due to rapidly increasing
demands for freshwater throughout the world. How-
ever, since common desalination technologies including
thermal and membrane processes demand large quanti-
ties of energy, providing desalinated water can place a
concomitant demand on the limited energy sources [1].
Since energy production involves degradation of envi-
ronmental quality; water, energy, and environmental
issues are the most immediate concerns of the world [2].

*Corresponding author.

Thermal technologies (multi stage flash distillation —
MSF, multi effect distillation — MED and mechanical
vapor compression — MVC) require energy in the form
of heat while membrane technologies require electri-
cal energy to produce freshwater. Although, energy
consumption in the desalination technologies has been
lowered significantly over the past two decades, current
global energy resources are still not adequate to support
the desalination processes as the demand for freshwater
on the global scale is expected to rise sharply.
Fortunately, water scarce regions around the world
have high solar insolation rates which are suitable for
thermal energy harvesting by solar collectors [3]. Direct
solar energy can be utilized in the simplest configuration
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of thermal desalination technology, known as, solar still
(SS). However, SS are very inefficient in utilizing the
solar energy due to accommodation of evaporating and
condensing surfaces in a single glass roofed vessel. As a
result several modifications to the SS design have been
studied to increase its energy efficiency and product
yield in single and multi-effect stills [4-6]. One of the con-
figurations resulted in high distillate yields by separating
the evaporation and condensing chambers. Energy effi-
ciency of the SS can be further improved if they can be
operated at lower temperatures in the 40-55°C as com-
pared to the common range of 60-75°C [7,8].

A new low temperature desalination process was
developed to reduce the heat losses from the evapora-
tion chamber there by increasing the freshwater yield.
This process operates under near vacuum pressures cre-
ated by exploiting natural forces of gravity and baromet-
ric head as further explained in the next section. Results
of a proof-of-concept study of this process configuration
and the first law analysis of the process were reported in
our previous publications [9-13].

The objective of this study is to evaluate sources of
inefficiency in the process to identify operational param-
eters to maximize thermodynamic performance of this
process and to develop process modifications. This
evaluation is done through exergy analysis of the major
components in the process. Energy and exergy analysis
of low temperature desalination process utilizing direct
solar energy, photovoltaic energy and a low grade heat
source are presented.

2. Description of the low temperature desalination
system

Physical principles behind the proposed low-tem-
perature desalination process can be illustrated by
considering two barometric columns at ambient tem-
perature, one filled with freshwater and the other with
saline water. The head space of these two columns will
be occupied by the vapors of the respective fluids at their
respective vapor pressures. Suppose these head spaces
are connected to one another. Since the vapor pressure
of freshwater is slightly higher than that of saline water
at ambient temperature, water vapor will distill from the
freshwater column into the saline water column. How-
ever, if the temperature of the saline water column is
maintained slightly higher than that of the fresh water
column to raise the vapor pressure of the saline water
side above that of the fresh water side, water vapor
from the saline water column will distill into the fresh
water column. A temperature difference of about 15°C is
adequate to overcome the vapor pressure difference to
drive this distillation process. Such low temperature dif-
ferences can be achieved using low grade heat sources

such as solar energy, waste process heat, thermal energy
storage systems etc.

A schematic arrangement of a desalination system
based on the above principles is shown in Fig. 1(a). Com-
ponents of the desalination unit include an evaporation
chamber (EC), a natural draft condenser (CON), a heat
exchangers (HE), and three 10-m tall columns. These
three columns serve as the saline water column; the
brine withdrawal column; and the freshwater column,
each with its own constant-level holding tank, SWT, BT,
and FWT, respectively. These holding tanks are installed
at the ground level while the EC is installed atop the
saline water and brine withdrawal columns at the baro-
metric height of about 10 m above the free surface in
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Fig. 1. Low temperature desalination system process con-
figuration using (a) direct solar and photovoltaic energy; (b)
low grade heat source.
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the holding tanks to create a Torricelli’s vacuum in the
head space of the EC. The top of the EC is exposed to
sunlight in a configuration where direct solar energy is
utilized for evaporation as shown in Fig. 1(a). The top of
the freshwater column is connected to the outlet of the
condenser. When the temperature of the saline water in
the EC is increased by about 15-20°C above the ambient
temperature, water vapor will flow from the EC to the
CON where it will condense and flow into the freshwa-
ter column. By maintaining constant levels in the holding
tanks with suitable withdrawal rates of brine and dis-
tilled water, this configuration enables the desalination
process to be run without any mechanical energy input
for fluid transfer or holding the vacuum. The purpose of
HE is to preheat the saline water entering the EC by the
brine stream withdrawn from the EC. Fig. 1(b) shows the
process schematic for a configuration utilizing low grade
heat source such as thermal energy from solar collectors
or process waste heat.

