
* Corresponding author.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2020.24686

173 (2020) 86–104
January

Performance and cost assessment of a solar HDH desalination system 
integrated with thermal storage: a case study

M. Ifras Zubaira, Fahad A. Al-Sulaimana,b,*, Mohammed A. Antara, S. Dinia, 
Nasiru I. Ibrahimb

aMechanical Engineering Department, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia, 
email: m.i.zubairs@gmail.com (M. Ifras Zubair), Tel. +966-13-860 2964; email: antar@kfupm.edu.sa (M.A. Antar),  
Tel. +966-13-860 7028; email: ahsalem@kfupm.edu.sa (S. Dini) 
bCenter of Research Excellence in Renewable Energy, Research Institute, King Fahd University of Petroleum and Minerals, P.O. Box: 5040, 
Dhahran 31261, Saudi Arabia, Tel. +966-13-860 7322; Fax: 966-13-860 7312; email: fahadas@kfupm.edu.sa (F.A. Al-Sulaiman),  
Tel. +966-13-860 8472; email: nasiru@kfupm.edu.sa (N.I. Ibrahim)

Received 3 February 2019; Accepted 10 July 2019

a b s t r a c t
Solar desalination systems often have limited operating hours and their operation is significantly 
affected by the variation of solar radiation intensity. A model of a humidification–dehumidification 
(HDH) desalination system integrated with evacuated tube solar collectors and thermal storage is 
developed and validated against available data in the literature. Operating parameters such as the 
maximum temperature of water heater and the mass flow rate ratio of the HDH component are opti-
mized. The thermal storage unit consists of separate hot and cold-water storage tanks, which allow 
control of the water temperature leaving the storage unit. Furthermore, performance of the system 
for six different geographical locations in Saudi Arabia, namely Riyadh, Jeddah, Dhahran, Qassim, 
Sharurah, and Tabuk, is studied. The system is evaluated for four different scenarios as follows: 
(i) 24-h operation; (ii) with the ideal flow rate; (iii) with the average flow rate; and (iv) with the max-
imum flow rate. The effect of flow rate on the number of operating hours and the rate of freshwater 
production is also evaluated. The maximum freshwater production is 9.346 L/h and the minimum is 
3.01 L/h. For a service life of 20 years, the cost of freshwater produced varies from 0.021 to 0.034 $/L 
considering interest rate of 2%. 

Keywords:  Solar energy; Humidification–dehumidification; Desalination; Clean water; Thermal 
storage tank; Constant freshwater output

1. Introduction

Scarcity of fresh-drinking water is persisting globally, 
affecting mainly dry regions and desert areas. However, a 
common advantage in such areas is the availability of abun-
dant solar radiation. The use of solar energy to produce 
freshwater in such regions is one of the viable solutions to 
address the scarcity of freshwater. Other means of supplying 
water to those regions is by transporting desalinated water 

or conveying water from natural sources. However, this is 
tremendously costly, and it might not be cost-effective con-
sidering small populations in rural areas [1]. A common 
issue faced with these systems is the variation in produc-
tivity due to changes in the availability of solar radiation. A 
solar desalination system with an integrated thermal storage 
option can provide a small-scale and constant production 
and supply of freshwater on demand. 
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About 65% of the entire world’s desalination market 
employs the reverse osmosis technique, while the rest uses 
thermal desalination processes [2]. Solar stills and humidi-
fication–dehumidification (HDH) processes are among the 
widely used thermal desalination techniques. These tech-
niques operate at low temperatures as a result of the differ-
ences in the quantity of water vapor in the air stream [3]. 
Solar still is an equipment which carries out thermal desali-
nation process that requires a larger solar collector area due 
to its significant low performance and production [4]. This 
is because the technique combines all processes into a sin-
gle unit operating as a complete system. These combined 
processes are evaporation, condensation and water heating 
within the solar thermal collection [5]. The performance of 
solar stills relies on solar radiation, cloud cover, ambient 
temperature and wind speed. The output of these systems 
may also be affected by factors such as brine depth, insula-
tion and vapor leakage [6].

HDH desalination systems when compared with solar 
stills have significantly higher gain output ratio (GOR), 
thereby requiring a comparatively smaller area for solar 
energy collection. The required technical support and capital 
investments associated with HDH desalination systems are 
minimal, as it involves simple mechanisms and can operate 
with raw water of varying quality [7,8]. The maintenance 
procedures involved are also far less complicated [9].

HDH systems in general include components such as, 
heat supply systems, condensers, and evaporators along with 
an option for thermal storage. The process involves direct 
contact between warm saturated air and warm raw water 
allowing the air to reach a preferred humidity level, which 
is followed by extraction of water vapor from the humid 
air using a condenser to generate freshwater [10]. The main 
factors affecting evaporation and condensation of an HDH 
system are the rate of evaporation of water and condensation, 
and the temperature of the cooling water. The rate of evap-
oration of water and condensation increases with increasing 
amount of evaporative raw water and its inlet temperature 
[11]. The condensation rate is also higher at lower cooling 
water temperature [12]. 

As desalination and cooling systems in general require 
huge amount of energy to operate, most of these systems 
are in operation at locations where solar energy is abundant 
(deserts or high temperature zones). The integration of solar 
energy with these systems is a major advantage to provide 
the supply to meet the increasing demand for such systems 
[13]. Kim and Seo [14] proved that the performance of dif-
ferent type of evacuated tube collectors depends on the type 
and arrangement of the absorber tubes. They showed that a 
U tube on a copper absorber plate provides best results. Ng 
and Khor [15] evaluated the thermal losses of an ETC with 
a heat pipe design and concluded that there are radiation 
heat losses between the absorber and the ambient environ-
ment, losses at the manifold, and thermal resistance losses 
within the collector. In terms of choice between water heat-
ing and air heating for HDH systems, Yildirim and Solmus 
[16] showed that water heaters have significantly better 
freshwater production as compared with air heated systems, 
owing to the higher heat capacitance of water as compared 
with air. A similar system was also studied theoretically and 
experimentally where both air and water are heated by two 

solar collectors [17]. Kabeel and El-Said [18,19] investigated 
numerically and experimentally a hybrid HDH/flash evap-
oration desalination system, employing solar air and water 
heaters. The results showed that the productivity of the 
system increases with increase in the temperature of feed 
water and the air mass flow rate. The authors also reported a 
comparative study of different configurations of the hybrid 
system [20]. 

