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Integrated novel solar distillation and solar single-effect absorption systems 
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H I G H L I G H T S  

• Novel hybrid solar distillation system integrated with solar absorption cooling 
• Cost effective production of cooling and freshwater, simultaneously 
• Novel and strategic integration of the two systems with no significant penalties 
• Still productivity is three times higher and absorption system COP is 26% higher. 
• Multi-objective optimization and analysis of the integrated system  
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A B S T R A C T   

Novel hybrid single-slope solar distillation systems integrated with single-effect solar absorption cooling system 
are designed, analyzed and optimized for production of cooling effect and freshwater, simultaneously. The 
innovative integrated systems are capable of recovering significant portion of the released heat of their own 
components that is otherwise wasted; with superior performance and lower cost than available systems. The 
integration of the two solar systems is proposed in three strategic heat recovery configurations: (S1) recovers 
waste heat from the water vapor leaving the generator, (S2) recovers waste heat from the strong lithium bromide 
solution leaving the generator, and (S3) recovers waste heat from the hot liquid water leaving the generator. The 
results show that the productivity of the still is boosted by three-folds compared to the conventional system. S2 
negatively affects the COP of the absorption system, however, it improves still productivity to higher values than 
S1.The COP of S3 is comparable to S1, while the still productivity of S3 is the highest with only slight increase in 
the area of the evacuated tube collector. S1 has the advantage of enhancing the still productivity and reducing 
the condenser cooling load without affecting the COP of the basic absorption system. The integrated system 
achieved an impressive cooling capacity of 20 kW, and still productivity of 10 kg/m2-day with COP of 0.85 at 
conservative solar radiation of 500 W/m2. The cost of the distilled water in S3 (0.047 $/kg) is lower than in S2 
(0.054 $/kg) and S1 (0.061 $/kg).   

1. Introduction 

Development of technologies for superior refrigeration, air condi
tioning, and fresh water production is one of the top priorities, especially 
in hot and dry climate regions. Heating Ventilation and Air Conditioning 
(HVAC) systems consume large amount of energy; in the Gulf countries, 
for example, HVAC systems consume >67% of the total energy con
sumption [1]. The economic and environmental costs of producing these 
fundamental human needs using conventional methods (fossil fuel- 
powered systems) are too high with depressing effects on global 
warming and ozone depletion [2]. Furthermore, fossil fuels are not 

sustainable and might be depleted in the future, which makes the 
transition to sustainable resources unavoidable [3,4]. This strongly 
emphasizes the need to develop sustainable systems that provide power, 
cooling, heating, and fresh water at low cost and environmental pen
alties. The availability of solar energy in abundance in some regions of 
the world (especially in the Gulf region) increases the attractiveness of 
the solar thermal systems over those run by wind, biomass, or 
geothermal sources. Those systems will be even more attractive when 
combining them to produce both cooling/refrigeration and fresh water. 
Hence, in this paper, a novel hybrid solar absorption cooling system 
integrated with solar distillation system is introduced, analyzed and 
optimized for best performance and cost. The novelty aspects of the 
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Nomenclature 

AETC area of the evacuated tube collectors, m2 

Agl area of the glass cover of the still, m2 

Ahc surface area of the heating coil, m2 

Asw area of the saline water in the basin of the still, m2 

C constant in Dunkle’s model, Eq. (32) 
Cmin minimum heat capacity rate, W/◦C 
Css heat capacity rate of the strong solution, W/◦C 
Cws heat capacity rate of the weak solution, W/◦C 
cp, ss specific heat of the strong solution, J/kg-◦C 
cp, ws specific heat of the weak solution, J/kg-◦C 
cp, r specific heat of the refrigerant vapor (water), J/kg-◦C 
cp, v specific heat of the distilled water vapor, J/kg-◦C 
cp, 10, cp, 14 specific heat at state points in Figs. 1 to 5, J/kg-◦C 
Dhc diameter of the heating coil, m 
FR heat removal factor of the evacuated tube collectors 
G solar radiation intensity, W/m2 

Gr Grashof number, 
g gravitational acceleration, m/s2 

h1, h2, … specific enthalpies at state points in Figs. 1 to 5, J/kg 
hc, gl− a convective heat transfer coefficient between the glass 

cover and ambient air, W/m2-◦C 
hc, sw− gl convective heat transfer coefficient between the saline 

water and the glass cover, W/m2-◦C 
hev, sw− gl evaporative heat transfer coefficient between the saline 

water and the glass cover, W/m2-◦C 
hfg enthalpy of vaporization, J/kg 
hhc, i heat transfer coefficient inside the heating coil, W/m2-◦C 
hhc, o heat transfer coefficient outside the heating coil, W/m2-◦C 
khc thermal conductivity of the heating coil fluid, W/m-◦C 
kv thermal conductivity of the distilled water vapor, W/m-◦C 
Lhc length of the heating coil, m 
Lv average distance between the saline water and the glass 

cover, m 
mdistilled mass of the distilled water, kg 
ṁ1, ṁ2,… mass flow rates at state points in Figs. 1 to 5, kg/s 
ṁhc mass flow rate of the heating coil fluid, kg/s 
ṁr mass flow rate of the refrigerant (water), kg/s 
Nuhc Nusselt number of the heating coil fluid, 
n constant in Dunkle’s model, Eq. (32), 
P2, P3, … pressure at state points in Figs. 1 to 5, Pa 
Pe evaporator pressure, Pa 
Pgl effective vapor pressure at the cover glass surface, Pa 
Psw effective vapor pressure at the saline water surface, Pa 
Prhc, i Prandtl number of the heating coil fluid 
Qa heat released by the absorber, W 
Qc heat rejected by the condenser, W 
Qcc heat absorbed by the cooling coil, W 
Qc, sw− gl heat transferred by convection between the saline water 

and the glass cover, W 
Qc, gl− a heat transferred by convection between the glass cover and 

ambient air, W 
QETC heat incident on the evacuated tube collector by the sun, W 
Qe cooling capacity of the evaporator, W 
Qev, sw− gl evaporative heat of the saline water, W 
Qg heat absorbed by the generator, W 
Qhc heat transferred to the saline water by the heating coil, W 
Qr heat recovered by the regenerator (solution heat 

exchanger), W 
Qr, sw− gl heat transferred by radiation between the saline water and 

the glass cover, W 
Qr, gl− sky heat transferred by radiation between the glass cover and 

sky, W 
Qsun heat incident on the saline water by the sun, W 
Rehc Reynolds’ number of the heating coil fluid, 
T1, T2, … temperatures at state points in Figs. 1 to 5, ◦C 
Ta ambient air temperature, ◦C 
Tavg, hc average temperature of the heating coil fluid, ◦C 
Tcoll, in inlet temperature of water into the evacuated tube 

collectors, ◦C 
Tgl glass cover temperature, ◦C 
Tin, hc inlet temperature of the heating coil fluid, ◦C 
Tout, hc outlet temperature of the heating coil fluid, ◦C 
Tsky effective temperature of the sky, ◦C 
Tsw temperature of the saline water, ◦C 
Uhc overall heat transfer coefficient of the heating coil, W/m2- 

◦C 
UL overall hat transfer coefficient of the heat losses from the 

evacuated tube collectors, W/m2-◦C 
v3 specific volume of the weak solution at the inlet of pump 1, 

m3/kg 
Vwind wind speed, m/s 
Wp1 power consumed by pump 1, W 
x1, x2, … concentrations of the water/lithium bromide solution at 

state points in Figs. 1 to 5, % 

Greeks symbols 
αETC absorptivity of the evacuated tube collectors 
αw absorptivity of the saline water 
εg− sky emissivity between the glass cover and sky 
εsw− gl emissivity between the saline water and the glass cover 
εSHX effectiveness of the solution heat exchanger 
μhc viscosity of the heating coil fluid, kg/m-s 
μv viscosity of the distilled water vapor, kg/m-s 
ηETC efficiency of the evacuated tube collectors, % 
ηp1 isentropic efficiency of pump 1 
ηss efficiency of the solar still 
σ Stefan-Boltzmann constant, σ = 5.67 × 10− 8 W

m2K4 

ρv density of the distilled water vapor, kg/m3 

τgl transmissivity of the glass cover 
τETC transmissivity of the evacuated tube collectors 

Abbreviations 
COP coefficient of performance 
CSS classical solar still 
ECP energy conservation principle 
ETCs evacuated tube collectors 
EV1, EV2 expansion valve 1, expansion valve 2 
EP energy performance 
HTF heat transfer fluid 
HVAC Heating Ventilation and Air Conditioning 
ORC organic Rankine cycle 
S1 configuration 1, Fig. 3 
S2 configuration 2, Fig. 4 
S3 configuration 3, Fig. 5 
PBP payback period  

A.K. Sleiti et al.                                                                                                                                                                                                                                 



Desalination 507 (2021) 115032

3

combined system and the choice of the solar absorption system over 
other thermal refrigeration systems are discussed next. 