3. Exergy methodology

Traditionally, energy conversion/utilization pro-
cesses have been evaluated based on the first law of
thermodynamics — energy analysis. In recent times,
use of exergy analysis to gain better understanding of
such processes has become popular. Exergy analysis is
derived from the second law of thermodynamics and
provides better insights in identifying and quantify-
ing sources of inefficiencies; selecting optimal process
parameters; and in assessing resource utilization effi-
ciency and environmental impacts.

Energy, entropy and exergy relations can be
explained as shown in Fig. 2 [14]. When heat transfer
occurs between two bodies from the hot side to the cold
side, energy transfer takes place at the expense of ther-
mal gradient as shown in Fig. 2. Although, an energy
efficiency of 100% can be achieved between two bodies,
the resultant body temperature may not be same as
the source from which the heat transfer occurred. This
means degradation of the energy occurred in this pro-
cess of heat transfer which is often expressed as genera-
tion of entropy. As a result of entropy generation, the
quality of energy transferred from the source to the sink
is reduced which is reflected by the availability of energy
in the sink. This degradation in the quality of energy is
called exergy loss (availability loss). The exergy loss is
also called irreversibility [15].

Different forms of energy have different capacities to
do work. For example, potential energy, kinetic energy,
and work energy can be converted completely to work,
whereas, only a fraction of heat energy can be converted
to work while the remainder has to be rejected to the
surroundings. The property exergy serves as a measure

Heat
transfer

>QQ>

Entropy
generated

Entropy
transfer

Exergy

Eseigy / consumed
IXergy
transfer

(1-TyT) O (1-TyT>) O

Fig. 2. Relation between energy, exergy and entropy transfer.

of the ability of energy to do work; it is equal to the
maximum amount of work that can be extracted from a
given quantity of energy. Thus, the exergy, E, associated
with a given quantity of heat energy, Q, at a temperature
of T can be derived from the Carnot efficiency (n_,_ ) of
a reversible heat engine working between T and the sur-
roundings temperature, T :

E= Wmax = ncarnotQ = |:1 - %:| Q (1)

From Eq. (1), the exergy factor of a given quantity of
heat energy, Q can be written as:

E [, T,
e[r7]

While energy is always conserved, exergy is con-
served only in reversible processes. Since all real pro-
cesses are irreversible, their exergy output is usually less
than the exergy input. The exergy output of a process
includes utilized output and unutilized output, which
is the exergy flow into the environment. The total loss
of exergy in a process thus includes the loss due to irre-
versibilities and the loss due to waste streams. Exergy
analysis is carried in development and design phases
and economic analysis of a system [16]. Exergy analysis
plays an important role in estimating the process eco-
nomics, natural resource utilization and environmental
impacts of a system because the exergy performance
depends on the environmental conditions (tempera-
ture and pressure) [17,18]. Other process applications
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include exergy analysis of waste heat and solar energy
utilization in desalination, nuclear desalination and air-
conditioning systems [15,19-23].

3.1. Steady-state exergy analysis of a system

A complete steady-state analysis of energy conver-
sion/utilization processes can be made based on mass,
energy, and exergy balances. Ignoring kinetic and poten-
tial energy terms, the three conservation equations for a
control volume are [24]:

Mass balance:

0= 2 m; — 2 1e )
1 e

Energy balance:

0=Q-W+ 3, (st h),~ 3 (s h), @

Exergy balance:

=2 (rit-e), — Ep

e

0= Z[ }Q, W+Z (ri1-e),
®)

The variables are defined in the Symbols section.

While the mass and energy balance equations are
well known, only the exergy balance is discussed in
detail in this work. The five terms on the right hand side
of the exergy equation represent the exergy associated
with heat transfer, j at temperature T].; the work transfer;
the exergy inflow; the exergy outflow; and the exergy
destruction, respectively. The exergy inflow and out-
flow associated with the streams entering and leaving
the control volume are quantified in terms of the specific
exergy, e, defined as follows:

(h h) (S_So)'*’w“L Mo) (6)

For a given set of operating conditions and the cor-
responding properties of the working fluid, the rates of
exergy destruction and exergy loss for each component
of the process can be calculated from the above equa-
tions.