In order to minimize the initial cost of investment and 
space requirement for incorporating two separate solar 
collectors as in the study by Yildirim and Solmuş [16], and 
Rajaseenivasan and Srithar [21] studied the feasibility of 
using a dual purpose solar collector for simultaneously heat-
ing both air and water in a HDH system. The results indi-
cate that the system capacity increases with the flow rate 
of air and water. Wu et al. [7] showed that minimum work 
required in the HDH process is about 100.21 kJ for every 
production of 1 kg freshwater when the ideal HDH desali-
nation system operates at 303 K and at ambient temperature 
of 293 K. Kabeel et al. [22] reported an experimental study 
on an open-water and closed-air HDH system powered by 
evacuated tube collectors without storage. The authors later 
modeled the same system and showed that the total cost of 
freshwater from the unit is 0.0578$/l [23]. Other researchers 
applied vapor compression heat pump for water desalina-
tion based on HDH configuration [24–26].

Energy storage is needed for uninterrupted operation 
of solar powered thermal systems including HDH due to 
the intermittency of the solar energy. Based on heat storage 
mechanism, thermal energy storage is classified into sensi-
ble heat, latent heat and thermochemical heat storage [27]. 
The extent of availability of solar radiation, expected loads, 
type of auxiliary energy, economic feasibility, the rate of solar 
energy required to substitute conventional energy used, and 
the required reliability are some of the main factors that affect 
the optimum capacity of thermal storage [28]. 

Latent heat storage depends on phase changes of mate-
rials from solid to liquid, liquid to gas and vice versa. Phase 
changing process is isothermal, indicating that the tempera-
ture of the storage material does not change. Latent heat 
storage usually operates within small temperature ranges 
and has high storage capacities with relatively low mass and 
volume [28]. Shabaneh et al. [29] suggested that tilted solar 
air heaters account for about 7% higher performance, with 
the performance of the humidifier largely impacting system 
productivity. Summers et al. [30] pointed out that a constant 
heating temperature and constant heat output are import-
ant for HDH cycle performance. The use of phase change 
materials (PCM) was shown to provide consistent air outlet 
temperatures through day and night. In the proposed design, 
the PCM was placed just below the absorber plate.

The technology of thermal storage using PCMs is con-
sidered as one of the most useful thermal storage options, 
due to the constant temperature in storing and releasing 
heat, high density of heat storage, and ease of control. Heat 
storage and release in this type of systems is affected by the 
flow rate at the inlet and outlet of the storage component. 
During the day time if the temperature of the collector outlet 
exceeds the maximum allowed temperature, additional heat 
is directed to the thermal storage unit [31]. Wang et al. [32] 
investigated the economic feasibility of solar desalination 
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system with PCM storage at different locations and means 
of promoting such systems by subsidies and promotional 
activities in dry regions.

A hybrid spray flash system combined with latent heat 
storage can be used to develop an energy saving desalina-
tion system that stores thermal energy from solar heat, waste 
heat, and the surplus steam of a power station. The stored 
energy can be used not only for air conditioning and power 
generation but also for freshwater production. Experimental 
results obtained by Miyatake et al. [33] on heat storage by 
the use of PCMs shows that efficiency rates of the hybrid sys-
tem are high (around 95%). Shalaby et al. [34] recommended 
the use of PCM as thermal energy storage medium to main-
tain near constant temperature of the feed water during the 
day and to ensure 24 h/d system operation. 

On the other hand, the high heat capacity of water makes 
it a good candidate as thermal storage medium for appli-
cations that require heating and cooling, although large 
quantities of water are required due to its lower storage den-
sity. Water storage tanks are highly recommended for 24-h 
operation of humidification–dehumidification desalination 
plants. Storage materials such as rocks or ceramics have the 
capability of maintaining large temperature differences; 
however they have a relatively low heat capacity [35].

Muller-Holst et al. [36] found that the performance of 
multi-effect humidification desalination systems with ther-
mal storage can be maintained for over 5 years without 
extensive maintenance. They showed that the cost could 
be reduced by more than 50% by the addition of a storage 
system. They also showed that the cost of freshwater produc-
tion could be reduced by a further 20% with better evapo-
ration surfaces and thinner flat plate heat exchangers. Abd 
El-Aziz et al. [37] compared two HDH systems; one with 
thermal storage and the other without storage and found 
considerable reduction of the cost of water production due to 
storage. Srithar and Rajaseenivasan [38] considered hot water 
storage coupled with solar collector for continuous supply of 
fresh water from a HDH system. They performed numerical 
simulation and studied the effects of three different confi-
gurations of the hot storage on freshwater production.

Literature review indicates that research on humidifi-
cation–dehumidification desalination systems powered by 
solar thermal collectors and coupled with thermal storage 
options are rare. For example, the literature [32–34] focused 
on the integration of latent heat storage while Srithar and 
Rajaseenivasan [38] considered hot water storage. This paper 
introduces a unique energy storage system that uses hot 
and cold storage tanks as two separate storage entities to 
provide constant heat input to the HDH system. Such an 
approach is expected to smoothen the fluctuations of energy 
input through renewable sources, where the diurnal varia-
tions of the heat gained through collectors can introduce 
thermal stresses and irregular water production rates. The 
design proposed in this study introduces a water-heated 
HDH system that uses evacuated tube collectors for ther-
mal energy collection, along with thermal storage as part of 
a master thesis [39]. The humidifier and dehumidifier units 
of the system used packed beds that provide good efficiency 
of about 85% for the evaporation and condensation com-
ponents. Detailed thermodynamic analysis was conducted 
to evaluate the performance of the proposed system, with 
the performance evaluation conducted for Dhahran, Saudi 
Arabia. Furthermore, the analysis was extended, and the 
performance of the proposed system was evaluated at six 
different locations in Saudi Arabia. 