Thermal refrigeration systems are categorized into two groups: 
thermo-mechanical systems and sorption systems (in open or closed 
forms). Sleiti et al. [5] conducted a detailed review of the innovative 
approaches of the thermo-mechanical refrigeration (TMR) systems 
including ejector systems, organic Rankine cycle (ORC) systems, and 
other isobaric/isothermal refrigeration systems [6,7]. They concluded 
that the major challenges of the ejector cooling system are the un
avoidable ejector performance degradation at off-design conditions. The 
ORC is a proven and mature technology, however, it is more expensive 
than other systems and does not operate efficiently at temperatures 
lower than 100 ◦C. In contrast, the absorption systems are not sensitive 
to the variation of the operating conditions and able to effectively 
operate at temperatures lower than 100 ◦C [8]. In addition, sorption 
systems are more attractive when sources of low-grade thermal energy 
are available free or at low cost (such as solar energy or waste heat). 

Absorption refrigeration is one of the most common sorption tech
nologies [9] that started to gain noticeable share in refrigeration market. 
Furthermore, it consumes very low electric input (in continuous oper
ation systems) or no electric input (in intermittent operation systems) 
[10]. Compared to the adsorption systems, the absorption systems are 
more compact for the same capacity due to the low specific cooling 
power of the adsorbent. Thermodynamically, there are three types of the 
absorption systems: single-effect, double-effect, and triple-effect ab
sorption systems [8,9,11–14]. In general, the typical coefficient of per
formance (COP) of the triple effect (COP = 1.7) is higher than the double 
effect (COP = 1.2) and single effect (COP = 0.7) [15]. While the COP of 
the single effect system is the lowest, it works at lower temperatures and 
less expensive than double or triple systems [16]. The various tech
niques of improving absorption cooling systems are reviewed by Nik
bakhti et al. [17] including the development of new operating fluids 
pairs, adding auxiliary components, and improving the operating con
ditions, They concluded that attempts made to improve the performance 
of the single effect system resulted in increasing its cost or/and 
complexity. As a result, the standard single-effect absorption system is 
considered suitable option for domestic refrigeration and air condi
tioning systems (especially in remote rural countries). It is worth 
mentioning that single-effect absorption systems working with water/ 
lithium bromide pair are more advantageous for air conditioning ap
plications than ammonia/water pair. The latter is toxic, has dangerous 
effect on health and it works at higher pressure. However, lithium 
bromide is relatively expensive. 

The shortage of drinking water is a crucial issue in hot and dry 
climate regions, so efficient and durable water production systems need 
to be developed. The single-slope solar distillation unit is considered the 
simplest and the lowest cost system to distil brackish water. Researchers’ 
efforts towards improving this basic system can be classified into three 
directions. The first direction is the introduction of new geometries 
rather than single-slope such as double-slope [18,19], tubular [20–22], 
spherical [23], pyramid [24,25], and stepped-basin solar stills [26]. The 
second direction is the integration of the solar still unit with flat plate/ 
parabolic solar collectors [27,28], tubular solar-energy collector [29,30] 
or solar dish concentrators [31]. The third direction is the enhancement 
of solar still productivity via different means; such as using phase change 
materials [32–35], using nanofluids [36–40], using wire mesh packing 
[41], cooling of the glass cover [42], cooling of the water vapor by 
thermoelectric cooler [43–46], or by enhancing the evaporation process 
by the integration with the photovoltaic (PV) cells [47]. To avoid the 
complexity of the solar distillation unit and to maintain its simplicity 
and low cost, and to achieve higher production, the integration of the 
solar still with other efficient and low-cost thermal systems is 
recommended. 

Sleiti et al. [48] investigated a novel solar ejector cooling system 
integrated with solar still. They found that the productivity of the still 
increases five times higher than the conventional one by enhancing 

water vaporization and condensation. Also, the integration of these 
systems slightly increases the required solar collector area without 
remarkable reduction of the COP of the system. However, as mentioned 
above, the ejector operation is sensitive to the operating conditions and 
it needs complex mechanisms to maintain stable operation. In contrast, 
the absorption system is stable with the variation of the operating 
conditions and at partial cooling loads. 

Based on the above, a novel design of single-effect absorption system 
integrated with a solar distillation system is proposed, investigated and 
optimized in the present study. The novelty aspects of the proposed 
system include: (i) novel design of solar still system integrated with solar 
absorption system not studied before, (ii) recovering significant portion 
of the released heat of the components of the system that is otherwise 
wasted and (iii) optimizing the integrated system for superior perfor
mance and lower cost than existing (not integrated) systems. Three 
novel configurations are investigated to recover waste heat from the 
absorption system. Configuration 1 utilizes the solar still strategically 
before the condenser of the absorption system to enhance the produc
tivity of the still and to reduce the cooling load of the condenser. The 
second configuration investigates the use of the solar still before the 
sensible heat exchanger (SHX) and the third configuration utilizes the 
solar still before the evacuated tube collectors to recover the excess 
energy of the heat transfer fluid after leaving the generator. These design 
configurations are explained in detail in Section 2. The developed 
thermodynamic models coupled with accurate models for the heat 
transfer coefficient inside the heating coil of the proposed design con
figurations are presented in Section 3 along with their validation. The 
sensitivity of the proposed system to the operating parameters, ambient 
conditions, and the cost estimation of the distilled water is discussed in 
Section 4. 

2. System description 

2.1. Components and operating mechanisms of the basic systems 

Before the discussion of the proposed integration between the solar 
absorption and distillation systems, the basic configurations and oper
ating mechanisms of the solar absorption system and the solar still 
system are described. As presented in Fig. 1, the basic single-stage 
cooling absorption system is similar to the basic vapor-compression 
cooling system with replacing the mechanical compressor by a ther
mal compression process. The thermal compressor consists of an 
absorber, pump, generator, and solution heat exchanger (SHX). It per
forms the compression process of the refrigerant using thermal energy as 
input with small mechanical energy to drive the liquid pump. The 
fundamental concept of the absorption cooling system is to pump the 
refrigerant in the liquid phase instead of the vapor phase, which greatly 
minimizes the required energy to produce cooling. The phase change of 
the refrigerant from the vapor to the liquid is performed in the absorber. 
As shown in Fig. 1, the refrigerant vapor enters the absorber at low 
temperature and pressure (state 2). Then, the refrigerant is absorbed by 
the strong solution (state 8) and the heat of absorption (Qa) is released to 
an external heat sink (cooling water). The weak solution (state 3) is 
pumped to the generator pressure by pump 1. The pressurized solution 
flows through the SHX and heated up before entering the generator 
(states 4–5). In the generator, the weak solution is heated by an external 
heat source (solar energy in the present study) to vaporize the refrig
erant (state 9), while the produced hot strong solution flows back 
through the SHX (states 6–7), and throttled by the expansion valve to the 
absorber (state 8). The high-pressure refrigerant vapor enters the 
condenser (state 10) and leaves the condenser as a high-pressure liquid 
(state 11). This high-pressure refrigerant liquid is throttled in the 
expansion valve (EV2) to the evaporator (state 12) to absorb heat from 
the chilled water and leaves the evaporator as a vapor (state 1), 
completing the cycle. The SHX is used in the system to improve the COP 
by reducing the heat input in the generator. 

A.K. Sleiti et al.                                                                                                                                                                                                                                 



Desalination 507 (2021) 115032

4

Fig. 1. Configuration of the basic single-stage solar absorption cooling system.  