The following measures can now be defined to assess
the thermodynamic performance of the components of a
system and the entire system [24]:

Exergy destruction ratio for component ¢ of the system,
y D,c:

Exergy destruction in component, Ep, .

YD, = ()

Exergy destruction in system, Fp,

Exergy destruction ratio for complete system, v,

_ Exergy destruction in system, Ep

Exergy of fuel supplied, Eg

3.2. Application of exergy method

For the purpose of this study, we focus on the fol-
lowing three components of the proposed desalination
process: the heat exchanger HE; the evaporation cham-
ber, EC; and the condenser, CO. The general steady-state
energy and exergy balance equations (Egs. (4) and (5)) for
these three components yield the following expressions:

1. Heat exchanger, HE:

Energy balance:

0= 7‘;15}11 + m“yh6 - Thshz - mwl’l7 (9)

Exergy balance:

EDHE—m [\hl hy)-T. (1—52)+ws(ll1—112)]
ity [ (e =17 ) =T, (56 =57 ) + Wy (M — U7) |

(10)
2. Evaporation chamber, EC:

Energy balance:

0= Qin + mshZ - mwh6 _(ms - mw ) h4 (11)

Exergy balance:

. h, —h ) (@ -3 ):|
E “l1-22 |0, ( n — My 2~ 54
[ : ] a5
he - h4 (56 - 54)
et (1o -

(12)

When the heat source is provided by solar energy, the
Petela expression can be used to calculate the exergy
of solar radiation [15]:

4
E, = Al TP A I
3\ T, 3\ T,

(13)
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3. Condenser, CO:

Energy balance:
0=_Qout+(7hs_mw)h4_(ms_mw)h5 (14)
where Qg = (1itg —1ity, ) As.
Exergy balance:
. T, - o
Epgc=- |:1 - ?:| Qout + {115 — 111y
3
x|:(h4—h5)—To (54—35)} (15)
+ (ws - ww)(u4 - HS)

Energy efficiency of the desalination system is given as:

mfhv

Qin

Thes = (16)

This equation is also called Gained output ratio
(GOR) which is less than 1 for solar powered single
stage desalination system [20].

Exergy efficiency of the desalination system can be
defined in two forms as shown below:

Exergy efficiency based on the latent heat (available
energy or exergy) in the water vapor (steam) generated
from EC:

mfhv (1 -
Exeff = Q

)

~ (&3

(16a)

Overall exergy efficiency based on available energy
or exergy in the freshwater condensed in condenser
(final product):

mg {(hs —hy) =T, (s55—5,)}
Qin

(16b)

Exeg =

This equation is based on the available energy
(exergy) in the water vapor generated from EC.

The environmental references for the exergy analysis
were taken as temperature, 25°C (298 K), and salt con-
centration of 3.5%.

4. Results and discussion
4.1. Temperature and freshwater production profiles

The experimental studies were conducted during
summer season at the Engineering Research Facility
(ERF) of New Mexico State University in Las Cruces,

New Mexico, USA. The solar insolation varied between
400 and 1100 W m™ while the ambient temperatures
ranged 15-35°C during these experiments. The maxi-
mum ambient temperature recorded was 35°C while
the maximum temperature of the brackish water in
the EC was 52.75°C. As a comparison, the maximum
saline water temperatures measured for different con-
figurations were as follows: low temperature process
using direct solar energy (SS configuration — SSV) 50°C,
low temperature process using direct solar energy fit-
ted with an external reflector (SS configuration (SSR)
53°C and low temperature process using solar energy
as well as photovoltaic energy (SSP) 55°C respectively
(Fig. 3(a)). This configuration is referred as SSPV dur-
ing non-sunlight hours when the photovoltaic energy is
utilized for evaporation. These temperatures are lower
than those commonly reported for a SS that are in the
range: 60-75°C [7,8].