2. Methods

2.1. System description

The proposed design is a closed-air/open-water (CAOW) 
HDH system, integrated with an evacuated tube water 
heater and a unique thermal storage system as shown in 
Fig. 1. A closed-loop air system design was chosen because 
it has higher performance as compared with the open-air 
HDH system. The thermal storage system is designed to 
provide a 24-h operation and freshwater production at a 
constant rate, by providing saline water to the humidifier at 
a constant temperature. Heat is added to saline water exit-
ing the dehumidifier to maintain the constant temperature, 
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Fig. 1. System schematic [39].
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by the combination of hot and cold storage tanks through 
an integrated control system. The system would maintain 
a constant temperature as required, providing smooth 
operation of the desalination plant as well as controlling 
its operation depending on the time of the day. The fluid 
used within the collector may have special properties in 
order to improve the thermal energy collection and prevent 
boiling or freezing. This is possible due to the use of a heat 
exchanger, which does not involve direct mixing with the 
heating fluid. The heating fluid considered in this study is 
water.

Several modeling assumptions are considered as reported 
in the study by Zubair et al. [40] as follows:

• The system is studied under steady-state conditions on 
hourly basis variation. 

• No leakage of water or air occurs within the system such 
as humidifier, dehumidifier, and solar collector [41,42], 
and the system is assumed insulated.

• The energy balance equations consider incompressible 
flow and neglect pressure drop.

• The freshwater leaving the dehumidifier is at the aver-
age temperature between the dew-point temperature of 
the inlet air and the dry-bulb temperature of the exit air 
from the dehumidifier [43].

• The collector receiver area is assumed to be at a uniform 
temperature.

• The temperature gradients across the plate thickness and 
along the perimeter are negligible.

• Thermal resistance due to contact between the receiver 
area and the evaporator section, and the manifold and 
the condenser, is negligible.

• The joints between the evaporator heat pipe and the 
condenser are assumed adiabatic.

2.2. Mathematical model

The mathematical modeling is conducted for the solar 
collector, the humidification–dehumidification cycle, and 
the thermal storage system as presented in the following 
sections.

2.2.1. Evacuated tube collector

The absorbed radiation (S) is given by the following 
equation [28]:
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The heat transfer balance across the ETC is given by the 
following equation [44]:

Q Q Q Q Q Quin loss,rad hp loss,rad loss,ma= + = + +  (2)

Reference to Eqs. (1) and (2) and Fig. 2, the radiation (S) 
is absorbed by the receiver of the ETC, and a relatively small 
portion of it is lost through radiation, Qloss,rad. Qu is the useful 
heat gain of the thermal collector, which is obtained by the 
difference between the heat pipe gain (Qhp) and the Qloss,ma 
known as the manifold heat loss. The radiation and mani-
fold losses are calculated considering the radiation theraml 
resistance and manifold resistances, respectively, based on 
the formulation presented in the study by Jafarkazemi and 
Abdi [44].

The useful energy of the collector Qu can also be rewritten 
as follows [28]:

Q A F S U T Tu r R L i a= − −( )   (3)

where FR known as the collector heat removal factor is given 
by the following equation [28]:
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In addition, Qu is defined as the energy extracted by the 
collector working fluid as:

Q mC T Tu p f= −( ) 0  (5)

The ratio of useful energy to the absorbed solar radiation 
is known as the efficiency of the collector, which is given 
by the following equation [44]:
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where IT is the total radiation available to the collector.

2.2.2. Humidification–dehumidification system 

Energy balance equations were evaluated for the humidi-
fier, dehumidifier and the solar water heater as follows [43]:

Humidifier

   m h m h m h m hw w a a b w b a3 1 4 2+ = +  (7)
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Fig. 2. Thermal circuit of an evacuated collector tube.
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In which, ha1 – enthalpy of air at the exit of the dehumidi-
fier or the inlet of the humidifier.

Dehumidifier

  m h h m h m h hw w w a a a2 1 2 1−( ) + = −( )fw fw  (8)

Solar water heater

Q m C T Tw w w= −( ) pw 3 2  (9)

The effectiveness of the humidifier and the dehumidifier 
is given by the following equation:

η =
∆
∆





H
Hmax

 (10)

The mass flow rate of fresh water is defined by the 
humidity ratios of the outlet and inlet of the humidifier, as 
follows:

 m m w wafw = −( )2 1  (11)

in which, ω2 – absolute humidity of air at the exit of 
the humidifier and the inlet of the dehumidifier,

ω1 – absolute humidity of air at the exit of the dehumidi-
fier and the inlet of the humidifier.

The flow rate of brine is then found by subtracting the 
flow rate of fresh water from the flow rate of water entering 
the system:

  m m mb w= − fw  (12)

The performance of an HDH system, known as the 
gained output ratio (GOR), is defined as follows:

GOR fw fg=
m h
Qu

 (13)

The recovery ratio, defined as the ratio between fresh 
water and the raw water input, is shown as follows:
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m
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2.2.3. Thermal storage

Thermal storage consists of a hot storage tank and a cold 
storage tank, where the hot storage tank is considered as an 
un-stratified water storage unit. When heat is demanded 
by the HDH, the control system measures the hot storage 
tank temperature and water from the cold storage is mixed 
with water from the hot storage at the heat exchanger to 
provide the required temperature to the water line between 
the humidifier and the dehumidifier. Temperature of the 
storage at the end of the time period, Ts

+, is defined by the 
following equation:
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where (UA)s – storage tank loss coefficient area product and 
Ac is the collector area.

The model equations were evaluated to simulate the 
proposed design, using the engineering equation solver soft-
ware (EES). 

2.2.4. Validation

The engineering equation solver (EES) software uses a 
numerical iterative method to solve equations simultane-
ously. The condition for convergence is that the residuals of 
equations should be smaller than 10–6 or the change in vari-
ables is less than 10–9 as shown in Fig. 3. The data used for 
the calculations as input parameters are the hourly incident 
solar radiation on a horizontal surface in (MJ/m2), ambient 
temperatures in kelvin, and the latitude for the chosen loca-
tion. The calculations were performed for Dhahran, Saudi 
Arabia. Pure water properties ware used in the calculation 
instead of seawater properties, because this does not signi-
ficantly affect the performance of the HDH cycle according 
to the literature [26].