Fig. 2. Components of the basic solar still system.  
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The thermal energy is supplied to the generator by utilizing evacu
ated tube collectors (ETCs) with water as the heat transfer fluid (HTF). 
The ETCs can supply water with a temperature up to 105 ◦C. However, 
this temperature varies with the variation of solar radiation. So, a 
storage tank could be used to maintain a stable temperature at the inlet 
of the generator (state 16). The most common absorption systems utilize 
water/lithium-bromide (H2O-LiBr) or ammonia/water (NH3-H2O) as 
refrigerant-absorbent pairs. H2O-LiBr pair is used for cooling applica
tions above 0 ◦C such as air-conditioning systems, and hence it is used in 
the present study as the refrigerant-absorbent pair. 

Fig. 2 represents the configuration of the proposed solar still system. 
It consists of a single-slope solar still with an integrated condenser and a 
heating coil immersed in its basin. Without these coils, the solar still 
produces water by the following mechanism: the incident solar energy is 
absorbed by the saline water (in the basin) with a small fraction being 
reflected by the glass cover. The saline water utilizes the absorbed en
ergy in the form of radiation, convection, and evaporation between the 
basin and the glass cover. The produced vapor is transferred (by con
centration gradient) from the surface of the saline water and condenses 
on the inner surface of the glass cover. Usually, as the solar radiation 
increases, the evaporation rate will be higher than the condensation rate 
(due to the increase of the glass cover temperature), which causes the 
vapor to be trapped inside the available space between the basin and the 
glass cover. To address this issue, a condensation chamber is integrated 
into the still to increase the concentration gradient and to maintain the 
continuous evaporation-condensation process [48]. However, the pro
ductivity of the still is not considerably improved with the addition of 
the condensation chamber alone. Instead, in the present study, the still 
productivity will be improved significantly by enhancing the evapora
tion process (by a heating coil) and the condensation process (by a 
cooling coil) as shown in Fig. 2. The heating coil is powered by waste 
heat being recovered from the absorption system in three different 
configurations proposed by the authors in this paper. Also, the cooling 
coil absorbs the heat as part of the cooling load of the absorption system 

evaporator (in the three configurations). The next section explains these 
configurations in detail. 

2.2. Proposed systems 

The high temperature of the generated vapor of the refrigerant in the 
generator, necessitates the use of large condenser with high cooling 
capacity to condense the water vapor. However, if this vapor is directed 
to the basin of the solar still (as shown in Fig. 3), part of its heat will be 
absorbed and used to enhance the evaporation process. Furthermore, the 
cooling capacity of the condenser will be reduced, and as a result its size 
is reduced too. For convenience, this configuration is referred to as 
configuration 1 (S1). The second configuration (S2) is to enhance the 
evaporation process by the heating coil as shown in Fig. 4. In S2, the 
strong solution (rich in LiBr) passes through the heating coil then pro
ceeds to the SHX. This way, the temperature of the weak solution (weak 
in LiBr, state 5) will be lower than that of the basic system (Fig. 1) and 
the load of the generator will be increased. However, the productivity of 
the still will efficiently be enhanced and the weak solution returns to the 
absorber with a similar temperature to the basic configuration. This 
maintains a suitable operating temperature for the absorber. 

The third configuration (S3) is shown in Fig. 5. The heat transfer 
fluid leaves the generator at high temperature (state 13) suitable to be 
utilized to further enhance the evaporation process of the solar still. 
However, this increases the required area of the evacuated tube col
lectors (ETCs). It can be noted that the inlet fluid to the heating coil is 
different in each configuration. In S1, the inlet fluid is the vapor of the 
water (refrigerant). In S2, the inlet fluid is the strong solution of the 
(H2O-LiBr) mixture. In S3, the inlet fluid is the water (HTF) in the liquid 
phase. However, the inlet temperature at the inlet of heating coil is 
approximately the same for all configurations. This implies that the 
properties of the inlet fluid will play major role in the determination of 
the best configuration. So, an accurate estimation model for the heat 
transfer coefficient inside the heating coil is developed as explained in 

Fig. 3. Configuration S1, heat recovery from the refrigerant vapor leaving the generator.  
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Section 3. 
Table 1 illustrates the differences between the integrated configu

rations including the positions of the heating and cooling coils in the 
absorption system, temperatures and flow rates at the inlet and outlet of 
the heating coil, and the type of the fluid passes through the heating coli. 

3. Thermodynamic model 

3.1. Solar absorption cooling system model 

Referring to Fig. 1, by applying energy, mass, and concentration 
balances to each component of the system, a thermodynamic model of 
the basic absorption system, with water/lithium bromide mixture as the 
working fluid, is developed with the following assumptions:  

• Steady-state analysis.  
• The variation of the kinetic and potential energies through each 

component is neglected.  
• Pressure drop due to friction is neglected. 

3.1.1. Evaporator 
At a refrigerant mass flow rate of ṁr, evaporator pressure Pe, and 

evaporator temperature of Te, Qe (the cooling capacity) is given as: 

Qe = ṁr (h1 − h12) (1)  

where h1 and h12 are the specific enthalpies of the refrigerant (water) at 
the outlet and inlet of the evaporator, respectively. 

3.1.2. Absorber 
The mass and concentration balances of the absorber are given as: 

ṁ2 + ṁ8 = ṁ3 (2)  

ṁ8x8 = ṁ3x3 (3)  

where ṁ2 = ṁ1 = ṁr, ṁ8 is the mass flow rate of the strong solution 
(rich in LiBr), and ṁ3 is the mass flow rate of the weak solution (weak in 
LiBr). x8 and x3 are solution concentrations of strong and weak solutions, 
respectively. The heat released through the absorption process is given 
as: 

Qa = ṁ2h2 + ṁ8h8 − ṁ3h3 (4)  

3.1.3. Solution pump 
The consumed power by the solution pump (Pump 1 in Fig. 1) is 

expressed in terms of the solution enthalpies at states 3 and 4 as given in 
Eq. (5). Also, it is expressed in terms of the specific volume and pressure 
difference as given in Eq. (6). 

Ẇp1 = ṁ3(h4 − h3)

/

ηp1 (5)  

Ẇp1 = ṁ3v3(P4 − P3)

/

ηp1 (6) 

P4 and P3 are the high and low pressures of the absorption systems. P4 
is the operating pressure of the generator and the condenser and defined 
as the saturation pressure of the water at the condenser temperature P4 
= Psat@Tc. P3 is the operating pressure of the absorber and the evaporator 
and is defined as the saturation pressure of the water at the evaporator 
temperature P3 = Psat@Te. 

3.1.4. Generator 
The mass and concentration balances of the generator are expressed 

Fig. 4. Configuration S2, heat recovery from the strong solution leaving the SHX.  
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as: 

ṁ5 = ṁ6 + ṁ9 (7)  

ṁ5x5 = ṁ6x6 (8) 

And the absorbed heat in the generator is given as: 

Qg = ṁ6h6 + ṁ9h9 − ṁ5h5 (9)  

3.1.5. Solution heat exchanger (SHX) 
The SHX recovers the heat from the strong solution (states 6–7 in the 

basic, S1 and S3 or states 7–7′ in S2) by the weak solution (states 4–5). 
The governing equations of the counter-flow heat exchanger are used as 
a model for the SHX as flows: 

Qr = ṁ6cp,ss (T6 − T7) (10)  

Qr = ṁ5 cp,ws (T5 − T4) (11)  

εSHX =
Qr

Qr,max
=

Qr

Cmin(T6 − T4)
(12)  

Cmin = Css (13)  

where Qr is the recovered heat by the SHX, εSHX is the effectiveness of the 
SHX, Css is the heat capacity rate of the strong solution. The heat ca
pacity rate is given as the product of the mass flow rate by the specific 
heat of each solution as: 

Css = ṁ6 cp,ss (14)  

3.1.6. Condenser 
The cooling load of the condenser is calculated as: 

Qc = ṁ10(h10 − h11) (15)  

3.1.7. Expansion valves 
The governing equations of the expansion valves (EV1 and EV2 in 

Fig. 1) are needed to finalize the required equations of the absorption 
cycle components and are expressed as: 

h7 = h8, and h11 = h12 (16) 

It can be noted that ṁ3 = ṁ4 = ṁ5 = ṁws; ṁ6 = ṁ7 = ṁ8 = ṁss;

ṁ9 = ṁ10 = ṁ11 = ṁ12 = ṁ1 = ṁr. 

3.1.8. Equations of the proposed configurations 
In the proposed configurations, the cooling coil of the solar still is 

considered as an additional load on the evaporator. It is inserted be
tween states 2 and 3 in all configurations. So, the absorbed heat from the 

Fig. 5. Configuration S3, heat recovery from the HTF leaving the generator.  