Daily freshwater production rates for the different
configurations are shown in Fig. 3(b). The low tem-
perature desalination process as a SS configuration
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Fig. 3. Temperature (a) and freshwater (b) profiles of the low
temperature desalination system for different configurations.
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(SSV) produces freshwater of about 51 d™ m™, nearly
1.5-2 times that of typical SS [7,8]. This improvement
can be attributed to the reduction in energy losses by
the low temperature desalination process. The near-
vacuum pressures created by natural means of gravity
and barometric head allow for the evaporation of fresh-
water to occur at low temperatures resulting in higher
energy efficiency. This configuration, when fitted with
a reflector SSR produced about 7.5-8 1 d™' m™ of dis-
tillate which is three times that of a typical SS. As the
solar insolation incident on the SS was intensified by
the reflector, the saline water temperatures rose quickly
resulting in evaporation of freshwater as shown in Fig.
3(a). The low temperature process powered by pho-
tovoltaic energy SSP produced over 12 1 d™' when fit-
ted with a reflector. Photovoltaic area required for this
configuration was 6 m” Photovoltaic energy generated
during the day is sufficient to produce freshwater of
4-51d" during the night time. The efficiency of the PV
modules is 14%. The process can be designed to oper-
ate round the clock with a backup external heat source
such as thermal energy storage tank when solar energy
is not available.

4.2. Energy analysis of solar powered desalination system

Fig. 4(a) shows the solar energy utilization pat-
terns of the low temperature desalination process for
the SSV, SSR, SSP and SSPV configurations. The entire
solar energy incident on the EC is not used for evapo-
ration. Incident solar energy passes through the glass
top (some reflected back) and is absorbed by the saline
water (about 89%). Total solar energy, energy available
after optical losses, energy utilized for freshwater pro-
duction and the useful latent heat in the product are
shown for each of the configurations. For the SSV exper-
imental set, the total amount of solar energy available
was 21.6 MJ which is equal to 6 kWh m= d™'. About
19.2 M] (89%) of the total solar energy was available for
conversion into thermal energy after optical losses. Out
of this available solar energy, 12.1 M] (63%) was uti-
lized for evaporation of freshwater of 5.25 1 from saline
water after the heat losses from the evaporation cham-
ber and condenser to the surroundings (Fig. 4(a)). Tra-
ditional SS have a thermal efficiency of about 30% and
rarely exceed 45% [7,8]. Normal SS operating with an
efficiency of 45%, will require 5040 k] of thermal energy
per kg of freshwater produced. The proposed process
SSV operates at higher thermal efficiencies with a spe-
cific energy consumption of 3900 k] kg™ of freshwater.
Incident solar energy available for SSR experimental
set was 24.1 MJ (6.7 kWh m=2 d'). About 21.4 MJ of
solar energy has passed through the glass cover and
the saline water body to cause evaporation. Out of this
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Fig. 4. Energy analysis (a) and exergy analysis (b) of the low
temperature desalination system using direct solar and pho-
tovoltaic energy.

available energy, 17.3 MJ] was utilized to produce fresh-
water. Thermal efficiency of SSR was between 70%
and 80% with a specific energy consumption of 3200
k] kg™'. The specific energy required for the configu-
ration with photovoltaic energy SSP is only 2800-3000
k] kg™ of freshwater with thermal efficiencies ranging
between 80% and 90%. In the case of traditional SS
and SSV, major energy losses occur through the glass
cover during sunlight hours. However, for SSPV (SSP
during non-sunlight hours), the glass cover can be
covered with insulation during non-sunlight hours
to reduce the energy losses to the ambient. Addition-
ally, lower ambient temperatures during non-sunlight
hours favor the convection and condensation of fresh-
water vapors from the evaporation chamber to the con-
denser side [3].
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4.3. Exergy analysis of solar powered desalination system

The solar exergy utilization patterns of the low tem-
perature desalination process for SSV, SSR, SSP con-
figurations are shown in Fig. 4(b). Total available solar
exergy available after optical losses, exergy utilized
(exergy losses in the evaporation chamber) for freshwa-
ter production and the exergy losses in the condenser
(due to latent heat dissipation) and exergy available in
the product are shown for each of the configurations. In
few studies, the solar exergy value is taken same as the
energy value, given that the temperature of the sun is
very high in relation to the ambient temperature [25].
In this study we used the Petela equation to account for
actual solar exergy value [15]. Available solar exergy for
SSV configuration was 20.1 MJ. Although, some portion
of this exergy was utilized to evaporate freshwater, the
exergy losses in the evaporation chamber were 19.2 MJ.
The exergy available in the latent heat of the freshwater
vapor was 0.9 MJ. Finally, exergy available in the con-
densed water vapor (freshwater) was only 0.008 M]J.
Thus, exergy efficiency of the SSV process configura-
tion was around 0.04% (using Eq. (16b)). If the exergy
associated with the water vapor is considered, the
exergy efficiency of the SSV process configuration was
4.6% indicating the efficiency of the evaporation cham-
ber (using Eq. (16a)). For SSR configuration, the solar
exergy was 22.5 MJ. The exergy losses in the evapora-
tion chamber were 20.9 MJ. The exergy available in the
latent heat of the freshwater vapor was 1.6 MJ. Finally,
exergy available in the condensed water vapor (fresh-
water) was only 0.012 MJ. Thus, exergy efficiency of the
SSR process configuration was around 0.05% (using Eq.
(16b)). Since, this is a single stage configuration, if the
exergy associated with the water vapor is considered,
the exergy efficiency of the SSR process configuration
was 7.0% which is the efficiency of the evaporation
chamber (using Eq. (16a)).