 
Fig. 3. Calculation flow chart.
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2.2.4.1. Evacuated tube collector

Mathematical models were formulated for the evacuated 
tube solar collector and the HDH system separately. The 
collector was modeled as a water heater, whereas the HDH 
system was modeled as a closed-air/open-water system 
with a source of heated water.

The comparison shown in Table 1 is for collectors with 
the highest output capacity using the lowest collector area. 
The cost comparison is based on an average price of $500/
m2 of the collector, Table 1. Data for Apricus AP-30 evacu-
ated tube collector, which is the collector with the highest 
productivity, is shown in the first row of the table. This col-
lector is shown to have the highest capacity for the gross 
area and the estimated cost is nearly the same as the actual 
purchase price, which was later found to be $1,930 [45]. 
Thus, the calculations show that the value for the capital 
spent is received.

The main parameter used to validate the code for the 
evacuated tube collector is the efficiency of the collector. 
A comparison between the calculated collector efficiencies 
and the measured efficiencies obtained from technical infor-
mation provided by the manufacturer as a function of the 
operating temperature is shown in Table 2. The comparison, 
performed for temperatures in the range of 50°C–80°C, is 

well within the expected temperature limits of this system 
[46]. The measured and calculated efficiencies of the ETC 
agree within experimental error.

2.2.4.2. Humidification–dehumidification desalination system

Sharqawy et al. [43] presented a design example for a 
CAOW HDH desalination system. The authors used inputs 
such as the GOR (1.93), the recovery ratio (0.0306), the 
latent heat of vaporization (2,345 kJ/kg K), along with the 
mass ratio (2.04) to calculate the relevant air and sea water 
flow rates and the required heat input, which are given in 
Table 3. The table also shows the results obtained with the 
proposed model, which are in good agreement with the 
values reported by Sharqawy et al. [43]. This validates the 
HDH model presented in this paper.

The results obtained from the proposed model were also 
validated by comparing with the results reported by Narayan 
et al. [47]. They evaluated the effect of relative humidity of 
air at the inlet and exit of the humidifier on the performance 
of a HDH system as measured by GOR. The values of the 
variables used in the evaluation are shown in Table 4.

Fig. 4 shows the effect of relative humidity on the per-
formance of an HDH system, a comparison between the 

Table 1
Evaluation of the collectors

Manufacturer Model Gross area per 
collector (m2)

Cost per 
unit

Capacity 
(kW)

Capacity 
per dollar

Capacity/
Gross area

Apricus Arpicus AP-30 4.05 $1,900 2.66 0.0014 0.65679
Calpak 16 VTN 2.86 $1,430 1.83 0.00128 0.63986
Ritter Solar CPC 30 Star Azzurro 3.30 $1,651 2.11 0.00128 0.639394
Calpak 6 VTN 1.06 $530 0.67 0.00126 0.632075
Oventrop OV 5-8 AS/AB 2.03 $1,014 1.28 0.00126 0.630542
Ritter Solar CPC 14 Star Azzurro 2.61 $1,305 1.63 0.00125 0.624521
Beijing Sunda Solar Energy Technology Seido 10-20 AS/AB 3.39 $1,697 2.11 0.00124 0.622419

Table 2
Validation of the model for the evacuated tube collector at 800 W/m2 irradiation

ΔT = (Tmean – Ta) Measured efficiencya Calculated efficiency Deviation (%)

50°C 0.6 0.59 1.67
60°C 0.58 0.57 1.72
70°C 0.54 0.53 1.85
80°C 0.51 0.5 1.96

aFrom technical information provided by the manufacturer [46].

Table 3
Validation of the proposed HDH model by comparison with the results of Sharqawy et al. [43]

Calculated variables Literature values Model values Deviation (%)

Qin 3.34 kW 3.37 kW 0.90
mw 0.0899 kg/s 0.0907 kg/s 0.89
ma 0.0442 kg/s 0.0445 kg/s 0.68
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graph reported by Narayan et al. [47] and the graph pro-
duced via EES for the proposed HDH desalination system 
model. φa,1 and φa,2 are the humidity ratios of air at the exit 
and inlet of the humidifier, respectively. As reported in the 
literature, varying the relative humidity of air at the exit 
of the humidifier between 70% and 100% changes GOR by 
about 3%, which is shown by the red dashed line in Fig. 4. 
The black dashed line in the figure represents the results 
obtained through EES using the model under similar condi-
tions. The two lines are in good agreement, with the calcula-
tions based on the proposed model also showing an approx-
imately 3% change in GOR. The solid red line represents the 
effect of changing the relative humidity of air at the inlet of 
the humidifier on GOR, as reported in the literature, show-
ing a much greater effect on the performance (34%). The 
black solid line represents the variation in GOR calculated 
using the proposed model under similar conditions. The 
two lines are in good agreement, with a variation in perfor-
mance of about 31%, which validates the proposed model. 

The proposed model was further validated using the 
comparison of the plot of mass flow rate ratio, MR (mass 
flow of water to air) vs. GOR obtained using the model 
with that reported by Sharqawy et al. [43] as shown in 
Fig. 5. The two curves in the figure are calculated based on 

similar conditions. The two curves are very similar, with 
GOR reaching a maximum close to an MR value of approx-
imately 2. The GOR increases until a maximum and gradu-
ally declines as the air-to-seawater flow ratio is inadequate 
to further increase the productivity of the HDH system. 
The effectiveness of both the dehumidifier and the humid-
ifier is 0.85, and the relative humidity is 0.9. The figure 
shows the existence of an optimum mass flow rate ratio for 
given operating conditions, in order to maximize GOR. The 
optimal mass flow ratio is one that allows the spray of an 
adequate amount of water within the humidifier in order to 
humidify the air to its optimal level, for a humidifier with 
an effectiveness of 85%.

In summary, the close agreement of the results obtained 
using the proposed model for the evacuated tube collector 
and the HDH system with those reported in the literature, 
demonstrates the validity of the model. Thus, it can be used 
to simulate the operation of a water-heated CAOW humi-
dification–dehumidification desalination system.