Table 1 
Major differences between the proposed configurations.  

System Position of the 
heating coil 

Position of 
the cooling 
coil 

Fluid passes 
through the 
heating coil 

Thc, 

in 

Thc, 

out 

ṁhc  

S1 At the exit of the 
generator 
(water vapor 
stream) 

At the exit of 
the 
evaporator 

Water vapor T10 T10′ ṁ10  

S2 At the exit of the 
generator 
(strong solution 
stream) 

At the exit of 
the 
evaporator 

H2O-LiBr 
mixture 

T6 T7 ṁ6  

S3 At the exit of the 
generator (HTF 
stream) 

At the exit of 
the 
evaporator 

Liquid water 
(HTF) 

T14 T15 ṁ14   
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vapor of the solar still water by the cooling coil is expressed as: 

Qcc = ṁ1cp,r(∆Tcc),∆Tcc = T2 − T1 (17)  

where ∆Tcc is the temperature difference of the refrigerant (water) across 
the cooling coil. 

The heat added to the saline water from the absorption system can be 
expressed as: 

Qhc = Uhc Ahc LMTD (18)  

where Uhc is the overall heat transfer coefficient between the working 
fluid of the absorber cycle and the saline water, Ahc is the surface area of 
the heating coil (Ahc = πDhcLhc), and LMTD is the log mean temperature 
difference. 

Neglecting the thermal resistance of the heating coil material, Uhc is 
given in terms of the heat transfer coefficients of the forced convection 
hhc, i and the free convection hhc, o (see Fig. 6) as: 

Uhc =
1

1
hhc,i

+ 1
hhc,o

(19) 

Due to the dependency of the internal heat transfer coefficient on the 
nature of the flowing fluid of each configuration, it is necessary to define 
it in terms of Reynolds and Nusselt numbers as follows: 

Rehc =
4ṁhc

πμhcDhc
(20)  

Nuhc =
hhc,iDhc

khc
= 0.023×Re0.8

hc ×Pr0.3
hc (21)  

where Pr is the Prandtl number of the fluid in the heating coil. 
Now, the heat transferred by the heating coil to the saline water is 

expressed in terms of the mass flow rate, specific heat, and temperature 
difference of the fluid in each configuration. The mass flow rate and inlet 
and outlet temperatures of the heating coil are unique parameters for 
each configuration. In S1 (ṁhc = ṁ10, Thc, in = T10 and Thc, out = T10′), in 
S2 (ṁhc = ṁ6, Thc, in = T6 and Thc, out = T7), and in S3 (ṁhc = ṁ14, Thc, in 
= T14 and Thc, out = T14′). Therefore, in S1 (Fig. 3), the fluid inside the coil 
is the water vapor and the Qhc is given as: 

Qhc = ṁ10cp,10(T10 − T10′ ) (22) 

In configuration 2 (Fig. 4), the strong solution is the fluid flow inside 
the heating coil. In this configuration, 

Qhc = ṁ6cp,ss(T6 − T7) (23) 

In configuration 3 (Fig. 5), the hot liquid water is the fluid flows 
inside the heating coil. In this configuration, 

Qhc = ṁ14cp,14(T14 − T14′ ) (24)  

3.2. Modelling the solar still system 

The solar still thermodynamic model is adapted from the previous 
authors’ work [48] and provided here for clarity and completeness. The 
assumptions are:  

• The solar still system operates under steady-state conditions.  
• The heat losses across the walls and the basin of the still are 

negligible. 

Referring to Fig. 7, the energy conservation principle (ECP) is 
applied to the saline water and on the glass cover to get the governing 
equations of the still. Applying the ECP to the saline water: 

Qsun +Qhc −
(
Qev,sw− gl +Qc,sw− gl +Qr,sw− gl

)
= 0 (25)  

where Qsun is the rate of the solar energy incident on the saline water 
from the sun. It is given as: 

Qsun = τglαwAswG (26) 

Qhc is the heat transferred to the saline water from the absorption 
system by the heating coil (as discussed in Section 3.1.7) and set as Qhc 
= 0 for the basic solar system calculations. Qr, sw− g is the rate of the 
radiative energy loss between the saline water and the glass cover of the 
still. It is given as [49]: 

Qr,sw− gl = εsw− glσAsw

(
T4

sw − T4
gl

)
(27) 

Qc, sw− gl is the rate of the energy loss from the saline water to the 
inside air by convection. It is given as [49]: 

Qc,sw− gl = hc,sw− glAsw
(
Tsw − Tgl

)
(28) 

Qev, sw− gl is the rate of the energy consumed to evaporate the saline 
water from the basin to the inside air and condensing chamber. It is 
given as [49]: 

Qev,sw− gl = hev,sw− glAsw
(
Tsw − Tgl

)
(29)  

where hev, sw− gl is the vaporization coefficient of saline water given as 
[50]: 

hev,sw− gl = 16.273× 10− 3 × hc,sw− gl ×

[
Psw − Pgl

Tsw − Tgl

]

(30) 

Psw, Pgl are the effective saturated vapor pressure of the freshwater 
vapor at the saline water temperature Tsw and glass cover temperature 
Tgl, respectively, given as [51]: 

Psw = exp
[

25.317 −
(

5144
Tsw

)]

(31) 

Fig. 6. Thermal model of the heating coil.  
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Pgl = exp
[

25.317 −
(

5144
Tgl

)]

(32) 

The hc, sw− gl is the convective heat transfer coefficient between saline 
water and glass cover given as [51]: 

hc,sw− gl =
kv

Lv
×C(Gr∙Pr)n (33)  

Gr =
βgL3

vρ2
v∆T

μ2
v

(34)  

Pr =
μvcp,v

kv
(35)  

∆T =
(
Tsw − Tgl

)
+

(
Psw − Pgl

)
(Tsw)

(
268.9 × 103 − Psw

) (36) 

Applying the ECP on the glass cover and the condensing chamber of 
the still gives: 

Qev,sw− gl +Qc,sw− gl +Qr,sw− gl −
(
Qcc +Qc,gl− a +Qr,gl− sky

)
= 0 (37)  

where Qcc is the absorbed heat by the cooling coil (given in Eq. (17)) and 
set as Qcc = 0 for the basic solar system calculations. Qr, gl− sky is the rate 
of the energy loss by radiation from the glass cover to the sky [49]: 

Qr,gl− sky = εg− skyσAgl

(
T4

gl − T4
sky

)
(38)  

where Tsky is the effective temperature of the sky and expressed as [48]: 

Tsky = 0.0552×(Ta)
1.5 (39) 

The rate of the convention energy loss between glass cover and 
ambient air Qc, gl− a is expressed as [49]: 

Qc,gl− a = hc,gl− aAgl
(
Tg − Ta

)
(40)  

where hc, gl− a is the convective heat transfer coefficient between the 
glass cover and ambient air, given as [48]: 

hc,gl− a = 2.8+ 3.0×Vwind (41) 

The per hour (for a day) amount of the produced distilled is: 

mdistilled =
∑j

i

(
Qev,sw− gl,i

hfg,v,i

)

× 3600 (42)  

where i to j is the hour in the day when the sun is shining (7:00, 8:00, …, 
…, 17:00) and hfg, v is water enthalpy of vaporization. 

3.3. Performance indicators of the integrated system 

The proposed system is composed of a single-effect absorption sys
tem and a single slope solar still system. This implies that there are two 
useful products: freshwater and cooling effect. The performance of the 
solar still expressed in terms of its efficiency is given as [48]: 

ηss =
Qev,sw− gl

G × Asw + Qhc
(43) 

The coefficient of performance (COP) for the absorption cooling 
system is given as [52,53]: 

COP =
Qe

Qg + Ẇp1 + Ẇp2
(44) 

The energy performance of the integrated system combines both the 
distilled water evaporation energy and the cooling effect since they are 
produced by the same input energy. It is introduced to reveal the 
contribution of each configuration in the improvement of the solar still 
productivity expressed as [53]: 

EP =
Qe + ṁswhfg(

QETC + Ẇp1 + Ẇp2

)

+ Qsun

(45)  

where 

QETC = GAETC (46) 

Finally, the performance of the solar evacuated tube collectors is 
expressed in terms of their efficiency ηETC, which is given by the Hottel- 
Whillier equation as [54]: 

ηETC = FR(τα) − FRUL

(
Tcoll,in − Ta

G

)

(47)  

where, FR is the heat removal factor, τα is the absorption-transmittance 

Fig. 7. Schematic diagram of the heat transfer processes of the still.  
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product of the glass cover and tube of the ETCs, Tcoll, in is the temperature 
at the inlet of the ETCs (sate 14 in Fig. 1), Ta is the ambient temperature, 
and G is the solar radiation intensity. 