Although, energy efficiency of the photovoltaic
powered process was higher (90%) than other configu-
rations, the exergy efficiency was lower than other con-
figurations (0.039%, using Eq. (16b)). This is due to high
exergy value (=1) of electrical energy generated by the
photovoltaic modules. Therefore, it is clear that high
quality form of energy is not appropriate for desali-
nation process due to enormous quantities of exergy
destruction in the condenser. However, the exergy effi-
ciency can be slightly improved in a multi-effect con-
figuration. A recent study incorporated solar collectors
to provide heat source to the flash chamber at low pres-
sures [26]. The reported first law efficiency was 19%.
Exergy efficiency of the system varied between 15% and
26% when the solar radiation ranged from 400 to 900
W m~? considering energy harvested in the solar collec-
tors. Freshwater production rate of 8.51d™ was obtained

with a solar collector area of 2 m?. Although the operat-
ing principle was very similar to this process (vacuum
created by a pump and varied between 0.05-1 bar), the
solar energy was harvested by the circulating fluid in
the solar collector as such the solar exergy was supplied
to the inlet saline water (circulating fluid inlet and out-
let temperatures were 20°C and 80°C respectively) with
exergy recovery from the condenser whereas in the pro-
posed process the solar exergy was directly utilized in
the evaporation chamber for evaporation of freshwater
from the saline water at around 50°C with no energy
recovery from the condenser. Another study reported
the performance of triple effect distiller powered by
solar energy. Single effect, double effect and triple effect
efficiencies were recorded as 4%, 17-20% and 19-26%
respectively. High exergy efficiencies are due to energy
recovery between the stages [27]. If exergy losses can be
recovered from the condenser, the exergy performance
of the proposed process can be further improved.

4.4. Exergy analysis using low grade heat source

When a low grade heat source was utilized to run
the low temperature desalination process, freshwater
production rate of 0.250 kg h™' was obtained (Fig. 1(b)).
The withdrawal rate was fixed at 0.250 kg h™!, while
the heat source temperature was 60°C. The amount of
concentrated saline water removed from evaporation
chamber to maintain the salt concentration is defined
as withdrawal rate. Temperature, enthalpy, and entropy
values for different process state points are shown in
Table 1a. The heat source in the heat exchanger entered
at 60.1°C and exited at 50.3°C at a flow rate of 19 kg h™".
Thermal energy efficiency of the evaporation chamber
was around 75%. The main process components are the
heat exchanger # 1, evaporation chamber and condenser.
The exergy inputs and outputs from individual process
components are shown in Table 1b. Exergy destruction
(loss %), irreversibility and second law efficiencies are
shown for the process components. It can be seen that
heat exchanger #1 operates at close to 20% exergy effi-
ciency even though its energy efficiency was around
80%. However, it should be noted that the amount of
exergy loss is very small compared the exergy losses in
the evaporation chamber and condenser. The exergy loss
in the evaporation chamber is 40.61% (29.39 k] h™') and
the exergy loss in the condenser is 98.69% (42.43 k] h™").
From this analysis, it can be concluded that the highest
quantity of exergy loss occurs in the condenser in the
form of latent heat dissipation from the water vapor to
the environment. Overall exergy efficiency of the pro-
cess is 0.78% (using Eq. (16b)) which is higher than the
process configurations utilizing direct solar and photo-
voltaic energy.
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Table 1a
Exergy parametric values at different state points of the low temperature desalination system
Process point 1 2 3 4 5 6 7
Phase Liquid Liquid Liquid Vapor Liquid Liquid Liquid
Temperature (°C) 25 32 494 49.1 404 494 34
Pressure (kPa) 0 0 119 11.8 72 0 0
Mass flow rate (kg h™) 0.5 0.5 0.5 0.25 0.25 0.25 0.25
Sp. entropy (k] kg™ °C™) 0.35 048 0.67 0.64 0.54 0.66 048
Sp. enthalpy (k] kg™) 100 128 198 2300 160 196 136
Chemical exergy (k] kg™) 70.8 73.2 80.5 -20.3 -14.5 80.5 73.8
Sp. flow exergy (k] kg™) 0.2 04 4 4 1.5 4 0.5
Exergy factor (1-T, T™) 0 0.023 0.076 0.075 0.049 0.076 0.029
Table 1b
Exergy analysis for individual components of the desalination system powered by low grade heat source
Process Exergy input Exergy output Irreversibility Exergy loss Second law
component E_(kKTh™) E, (Kh) I(KJh™) (%) efficiency ¥ (%)
Heat exchanger 0.85 017 0.68 80.12 19.88
Evaporation chamber 72.38 4299 29.39 40.61 59.39
Condenser 4299 0.56 4243 98.69 1.31