3. Results and discussions

3.1. Optimization

For the optimization of the HDH system, the seawater 
inlet temperature is assumed constant at 25°C through-
out the year. Fig. 6 shows the plots of GOR vs. MR for the 
HDH model indicating the optimum mass flow ratio to 
attain the highest GOR. The highest temperature of seawa-
ter is at the inlet of the humidifier and the advantage of the 
HDH systems is that they operate at low temperatures. The 
maximum temperature range studied is from 60°C to 80°C. 
The shape of the curves in the figure is due to reasons pre-
viously explained under the validation section. The figure 
indicates that a higher freshwater output may be obtained 
with a maximum temperature of 60°C. It shows an opti-
mum value of MR of 1.8 which correspond to the highest 
GOR value of approximately 1.6, hence, maximum produc-
tivity with a minimum amount of heat input. The ability to 
use a lower maximum temperature is advantageous as it 
reduces scale formation around the water heater. 

Table 4
Values of the variables used by Narayan et al. [47] to assess 
the effect of relative humidity of air

Variable name Value

Dehumidifier effectiveness 90%
Humidifier effectiveness 90%
Mass flow of air 0.1 kg/s
Mass flow of water 0.5 kg/s
Mass ratio 5
Maximum temperature 80°C
Minimum temperature 35°C
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Fig. 4. Comparison of GOR vs. relative humidity plot obtained 
using the proposed model with that reported by Narayan 
et al. [47].
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The specific heat input required for the optimized con-
ditions was used to find the number of collectors required. 
Two Apricus AP-30 collectors are needed to generate the 
required heat input for the system to produce an average 
of 4 L of fresh water per hour with the indicated GOR at an 
average value of the solar radiation. Fig. 7 shows the effect 
of the area of the collector on the amount of freshwater 
produced, which indicates that the daily total freshwater 
production linearly increases with the increasing number of 
tubes in the evacuated tube collector. Six different collector 
sizes are considered, through the combination of collectors 
containing 10, 20, and 30 tubes. The figure also shows the 
variation of performance of the system in four different 
months of the year representing the four main seasons in a 
year. The effects of the four seasons and the solar radiation 
variation are discussed later. As expected, a system with a 

smaller collector area operating under high solar radiation 
produces a similar output to that of a system containing 
a collector or combination of collectors with a larger area 
under lower solar radiation. 

3.2. Direct solar HDH system

A direct solar HDH system operating in Dhahran, 
Saudi Arabia, from 8 am to 3 pm was employed to study 
the effects of the humidifier–dehumidifier effectiveness on 
the performance of the system. Fig. 8 shows the operation 
of the system for the month of June indicating the accumu-
lated freshwater output at each hour as a function of the 
time of the day. As the incident radiation level is directly 
related to the time of day, the first point at 8 am and the 
last point at 3 pm have considerably lower radiation lev-
els, as compared with the radiation level of 3.539 MJ/m2 

at 12 noon. The figure also shows that the productivity 
increases significantly when the effectiveness is increased 
from 0.85 to 0.95. However, effectiveness values above 0.85 
are purely theoretical and are yet to be achieved practically. 
Nonetheless it proves that an increase of the effectiveness 
significantly increases the freshwater production. Although 
effectiveness values above 0.85 may be achieved by using 
larger humidifiers and dehumidifiers with greater packing 
heights, cross sectional area, etc., the exponential increase 
in the required capital investment cannot be justified by 
the expected increase in productivity. Two separate units 
would be cheaper to construct and will produce equal or 
more freshwater with a seemingly lower capital cost.

The daily average amount of freshwater produced over 
a year is represented by a bell-shaped curve, as shown in 
Fig. 9. Expected radiation values are lower at the begin-
ning and end of the year, where the day is quite short, 
and the number of daylight hours is considerably lower in 

 
1 1.5 2 2.5 3

0.5

0.7

0.9

1.1

1.3

1.5

1.7

MR  

G
O

R
  

@60°C@60°C
@70°C@70°C
@80°C@80°C

Q=1.9 [kJ/s]
Tmin=25 [C]

effD=0.85
effH=0.85

r[1]=0.9
r[2]=0.9

Fig. 6. Plots of GOR as a function of MR used for optimization.

 

0

10

20

30

40

50

60

70

1.59 (10 tubes) 3 (20 tubes) 4.4 (30 tubes) 5.99 (10+30 tube) 7.4 (20+30 tube) 8.8 (30+30 tubes)

Da
ily

 To
ta

l o
f F

re
sh

 w
at

er

Collector Area (m2)

MAR JUN SEP DEC

Fig. 7. Daily total freshwater output as a function of the collector area.



M. Ifras Zubair et al. / Desalination and Water Treatment 173 (2020) 86–10494

comparison with that towards the middle of the year. June 
has the highest recorded radiation values and the highest 
productivity. The seawater inlet temperature is assumed to 
be constant at 25°C, and the cold-water effects are not con-
sidered, which may affect positively on the productivity 
increment if it is considered. The daily averaged productiv-
ity follows the trends of the prevailing weather, where lon-
ger days are reported in the summer and relatively shorter 
days in the winter, spring, and autumn. As expected, the 
variation of the daily averaged GOR over the course of the 
year shown in Fig. 10 follows a similar trend. The GOR is 
computed as an average per day on each average day of 
every month. 

3.3. System performance analysis

The storage fluid considered in this study is water, 
mainly due to its high thermal capacity and availability, 

which reduces cost of operation of the system. The standard 
storage capacity commonly employed in practice is 75 L/m2 
of collector area, which is also used in this study to calcu-
late the size of storage required (660 L/175 US gallons). The 
closest fitting tank according to the size, along with a built-in 
heat exchanger, is also available from Apricus. The cost of 
the total system can be reduced by obtaining the collectors 
and the storage tank from the same manufacturer due to 
the availability of package deals. This issue will be further 
discussed later in the section on cost analysis. 