3.4. Design point and validation 

Table 2 shows the design values and ranges of the input parameters. 
The generator temperature range was selected to be within the proofed 
capabilities of the evacuated tube collectors. The absorber and 
condenser temperature ranges were chosen based on the cooling method 
(wet cooling by water or dry cooling by air). The evaporator tempera
ture range was selected to fit the air conditioning applications. Table 3 
provides the thermodynamics properties at the state points of the basic 
absorption system (Fig. 1) at the design point specifications. The data of 
the H2O/LiBr mixture and water vapor are obtained from the external 
library of the Engineering Equation Solver (EES) and the modelling 
equations were solved by EES. Fig. 8 shows the solution procedures of 
the integrated absorption-solar still system. For validation purposes, the 
results of the basic absorption model are compared with experimental 
work conducted by Lizarte et al. [55] as shown in Table 4. The average 
error for four sets of operating parameters is 5.5%, which is within the 
experimental uncertainty. Also, the solar still model is validated by 
comparison with experimental data reported by Madiouli et al. [56] as 
shown in Table 5, where the percentage difference, given the differences 
between the two systems, is considered reasonable (3.33%). The devi
ation percent shown in Table 4 and Table 5 is defined as: 100 * | 
Expermental value (Ref.) − Theoretical value (present study)| / Exper
mental value (Ref.). 

4. Results and discussion 

The effects of the operational parameters on the system performance 
are investigated in this section and an estimation for the distilled water 
cost is presented. 

Before proceeding to the discussion of the effects of the major 
operating conditions, it is important to give an insight on the signifi
cance of integrating the cooling coil to the basic solar still is S1, S2, and 
S3 which enhances the condensation process of the distilled water 
(process 1–2 in Figs. 3 to 5). As shown in Fig. 9, the distilled water 
linearly increases with the increase of the temperature difference across 
the cooling coil. At the design point conditions shown in Table 2 with no 
cooling coil (∆Tcc = 0), the still productivity is 4.35 kg/day. With tem
perature difference of 10 ◦C across the cooling coil of the proposed 
configurations, the still productivity increases to 8.85 kg/day in S1, 
10.29 kg/day in S2, and 11.64 kg/day in S4. However, larger temper
ature difference across the cooling coil dictates larger cooling load for 
the absorber and negatively affects the COP of the absorption system. 
Therefore, the temperature difference across the cooling coil was fixed 
at 5 ◦C to improve the condensation process of the distilled water with 
negligible effect on the COP of the absorption system. 

4.1. Generator temperature effect 

Fig. 10 shows the generator temperature effect on the COP, EP, and 
distilled water of the proposed systems. It should be mentioned that the 
“Basic” configuration means that there is no integration between the 
basic absorption system (Fig. 1) and the basic solar still system (Fig. 2). 

As shown in Fig. 10(a), the COP of the second configuration S2 is 
lower than that of the other configurations (notice that in Fig. 10, the 
curves of the Basic, S1 and S3 configurations are on top of each other). 
This means that the insertion of the heating coil before the SHX affects 
the performance of the absorption system. It reduces the COP by 6% at 
low generator temperatures to 2% at high generator temperatures. 
Furthermore, it is noted that the COP increases with the generator 
temperature up to an optimum value then reduces with a further in
crease in the generator temperature except for S2. However, the varia
tion of the COP with the generator temperature is <0.004 and seems to 
be maintained at 0.85. Moreover, the COPs of the basic, S1, and S3 are 
identical since the evaporator and generator loads are the same for all of 
them. However, the required area for S3 is higher than of the basic and 

Table 2 
Typical operating conditions of the proposed system.  

Parameter Design value 
(range) 

Absorption system 
Outlet temperature from the ETCs, T16 

◦C 100 
Generator temperature, T6 

◦C 90 (75–95) 
Absorber temperature, T3 

◦C 35 (30–50) 
Condenser temperature, T11 (◦C) 35 (30–50) 
Evaporator temperature, T1 (◦C) 5 (5–10) 
Cooling capacity, Qe (kW) 20 
Effectiveness of the solution heat exchanger, εSHX (%) 80 
Pump isentropic efficiency 1, ηp1 (%) 85 
Solar collector optical efficiency, FR(τα) 0.79 
Loss coefficient of the solar collectors, FRUL (W/m2-◦C) 5.2 
The temperature difference across the cooling coil ∆Tcc (◦C) 5.0 
The diameter of the heating coil, Dhc (cm) 7.0 
Length of the heating coil, Lhc (m) 10.0 
Power consumed by pump 2 8.36 kW/kg  

Solar still system 
Solar radiation flux, G (W/m2) 500 (300–1000) 
Wind speed, Vwind (m/s) 3 
Ambient temperature, Ta (◦C) 35 
Saline water area, Asw (m2) 1 
Glass cover area, Agl (m2) 1 
Transmissivity of the glass cover, τgl 0.95 
The absorptivity of saline water, αsw 0.90 
Average distance between the saline water and the glass cover, 

Lv (m) 
0.5 

Heat transfer coefficient outside the heating coil, hhc, o (W/m2- 
◦C) 

0.3 

Depth of the basin water, m 0.2 
Emissivity of the glass cover, εg− sky 1 
Emissivity of the saline water, εsw− gl 1 
Number of sunshine hours 10  

Table 3 
Thermodynamic properties at each state of the basic absorption system.  

State 
point 

Fluid T (◦C) P (kPa) X (%) ṁ (kg/s)  h (kJ/ 
kg)  

1 Water vapor  5  0.873 0.00  0.008463  2510.00  
2 Water vapor  5  0.873 0.00  0.008463  2510.00  
3 Water/LiBr  35  0.873 55.28  0.057753  85.29  
4 Water/LiBr  69.34  5.627 55.28  0.057753  85.29  
5 Water/LiBr  81.77  5.627 55.28  0.057753  181.50  
6 Water/LiBr  90  5.627 64.77  0.049290  239.60  
7 Water/LiBr  73.47  5.627 64.77  0.049290  210.00  
8 Water/LiBr  54.25  0.873 64.77  0.049290  210.00  
9 Water vapor  90  5.627 0.00  0.008463  2669.00  
10 Water vapor  90  5.627 0.00  0.008463  2669.00  
11 Water liquid  35  5.627 0.00  0.008463  146.60  
12 Vapor-liquid 

water  
5  5.627 0.00  0.008463  146.60  

13 Water liquid  95  100 –  1.114  398.00  
14 Water liquid  95  500 –  1.114  398.30  
15 Water liquid  105  500 –  1.114  440.50  
16 Water liquid  100  500 –  1.114  419.40   

Outputs 

Cooling capacity, Qe kW  20.00 
Heat absorbed by the generator, Qg kW  23.92 
The heat released by the absorber, Qa kW  22.60 
Heat rejected by the condenser, Qc kW  21.34 
Heat recovered by the solution heat exchanger, Qr kW  2.07 
Power consumed by the pump 1, Wp1 kW  0.171 
Power consumed by the pump 2, Wp2 kW  0.183 
Coefficient of performance, COP  0.83 
The required area of the ETCs, AETC m2  76.83  
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S1 (to maintain proper temperatures at states 16 and 13). Also, the 
condenser size of the basic and S3 is larger than of S1. 

The definition of energy performance (Eq. (45)) was introduced to 
evaluate the contribution of each configuration in the heating and 
cooling enhancement of the solar still (HCE) system. The cooling 
enhancement is the same for all configurations (S1, S2 and S3) while the 
heating enhancement is different. As shown in Fig. 10(b), the EP of S3 is 
higher than of S2 and S1. Moreover, the EP of S2 is higher than the basic 
configuration at generator temperature higher than 90 ◦C. This returns 
to that the generator temperature higher than 90 ◦C is not preferable for 
single stage absorption systems. The EP of the basic configuration cor
responds to its COP since it has no contribution to the enhancements of 
cooling and heating of the solar still system. The EPs of S3 and S1 are 
higher than their COP by 2.0%. 