When a multi-effect configuration is considered, the
exergy efficiency of the process may not improve signifi-
cantly since the final product from the process is fresh-
water in its liquid form. The exergy efficiency of a MSF
process has been reported to be 4% with 22 flash stages
and that of solar powered (solar collectors) MED process
as 14.3% with 14 stages while the second law efficien-
cies of membrane distillation and humidification-dehu-
midification processes are 0.5% and 5.7% respectively
[28-31]. Exergy efficiencies of low specific energy con-
suming processes such as reverse osmosis (RO), nano-
filtration (NF) and electrodialysis (EDR) processes have
been reported to be only around 8%, 9.7% and 6.3%
respectively [32-35]. The above mentioned studies may
have considered different process parameters and envi-
ronmental references pertinent to each study; however
in fundamental interest, it is clear that the exergy is lost
in any thermally operated system and thermal desalina-
tion process is an irreversible process. Therefore, since
exergy destruction in the desalination process is inevi-
table, it is wise to utilize low grade (in other words, low
exergy) heat sources to run the desalination process
while high quality electrical and mechanical energies
can be utilized in high efficiency (thermodynamically
efficient) processes. Since freshwater is required in large
quantities, it is not thermodynamically efficient to use

high quality (high exergy) heat sources even if they are
available at a reasonable cost. This study is based on the
amounts of thermal exergy provided to the desalination
system and that recovered from the desalination system.
However, if a different route were chosen to conduct
desalination using chemical exergy in the sea or brack-
ish waters and recover the chemical exergy in the brine
stream, such a process may result in improved overall
exergy efficiency of the desalination system.

5. Conclusions

Energy and exergy performance of a low tempera-
ture desalination process utilizing direct solar energy,
photovoltaic energy and low grade heat source was
presented. It was observed that the overall exergy effi-
ciency of the desalination process was very low. For the
single stage operation of the low temperature desalina-
tion process, the overall exergy efficiencies were 0.04%,
0.051%, and 0.039% respectively for SSV, SSR, and SSP
configurations. For the system utilizing low grade heat
source, the exergy efficiencies were 59.39%, 19.88%, and
1.31% for heat exchanger, evaporation chamber, and
condenser respectively. The overall exergy efficiency of
the process was 0.78%. The greatest amount of exergy
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destruction occurred in the condenser for this process.
The exergy efficiency of the evaporation chamber for the
low grade heat source was higher than solar energy and
photovoltaic energy sources. This study indicates that
utilizing low grade heat sources such as process waste
heat can result in higher energy and exergy efficiencies
and improve the economics of the desalination process
while thermal and electrical energy harvested from the
solar energy can be utilized in energy and exergy effi-
cient processes such as an air-conditioning system and
power generation cycles since the exergy value of the
solar energy is high.
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Symbols

c, — specific heat of ideal gas at constant
pressure (k] kg™ K™)

E — exergy (kJ)

E — exergy flow rate (kW)

h — specific enthalpy (k] kg™)

1 — mass flow rate (kg h™)

p — pressure (atm.)

Q — heat energy (k])

O — total heat transfer rate (kW)

s — specific entropy (k] kg™ K™)

T — absolute temperature (K)

T, — reference temperature (K)

W — net work transfer rate (kW)

w — seawater concentration (kg kg™)

Greeks

v — exergetic efficiency (%)

u — chemical exergy (k] kg™)

n — thermal efficiency (%)

Subscripts

D — destruction

e — exit, specific exergy

i — inlet

in — input, supply

o — surroundings

S — saline water stream, sun

th — thermal

w — withdrawal stream
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