The main objectives of the addition of a storage system 
are to attain continuous operation, maintain a constant 
output, enhance the productivity, and possibly lower the 
cost of freshwater production. The main parameter that 
determines the operating hours of this system was found 
to be the flow rate of the storage fluid to and from the stor-
age tank. Although a higher flow rate adds more heat to 
the system in a shorter time, it also removes heat equally 
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faster. The flow rate across the storage tank is assumed to 
be constant in this study. An operating condition for the 
HDH system is that the system maintains the hot storage 
tank temperature at 60°C. When the storage temperature 
is greater than this value, the HDH system becomes opera-
tional and both the water flow pump and the blowers start 
running. The system stops all flow at 60°C or below, allow-
ing the storage tank temperature to be maintained at 60°C 
as the only heat losses will be standby heat losses from the 
tank. The tank specifications show that it has a thermal 
resistance of R16, thereby allowing the calculation of the 
tank-area loss coefficient.

In order to determine whether the HDH system should 
be modified, the water flux condition mentioned by Shar-
qawy et al. [43] was used. The condition is used to find the 
humidifier cross-sectional area (CSA), with the water mass 
flux over the packing material assumed to vary between 
a minimum of 0.8 kg/s m2 and a maximum of 4.2 kg/s m2. 
An average design value assumed for the water flux is 1.5 
kg/s m2. The relationship is given by the following equation:

Water Mass Flux Mass flow rate of water
Cross-sectional Area

=  (16)

The averaged mass flow rate of seawater in a direct sys-
tem (without thermal storage) was found to be 0.045 kg/s, 
suggesting that a humidifier with a cross-sectional area of 
0.03 m2 is required. The maximum flow rate of 0.075 kg/s 
reached for the direct system was on mid-day of June. This 
flow rate was also used as the maximum attainable flow 
rate for the system equipped with a storage option, thereby 
reducing CSA to 0.018 m2. Therefore, it is evident that the 
system with a storage option can use smaller humidifi-
ers and dehumidifiers. The CSA of the smaller humidifier 
was then used to calculate the maximum and minimum 
flow rates for the storage tank as well as the ideal flow rate. 
Further calculation was performed maintaining the average 
flow found from the base case. The minimum flow rate used 
in the study is that required to maintain a 24-h operation. 

The flow rate associated with the tank was calculated by 
finding the required heat input for the HDH system in order 
to maintain the calculated values of the seawater inlet flow 
rate. Four different cases were considered as follows:

• 24-h operation – related to the minimum flow rate 
(0.024 kg/s)

• Ideal flow rate – 1.5 water flux (0.027 kg/s)
• Average flow – average flow rate from the base case 

(0.045 kg/s)
• Maximum flow rate – 4.2 water flux (0.075 kg/s)

Simulations were performed for the average day of each 
month to calculate the product output, hourly and daily 
averaged values of GOR, and to determine the number of 
operating hours plus the production rate for each hour, for 
the above-mentioned cases. As mentioned earlier, the sys-
tem with thermal storage is expected to have a constant 
production rate due to the addition of the required heat to 
maintain a constant heat input. The performance for each 
individual case was compared for 4 months of the year, 
where the weather and solar radiation are significantly dif-
ferent from each other. The 4 months selected represent the 
four seasons, where March, June, September, and December 
were selected to represent spring, summer, autumn, and 
winter, respectively.

The freshwater production is expected to be constant, 
but the amount of water produced will change depending 
on the heat input from the thermal storage tank. Each case 
studied has a different freshwater output for each operat-
ing hour, which however, does not significantly vary with a 
change in radiation or ambient temperature. The variables 
affecting the number of hours of operation are mainly the 
flow rate associated with the storage tanks (heat input and 
output), available solar radiation, and the seawater flow rate 
of the HDH system, which are controlled by the amount of 
heat provided via the storage tank. The numbers of hours 
of operation, in the 4 months extracted from the figures are 
shown in Table 5 along with the amount of water produced 

Fig. 10. Variation of the daily averaged GOR over the course of the year.
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at each hour and the total productivity on an average day of 
each month.

The total averaged useful heat energy gained in each 
case on the average day of the month of the year is shown 
in Fig. 11. With high flow rates within the collector and tank 
loop, more energy is gathered and stored. As expected, the 
change in energy is significantly greater in the months with 
a high intensity of radiation, and it is considerably smaller 
in the months with a lower solar radiation. The higher flow 
rate within the storage tank loop increases the freshwa-
ter production considerably in the months with a higher 
intensity of radiation due to more energy being stored and 
released at any given operating time. The useful heat col-
lected is maximum in June in all cases, where the highest 
value is reported for the case with the maximum flow. The 
recorded value for the total heat gained for the average day 
in June is 94 MJ. Similarly, due to the low level of solar radi-
ation, the lowest useful heat total was recorded in December 
for all four cases. The minimum value recorded is 33 MJ, 
and it is almost constant in all cases considered. The vari-
ation in the collected energy corresponds to the variation 
of available solar radiation in the four seasons.

The variation of the tank temperature for each of these 
cases and the four seasonal months was also studied and 
the results are shown in Figs. 12–15. The curves in these fig-
ures show that the temperature change is non-linear and 
has a bell shape as expected. The tank temperature starts 
at 333 K and gradually increases as heat is added until the 
added heat is either equal to or less than the heat removed 
from the tank. The highest temperature gradients are 
shown in the summer month (Fig. 17) followed by March 
(Fig. 16) and September (Fig. 18) and the lowest in December 
(Fig. 19) as expected. The higher temperatures are attained 
at lower flow rates owing to the slower heat removal and 
the lower temperatures are at higher flow rates owing to 
faster heat removal. This is also due to the change in heat 
addition being comparatively smaller as compared with 
the change in heat removal. The maximum tank tempera-
ture (356.7 K) is reached in June in the case of the lowest 
seawater flow rate for 24-h operation due to reasons pre-
viously described. The maximum temperatures for March, 
September, and December are, 353.2, 351.5, and 344.1 K, 
respectively, where all recorded temperatures are for the 
same 24-h operation case.