While S2 configuration reduces the COP of the absorption system, it 
improves the still productivity better than S1 (see Fig. 10(c)). This 
means that the heating enhancement of S2 is higher than of S1 (by about 
16%). However, the COP of S1 is higher than of S2 (only by 2.5%). 
Moreover, in S3 the still productivity is the highest. However, S1 im
proves the still productivity without affecting the COP of the absorption 
system and no effect on the area of the evacuated tube collectors (ETCs). 

Fig. 8. Solution procedures.  

Table 4 
Validation of the solar absorption cooling model.  

Study no. Evaporator temp. ◦C Absorber temp. ◦C Generator temp. ◦C Condenser temp. ◦C COP [55] COP [present study] Deviation (%)  

1  11.10  39.2  96.5  42.7  0.60  0.61  1.6  
2  11.20  41.9  99.4  44.2  0.63  0.60  4.7  
3  11.00  43.10  102.6  45.0  0.65  0.63  3.1  
4  10.8  43.5  102.8  45.2  0.70  0.68  2.8  

Table 5 
Validation of the solar still model.  

Parameter Study 3 [56] Present study Deviation (%) 

G, W/m2  957  975 Input 
Ta, K  300  300 Input 
Vwind, m/s  3  3 Input 
Agl, m2  1  1 Input 
Asw, m2  1  1 Input 
ηss, %  22.00  23.02 4.63 
mdistilled, kg/m2-h  0.60  0.62 3.33  

Fig. 9. Effect of the temperature difference of the cooling coil on production 
rate of distilled water. 
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Furthermore, S1 reduces the capacity of cooling of the condenser since 
the solar still works as a pre-cooler for the water vapor before it passes 
through the condenser (See Fig. 3). 

Comparing the still productivity in each configuration relative to the 
basic configuration (solar still alone), it can be noted that the 
improvement achieved by S1 is 104.1%, by S2 is 136.7%, and by S3 is 
173.9%. 

Fig. 11 shows the performance of the S2 in two different versions. 
The first one is the insertion of the heating coil instead of the SHX. The 
second one is the insertion of the heating coil cascaded with the SHX. In 
both cases, the COP and EP of the second version is better than the first 
one. It can be concluded that the first case improves the still productivity 
higher than the second one since more heat is added to the basin of the 
still. However, the elimination of the SHX increases the generator load 

which affects both the COP and the EP more than the improvement in 
the solar still productivity. So, in this work, the second case is selected 
for further discussion. 

4.2. Absorber temperature effect 

Fig. 12 shows the effects of the absorber temperature on the COP, EP, 
and distilled water of the proposed configurations. In contrast to the 
generator temperature, the COP of the absorption system decreases with 
the increase of the absorber temperature. This is attributed to the 
decrease of the refrigerant solubility at higher absorber temperature. 
This decrease being sharper at temperatures higher than 40 ◦C as shown 
in Fig. 12(a). Similar to the generator temperature, the COP of S2 is 
lower than other configurations. Also, the EP of S3 is higher than of S1, 
S2, and basic configurations (Fig. 12(b)). The EP of S2 at absorber 
temperature <35 ◦C is slightly higher than of the basic configuration. 
This means that the improvement of the still productivity is higher than 
the improvement of the COP of S2 at lower absorber temperature. 
Regarding the productivity of the still, only S2 increases the still pro
ductivity with the increase of the absorber temperature (Fig. 12(c)). This 
is due to the increase of the heat recovered by the solar still basin since 
the flow rate of the strong solution at state 6 increases with the absorber 
temperature. It is noted that the effect of the condenser temperature is 
similar to the absorber temperature. That is the COP of the absorption 
system decreases with the increase of the condenser temperature. For 
better performance, the heat released from the absorber has to be 
absorbed by an external cooling process. The cooling process can be 
implemented by using dry air or cooling towers. However, utilizing 
cooling towers is more efficient for two reasons. First, the cooling by 
water at a temperature of 30 ◦C yields the highest COP (0.86) of the 
absorption system as shown in Fig. 12(a). Second, the cooling capacity 
could be controlled by adjusting the mass flow rate of the cooling water. 

4.3. Effect of evaporator temperature 

Fig. 13 shows the effects of the evaporator temperature on the COP, 
EP, and distilled water of the studied configurations. In air cooling ap
plications, the chilled water enters the evaporator at a temperature of 
12 ◦C; the evaporator temperature was varied within the range 5 ◦C to 
10 ◦C. Furthermore, in the absorption system that utilizes water as a 
refrigerant, the evaporator temperature is set within this range to avoid 
the crystallization problem. As the evaporator temperature increases, 
with fixed cooling capacity, the mass flow rates of the refrigerant and 
absorbent decrease, which reduces the heating load of the generator and 
linearly increases the COP of the system. Due to this relationship, the 
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reduction of the heat supplied to the generator is another way to control 
the operation of the absorption system at partial load. 

Fig. 13(a) shows that the evaporator temperature increase from 5 to 
10 ◦C improves the COP by 2% in all configurations. Also, the COP and 
EP of S2 are lower than of the other configurations except the basic one 
(Fig. 13(b)). Moreover, the EP of S3 is higher than of S1 and the basic 
absorption system. Furthermore, the variation of the evaporator tem
perature reduces the still productivity, minimally (Fig. 13(c)) in S1 and 
S2 due to the decrease of the refrigerant and absorbent mass flow rates. 
From the previous sections, it could be noted that S2 has better perfor
mance than of the basic configuration. S3 has a better effect on the still 
productivity but slightly increases the required area of the ETCs. S1 
improves the still productivity, reduces the condenser load, and has no 
effect on the COP of the basic system. 

4.4. Effect of solar radiation 

The solar radiation has a major effect on the required area of the 
evacuated tube collector for the absorption system as well as on the 
productivity of the still as shown in Fig. 14. As the solar radiation in
creases, the required area of the ETCs is reduced since the energy con
centration per square meter is increased. Also, the efficiency of the ETCs 
increases too as shown in Fig. 14(a). The solar still productivity increases 
linearly with solar radiation. In the basic configuration of the solar still, 
the productivity increases from 2.5 kg/m2-day to 9 kg/m2-day as the 
solar radiation increases from 300 W/m2 to 1000 W/m2. The produc
tivity of the still is further enhanced in the other configurations. 
Compared to the basic configuration, S1 and S3 improve the still pro
ductivity two and three times higher than the basic solar still, respec
tively (notice that the error in the productivity calculations is 3.33 as 
verified by the validation with the experimental measurements shown in 
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Table 5). As shown in Fig. 14(b), the productivity of all configurations 
are close to each other at high solar radiation. At the design conservative 
value of the solar radiation (500 W/m2), the required area of the ETCs is 
80 m2 for a cooling capacity of 20 kW, and the still productivity is 4.5 
kg/m2-day for the basic configuration, 8.4 kg/m2-day for S1, 9.5 kg/m2- 
day for S2 and 10.9 kg/m2-day for S3. 

To estimate the actual productivity of the still more accurately, the 
average solar radiation on a horizontal surface and sunshine duration 
per month are presented in Table 6 and Fig. 14(c). The basic solar still 
yields 1868 kg/year. With heating and cooling enhancement, it yields 
3361 kg/m2-year in S1, 3837 kg/m2-year in S2, and 4263 kg/m2-year in 
S3. The difference between S1 and S2 is 476 kg/m2-year and 902 kg/m2- 
year between S1 and S3. It can be concluded that the integration of the 
absorption system and solar still system in S1 or S3 is more favorable 

than in S2. 
To evaluate the variation of the monthly productivity of the basic 

still compared to the integrated solar still, the configuration sample 
variance (CSV) concept is used and defined as shown in Eq. (48) as: 

CSV =
1

S − 1
∑S

i=1

(

mdist.conf.,i − mdist

)2

(48)  

where S is the number of configurations (M = 4), mdist. month, i is the 
productivity of each still per month, and mdist.conf. is the average pro
ductivity of all configurations per month. Therefore, as the CSV in
creases, this means that the productivity of theses configurations 
significantly differ from the average productivity for all of them per each 
month. As, the CSV decreases, this means that the productivity of each 
still is close to the average productivity of all stills. On the other hand, to 
evaluate the variation of each still productivity over the year, the annual 
sample variance (ASV) is defined as: 

ASV =
1

M − 1
∑M

i=1

(

mdist.month.,i − mdist,year

)2

(49)  

where M is the number of months (M = 12), mdist. month., i is the monthly 
productivity for the specified configuration, and mdist,year is the average 
productivity of the specifies still over the year. Higher values for the ASV 
means that the productivity of the still significantly differ from month to 
another while lower values means that the productivity of the still tends 
to be stable over the year. 

Considering the CSV as shown in Table 6 (last column) and Fig. 14 
(c), it can be noted that the CSV significantly affected by the average 
solar radiation and the sunshine duration per month. For the first three 
months (Jan, Feb, and Mar), the solar radiation and the sunshine 
duration increase to an average of 4.12 kWh/m2/day and 253 h/month, 
respectively. Within this range, the productivity of the basic solar still 
increases with a rate higher than of the other configurations since the 
integrated solar stills (at low solar radiation) relay on the heat provided 
by the heating coil more than the heat obtained from the solar radiation. 
As the solar radiation increases, its effects on the integrated still become 
more significant and the CSV increases with a maximum variance ob
tained in Jun (which has the maximum solar radiation and the largest 
sunshine duration). This means that the productivity of the integrated 
solar stills is much higher than of the basic still during the months that 
have high solar radiation intensity and longer sunshine duration. 
Moreover, the monthly variances of the proposed configurations (last 
row in Table 6) are lower than of the basic configuration. This means 
that the still productivity of the proposed integrated stills is more stable 
over the year than the basic solar still. 

4.5. Estimation of distilled water cost and EP comparison 

To estimate the cost of the distilled water, let F be the fixed cost of the 
solar still structure (103 $ for the basic structure and 503 for solar still 
with heating and cooling coils). V is defined as the annual maintenance 
cost (which is taken as V = 0.3 F), N is the average lifetime of the solar 
still, my is the productivity of the still per year (from Table 6), CN is the 
still cost (total for N years), CN = (F + V) * N, mN is the still productivity 
after N year (mN = my * N); so the cost of the distilled water is CL = CN/ 
mN. Assuming that the lifetime of the basic structure equals its payback 
period (as a reference), the payback period of the other configurations 
can be estimated as: PBP = (CN) / (CL,CSS × mN). Applying this approach, 
the cost of the distilled water of the proposed configurations in this study 
is compared with the classic solar still CSS (reference), the proposed 
system by Madiouli et al. [56]., and with the integrated ejector-solar still 
system studied by Sleiti et al. [48] as shown in Table 7 and Fig. 15. 

From Fig. 15(a), it can be noted that the cost of distilled water basic 
structure is the minimum. S3 cost is lower than S2 and S1 due to its 
higher productivity. However, this configuration increases the solar 

59%

60%

61%

62%

63%

64%

65%

66%

67%

68%

0

20

40

60

80

100

120

140

160

300 400 500 600 700 800 900 1000

E
ff

ec
ie

nc
y 

of
 th

e 
E

T
C

sm(,aera
rotcelloc

raloS
2 )

Solar Radiation, (W/m2)

(a)

Basic-Absorption

S1

S2

S3

ETC Effeciency

0.45

2.45

4.45

6.45

8.45

10.45

12.45

300 400 500 600 700 800 900 1000

D
is

til
le

d 
w

at
er

, (
kg

/m
2 -

da
y)

Solar Radiation, (W/m2)

(b)

Basic-Solar

S1

S2

S3

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0

50

100

150

200

250

300

350

400

450

C
on

f. 
Sa

m
pl

e 
Va

ri
an

ce
, (

kg
/m

on
th

)2

m/g k(
reta

w
de ll itsi

D
2 -

m
on

th
) (c)

Basic-Solar
S1
S2
S3
Conf. Sample Variance

Fig. 14. (a) Relationship between the solar radiation and required area of the 
ETCs, (b) relationship between the solar radiation and solar still productivity, 
(c) estimated solar still productivity per month with the sample variance of the 
monthly productivity for the investigated configurations. 

A.K. Sleiti et al.                                                                                                                                                                                                                                 



Desalination 507 (2021) 115032

15

collector area of ETC which is not included in this estimation. Further
more, the cost of the produced water in S1, S2, and S3 is about 2.77, 
2.45, and 1.81 times higher than the cost of that produced by the basic 
solar still. To consider the gains due to energy savings for the integrated 
system and its effect on the distilled water cost, a normalized cost 
parameter is defined as CL,n = CL/EP as shown in Table 7. It can be noted 
the normalized cost of S1, S2, and S3 is about 1.55, 1.51, and 1.20 times 
higher than the normalized cost of the basic configuration. However, the 
still productivity in proposed integrated systems S1, S2, and S3 is 1.76, 
1.99, and 2.20 times higher than of the basic still. Moreover, the cost of 
the distilled water from the integration with the ejector system is lower 
than the present system. However, the absorption system configurations 
have higher energy performances than the studied systems by Sleiti et al. 
[48] and Madiouli et al. [56]. 

Fig. 15(b) compares the average cost of the product water and the 
maximum daily productivity of the basic and integrated configurations 
of the present study with those reported (by Kabeel et al. [58]) for 
various improved solar still configurations. The cost values in [58] were 
reported in 2010, so they have been transformed to the cost of 2021 by 
multiplying the original cost with the consumer price index (CPI = 1.20) 
as calculated by the CPI inflation calculator on the Website of the United 
State Department of Labor [59]. It can be noted that the costs of the 
present configurations (S1 to S3) is about 2–3 times higher than that of 
the basic and pyramid solar stills. However, they have similar or lower 
costs than that of the others types such as stills with solar collector and 
with sun tracking, Moreover, it can be noted that S3 has the highest 
productivity over the other configurations presented in Fig. 15(b). 
Therefore, taking into account the COP of the cooling system and the 
improvement of the solar still system, S1 and S3 of the present study are 
recommended while S2 should be avoided due to its poor performance 
relative to the other configurations. 

4.6. Multi-objective optimization analyses 

From the above discussion, it can be noted that there is a trade-off 

between the optimal conditions to obtain maximum COP and to 
obtain the highest amount of the distilled water. For instance, the 
maximum COP is achieved at low generator temperatures while the 
amount of the distilled water is maximum at high generator tempera
ture. Therefore, single and multi-objective optimization analyses were 
performed to find an optimum decision for three objective functions 
including COP, EP, and mdistilled. The optimization methodology and 
results are discussed in the next subsection. 

4.6.1. Optimization methodology 
The optimization process was conducted based on the genetic algo

rithm (GA) method which is considered as the most comprehensive, 
robust, and reliable methods. It intends to mimic the biological evalu
ation and works based on bio-inspired operators such as mutation, 
crossover, and selection [60]. Further, the GA method, which is a tool in 
the EES library, is not affected by the initial guess values like the other 
methods [61]. However, the bounds of the decision variable should be 
selected carefully since the initial population and subsequent stochastic 
selections are chosen from within these bounds. Fig. 16 outlines the 
steps of the optimization process using the GA method which are:  

(1) Enter the bounds of the selected decision variables which are the 
generator temperature (75 ≤ T6 

◦C ≤ 90), absorber temperature 
(30 ≤ T3 

◦C ≤ 30), condenser temperature (30 ≤ T11 
◦C ≤ 50), 

evaporator temperature (5 ≤ T6 
◦C ≤ 10).  

(2) Select one of the objective functions which are maximization the 
COP (Max. COP), maximization of the EP (Max. EP), maximiza
tion mdistilled (Max. mdistilled), and maximization the multi- 
objective function (Max. MOF) which is defined as: 

Max.MOF = w1∙COP+w2∙EP+w3∙
mdistilled

mdistilled,basic
(50)  

where w1, w2, and w3 are weighting coefficients assigned for each 
objective function which are assumed to be (w1 =w2 = w3 = 1/3) and 

Table 6 
Data on average solar radiation, sunshine duration, and estimated monthly distilled water per 1 m2 solar still in Doha, Qatar [57].  

i Month Average solar radiation (horizontal surface) (kWh/m2/ 
day) 

Sunshine duration (h/ 
month) 

mdist.month,i (kg/m2-month) Conf. sample variance ((kg/m2- 
month))2 

Basic S1 S2 S3 

1 Jan 3.32 244  119  225  262  295  5835 
2 Feb 4.22 241  131  228  262  292  4887 
3 Mar 4.82 274  202  281  309  334  3278 
4 Apr 5.72 325  206  320  359  395  6714 
5 May 6.89 325  213  323  361  395  6243 
6 Jun 7.37 343  208  334  377  416  8150 
7 Jul 6.98 326  215  324  362  396  6170 
8 Aug 6.47 310  192  303  342  376  6390 
9 Sep 5.76 305  182  259  315  367  14,008 
10 Oct 4.8 305  160  286  330  369  8234 
11 Nov 3.66 276  126  251  294  333  8066 
12 Dec 3.12 245  122  227  264  296  5718 
Total still productivity per year my (kg/m2year)  1868  3361  3837  4263  
Annual Sample Variance ((kg/m2-month))2  2012  1699  1771  1942   

Table 7 
Estimation of distilled water cost. Notice that the error in the productivity calculation is 3.33% as verified by the validation with the experimental measurements 
shown in Table 5.  