3.4. Analysis for multiple locations

To determine the feasibility of the system, it is neces-
sary to evaluate the performance of the proposed system at 

locations with varying weather conditions. Hence, multiple 
locations in Saudi Arabia were selected to determine the 
effect of the operating time on the performance of the sys-
tem and the total freshwater output. The main parameters 
that affect the performance of the system are expected to be 
the solar radiation intensity, ambient temperature and the 
latitude of each location. Same values of system parameters 
used in the analysis for Dhahran, including the humidifier 
and dehumidifier effectiveness, and the relative humidity of 
air at the inlet and the exit of the humidifier are used and the 
saline inlet temperature is assumed to be constant at 25°C. 
The analysis was performed for the four cases considered in 
the previous section for Dhahran. Initially, the useful heat 
gained (Qin) via the evacuated tube collectors was deter-
mined for the six selected locations, which represent dif-
ferent geographical regions of Saudi Arabia. The selected 
locations are as follows:

• Central Region – Riyadh
• Central Region (North) – Qassim
• Western Central Region – Jeddah
• Eastern Region – Dhahran
• Southern Region – Sharurah
• Western North Region – Tabuk

Fig. 16 shows the heat input to the system at each loca-
tion. As the differences of the heat input among the four 
cases are within 5 MJ, only the results for the average flow 
case is depicted in the figure. The average flow case was 
selected as it provides an average value compared with all 

Table 5
Productivity and operating hours for four storage cases

Case Freshwater (liters per hour) No. of operating hours Total freshwater productivity per day

Mar Jun Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec

24 h 3.0 3.0 3.0 3.0 23 24 24 22 69.2 72.2 72.2 66.2
Ideal flow 3.4 3.4 3.4 3.4 23 24 24 20 77.7 81.1 81.1 67.6
Average flow 5.6 5.6 5.6 5.6 17 19 18 15 95.5 106.7 101.1 84.2
Maximum flow 9.3 9.3 9.3 9.3 12 14 13 10 112.2 130.8 121.5 93.5

Fig. 11. Total useful energy collected for the average day of each 
month.
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other cases. The figure shows that solar radiation at each 
city varies significantly from month to month. 

It can be observed that the variation of solar radiation is 
considerably smaller during colder months such as January 
through March and October through December compared 
with warmer months. Qassim, Tabuk, and Riyadh have sig-
nificantly higher radiation in the months of June, July, and 
August compared with other locations. Sharurah notably 
has considerably higher radiation values during the colder 
months mentioned above, and Tabuk has the lowest radia-
tion levels during the same period. 

The largest observed variation is in April, where Sharurah 
and Qassim have the maximum and minimum heat gained 
values, respectively. Heat gained is directly proportional to 
the availability of solar radiation as the system being evalu-
ated only uses solar energy as a heat source. Hence, a high 

heat input value would generally suggest a relatively high 
solar radiation value. The data used in this comparison are 
the monthly averaged data for the year 2014. Various weather 
conditions may also affect the readings in turn affecting the 
radiation data. Therefore, some of the effects shown in the 
figure may well be due to significant changes in weather pat-
terns during certain months at given locations (e.g., cloudy 
skies, rainy weather, dust storms, etc.). Fig. 16 can also be 
used as a reference to compare the operating hours of the 
systems as well as the total freshwater output. A higher heat 
input would suggest a relatively higher total freshwater 
output, a longer operating time as well as a higher storage 
tank temperature.

Tables 6 and 7 present results calculated for the four 
cases considering the conditions prevailing in typical loca-
tions of Riyad and Dhahran. The tables show the amount of 

Fig. 12. Tank temperature variation for 24 hours (March).

Fig. 13. Tank temperature variation for 24 h (June).
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freshwater produced at each hour for the four cases along 
with the number of operating hours. These two parame-
ters were then used to calculate the total productivity for 
the average day of the month for a complete year, which 
is also shown in the tables. The main parameter that var-
ies among the different locations is the number of operat-
ing hours. However, the product per hour is not expected 
to change due to reasons discussed previously. The ambient 
temperature and the availability of solar radiation deter-
mine the operating hours at each location. As the ambient 
temperature only determines the losses from the system, if 
the system is well insulated and the storage tank standby 
losses are considerably low, the effect of the ambient tem-
perature is quite low. 

As the number of hours of operation is increased, 
more heat is added to the system, increasing the total daily 

productivity. This also means a greater availability of solar 
energy and longer hours of operation at locations that have 
a higher availability of solar radiation. 

The total annual production of freshwater for the four 
cases at the six selected locations is shown in Table 8. The 
maximum flow case has the highest productivity, the rea-
sons which were explained previously. The variation of 
fresh water production in the 24-h and ideal flow cases is 
quite low or sometimes insignificant as the number of hours 
of operation remains constant. However, large variations 
of production are observed for the average flow and max-
imum flow cases. The number of operating hours for these 
two cases varies depending on the location and for the max-
imum flow case Riyadh has the highest freshwater produc-
tion followed by Sharurah, Dhahran, Jeddah, Qassim, and 
Tabuk. For the average flow case, the highest freshwater 

Fig. 14. Tank temperature variation for 24 h (September).

Fig. 15. Tank temperature variation for 24 h (December).
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production is at Sharurah followed by Dhahran, Riyadh, 
Jeddah, Tabuk, and Qassim. The differences between the 
two cases are mainly due to the amount of heat gained at 
a given hour. Although a case with a controlled flow rate 
would gain slightly less heat, it also uses considerably less 
heat to produce fresh water. Even though there is a greater 
heat gain at a given hour in the maximum flow case, the 
energy is lost instantly with the production of freshwater at 
each hour.

The maximum tank temperatures are shown in Table 9  
for Riyadh. As expected, the temperature increases with 
increasing availability of solar energy as more useful heat 
is gained. The trend of the maximum tank temperature 
follows a similar trend to that of the heat input shown ear-
lier in this section. The summer months of June or July have 
the highest recorded temperature. The lowest temperatures 

are recorded in the winter months, namely the months of 
January and December, where the days are shorter and 
solar radiation intensity is significantly lower compared 
with the rest of the year. The highest tank temperatures 
for the average flow case (350.1 K) and the maximum flow 
case (344.4 K) were recorded. The above results prove that 
the amount of freshwater produced, or the tank tempera-
ture do not depend only on the availability of solar energy, 
although an increase is observed with increased irradiation. 