Design F ($) V ($/year) N (years) my (kg/year) CN ($) mN (kg) CL ($/kg) Payback period (years) EP CL,n 

Basic  103  30.9  10  1872  412  18,724  0.022  3.28  0.47  0.047 
S1  503  150.9  10  3312  2012  33,123  0.061  5.46  0.83  0.073 
S2  503  150.9  10  3742  2012  37,430  0.054  4.83  0.76  0.071 
S3  503  150.9  10  4259  2012  42,592  0.047  7.05  0.84  0.056 
Ref. [48]  503  150.9  10  5067  2012  50,674  0.040  5.9  0.6  0.067 
Ref. [56]  850  255  10  1530  3400  15,300  0.220  33.01  0.078  2.821 
CSS  103  30.9  10  612  412  6120  0.067  10  0.013  5.154  
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mdistilled, basic is the amount of the distilled water produced by the 
basic solar still at the design point condition. mdistilled, basic is inserted 
in the denominator of the third term of Eq. (50) to normalize it.  
(3) Set the initial population by entering initial values for the most 

important variables of the GA method (number of individuals 
(16), number of generations (16), and the maximum maturation 
rate (20%)) which are responsible for identifying the optimum 
solution. 

(4) Run the GA tool which works by generating initial random pop
ulation of n individuals (fitness function) to evaluate the perfor
mance function (selection function). Then, a new population is 
created by repeating crossover, mutation and selection until the 
new population is completed. The new population is used for 
further run of the algorithm. If the termination criteria is satis
fied, the process stops and returns the optimum solution in the 
current population. If GA fails to find the optimum, re-define the 
initial population parameters and run the GA until an optimized 
solution is obtained (see Fig. 16). 

4.6.2. Optimization results 
Table 8 shows the optimized results of the objective functions and 

the corresponding decision variables for the basic and proposed con
figurations. It can be noted that the decision variables for the basic 
configuration are the same for the whole objective functions which are 
T6 = 75 ◦C, T3 = 30 ◦C, T11 = 33.43 ◦C and T1 = 10 ◦C with COP of 0.88, 
EP of 0.88, and mdistilled of 4.11 kg/day. However, for the proposed 
configurations, the decision variables differ based on the objective 
function. For example, lower generator, absorber, and condenser tem
peratures with high evaporator temperature are obtained if the objective 
function was Max. COP or Max. EP. The opposite is true if the objective 
function is Max. mdistilled. However, the results of the multi-objective 
function provides an optimal solution that keep the COP and the EP of 
the system at comparable values with those obtained by their single- 
objective functions with sufficient improvement in the productivity of 
the solar still as shown in Fig. 17. 

Fig. 17 shows a comparison between the values of the objective pa
rameters for the basic and the proposed configurations that were ob
tained by the MOF optimization. Compared to the results of the basic 
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configurations, it can be noted that the COP is reduced by 2%, in S1, 
4.5% IN S2, and 2% in S3. The EP performance of S1 is the same as the 
basic absorption system (0.88) while the EP is reduced in S2 by 1% and 
improved in S3 by 2.27%. Moreover, the amount of the distilled water in 
S1, S2, and S3 is about 2.4, 2.6, and 3.1 times higher than the basic solar 

still, respectively. Form the multi-objective optimization results, it can 
be concluded that S3 has superior performance over the other configu
rations by providing the highest amount of distilled water and the 
maximum EP with comparable COP with the basic configuration with 
the following decision variables: T6 = 91.13 ◦C, T3 = 30.16 ◦C, T11 =

30.02 ◦C and T1 = 8.77 ◦C. 

5. Conclusions 

A novel hybrid solar cooling and distillation system is designed, 
investigated and optimized. The system consists of a single-effect solar 
absorption system integrated with single-slope solar still. This integra
tion aims at enhancing the solar still productivity by enhancing the 
evaporation and condensation processes. The heating and cooling pro
cesses in the coils are performed by the refrigerant of the absorption 
system. The cooling process is achieved by passing the refrigerant vapor 
through the cooling coil after it leaves the evaporator. The heating 
process is performed by recovering the waste heat from the flow streams 
leaving the generator in three configurations. S1 by recovering waste 
heat from the water vapor leaves the generator as it passes across the 
heating coil then proceeds to the condenser. S2 by passing the strong 
solution through the heating coil before the SHX. S3 by integrating the 
heating coil with the hot water leaves the generator to the evacuated 
tube collectors. The sensitivity of the proposed system to wide range of 

Fig. 16. Optimization procedures.  

Table 8 
Optimization results.  

Configuration Optimization function Decision variables Optimized results 

T6 [◦C] T3 [◦C] T11 [◦C] T1 [◦C] COP EP mdistilled [kg/day] 

Basic Max. COP  75.00  30.00  33.43  10  0.88  0.88  4.11 
Max. EP  75.00  30.00  33.43  10.00  0.88  0.88  4.11 
Max. mdistilled  75.00  30.00  33.43  10.00  0.88  0.88  4.11 
Max. MOF  75.00  30.00  33.43  10.00  0.88  0.88  4.11 

S1 Max. COP  75.00  30.00  30.00  10.00  0.88  0.89  7.33 
Max. EP  75.00  30.00  31.37  9.90  0.88  0.89  7.33 
Max. mdistilled  94.99  31.71  49.50  5.15  0.82  0.85  9.92 
Max. MOF  94.92  30.00  30.00  8.98  0.86  0.88  9.80 

S2 Max. COP  75.00  30.00  30.00  10.00  0.86  0.87  8.07 
Max. EP  75.81  30.11  30.01  9.97  0.86  0.87  8.18 
Max. mdistilled  94.99  44.67  48.42  5.97  0.45  0.47  13.58 
Max. MOF  94.91  30.00  34.02  9.64  0.84  0.87  10.73 

S3 Max. COP  75.35  30.00  30.16  9.60  0.89  0.91  9.41 
Max. EP  75.03  30.00  30.00  9.98  0.89  0.91  9.34 
Max. mdistilled  93.88  41.38  45.25  5.40  0.76  0.80  13.46 
Max. MOF  91.13  30.16  30.02  8.77  0.86  0.90  12.81  
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operating parameters is analyzed and the cost of the distilled water is 
estimated and compared with similar improved solar still systems. The 
main conclusions are:  

• The integration of the solar absorption cooling system with the solar 
still system boosted the water productivity of the still two folds in S1 
and three folds in S3. 

• S2 configuration negatively affected the COP of the absorption sys
tem, however, it improved still productivity to higher values than S1.  

• The COP of S3 is comparable to that of S1, while the still productivity 
of S3 is the highest with a slight increase in the area of the ETCs.  

• S1 has the advantage of enhancing solar still productivity and 
reducing the condenser cooling load without affecting the COP of the 
basic absorption system.  

• Only S2 increases the still productivity with the increase of the 
absorber temperature.  

• Within the range of the generator temperature, the EPs of S3, S2, and 
S1 are higher than their COP by 3.7%, 3.0%, and 2.2%, respectively.  

• The increase of evaporator temperature from 5 to 10 ◦C improves the 
COP by 2% in all configurations.  

• At solar radiation of 500 W/m2, generator temperature of 90 ◦C, 
condenser temperature of 35 ◦C, evaporator temperature of 5 ◦C, and 
absorber temperature of 35 ◦C, a cooling capacity of 20 kW, and still 
productivity of 11 kg/m2-day with COP of 0.85 are achieved in S3.  

• The cost of the distilled water in S3 (0.047 $/kg) is lower than in S2 
(0.054 $/kg) and S1 (0.061 $/kg). 
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