3.5. Cost analysis

The main objective of the cost analysis for the proposed 
system is to study the feasibility of the system in terms of 
the capital cost and the cost of water produced. The capital 
cost of a typical desalination plant includes items such as 

 
Fig. 16. Heat input over the entire duration of the year at selected locations.

Table 6
Operating hours and daily total freshwater production (Riyadh)

Freshwater (liters per hour) No. of operating hours Total freshwater productivity per day

Month 24-h Ideal 
flow

Average 
flow

Maximum 
flow

24-h Ideal 
flow

Average 
flow

Maximum 
flow

24-h Ideal 
flow

Average 
flow

Maximum 
flow

Jan 3.0 3.4 5.6 9.3 23 22 15 11 69.2 74.3 84.2 102.8
Feb 3.0 3.4 5.6 9.3 23 23 16 11 69.2 77.7 89.9 102.8
Mar 3.0 3.4 5.6 9.3 24 24 17 13 72.2 81.1 95.5 121.5
Apr 3.0 3.4 5.6 9.3 24 24 18 13 72.2 81.1 101.1 121.5
May 3.0 3.4 5.6 9.3 24 24 18 13 72.2 81.1 101.1 121.5
Jun 3.0 3.4 5.6 9.3 24 24 19 14 72.2 81.1 106.7 130.8
Jul 3.0 3.4 5.6 9.3 24 24 19 14 72.2 81.1 106.7 130.8
Aug 3.0 3.4 5.6 9.3 24 24 18 14 72.2 81.1 101.1 130.8
Sep 3.0 3.4 5.6 9.3 24 24 18 13 72.2 81.1 101.1 121.5
Oct 3.0 3.4 5.6 9.3 24 24 18 13 72.2 81.1 101.1 121.5
Nov 3.0 3.4 5.6 9.3 23 22 15 11 69.2 74.3 84.2 102.8
Dec 3.0 3.4 5.6 9.3 23 22 15 11 69.2 74.3 84.2 102.8
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the cost of land, supply well, equipment cost such as that for 
piping, tanks, pumps, etc., and building cost if indoor space 
is required. The cost will also include shipping, construction, 
services, etc.

Considering the current system, land costs may be ignored 
assuming outdoor location and operating in a rural deserted 
area. Thus, the cost of the equipment is the major cost 
item for a plant based on the HDH system. In addition, 
the required technical knowhow to setup a small plant 
based on the proposed design is low. Thus, the service or 
construction costs that must be incurred are minimal. The 
electricity consumption is expected to incur a negligible 
cost, which also may be acquired through photovoltaic 
technology without incurring running costs. This system 
may also be assumed to operate for 20 years without major 
maintenance. The cost of freshwater produced is calculated 
based on the procedure presented by Deniz and Çınar [42]. 
Some of the parameters involved in the calculation includes 
capital cost (P), sinking fund factor (SFF), annual salvage 
value (ASV), annual maintenance cost (AMC), and annual 
interest rate (i). The capital recovery factor, CRF is given as 
follows [48]: 

CRF =
+( )

+( ) −

i i

i

n

n

1

1 1
 (17)

where n is the lifetime (year). 
The fixed annual cost (FAC) is given as:

FAC CRF= ( )P  (18)

The salvage value (S) is taken as 20% of the capital cost 
(P) [42]. Hence, sinking fund factor (SFF), annual salvage 
value (ASV) are, respectively, given as: 

SFF =
+( ) −

i

i
n

1 1
 (19)

Table 7
Operating hours and daily total freshwater production (Dhahran)

Freshwater (liters per hour) No. of operating hours Total freshwater productivity per day

Month 24-h Ideal 
flow

Average 
flow

Maximum 
flow

24-h Ideal 
flow

Average 
flow

Maximum 
flow

24-h Ideal 
flow

Average 
flow

Maximum 
flow

Jan 3.0 3.4 5.6 9.3 22 21 15 10 66.2 71.0 84.2 93.5
Feb 3.0 3.4 5.6 9.3 23 23 16 12 69.2 77.7 89.9 112.2
Mar 3.0 3.4 5.6 9.3 23 23 17 12 69.2 77.7 95.5 112.2
Apr 3.0 3.4 5.6 9.3 24 24 18 13 72.2 81.1 101.1 121.5
May 3.0 3.4 5.6 9.3 24 24 19 14 72.2 81.1 106.7 130.8
Jun 3.0 3.4 5.6 9.3 24 24 19 14 72.2 81.1 106.7 130.8
Jul 3.0 3.4 5.6 9.3 24 24 19 14 72.2 81.1 106.7 130.8
Aug 3.0 3.4 5.6 9.3 24 24 19 14 72.2 81.1 106.7 130.8
Sep 3.0 3.4 5.6 9.3 24 24 18 13 72.2 81.1 101.1 121.5
Oct 3.0 3.4 5.6 9.3 24 24 17 12 72.2 81.1 95.5 112.2
Nov 3.0 3.4 5.6 9.3 23 23 15 11 69.2 77.7 84.2 102.8
Dec 3.0 3.4 5.6 9.3 22 20 15 10 66.2 67.6 84.2 93.5

Table 8
Total annual production of freshwater at the six locations for the 
four cases

Annual productivity (L)

Location 24-h Ideal  
flow

Average 
flow

Maximum 
flow

Riyadh 23,960.5 26,684.6 32,704.9 39,910.4
Jeddah 23,960.5 26,785.9 32,530.8 39,050.6
Dhahran 23,770.9 26,569.7 32,879.0 39,583.3
Qassim 23,587.3 26,262.2 32,008.5 38,452.4
Sharurah 23,960.5 26,894.1 33,053.1 39,592.6
Tabuk 23,773.9 26,576.4 32,182.6 38,153.3

Table 9
Maximum tank temperatures for Riyadh

Maximum storage temperature (K)

Month 24-h Ideal 
flow

Average 
flow

Maximum 
flow

Jan 344.4 343.8 341.3 338.7
Feb 349.5 348.6 344.8 341.1
Mar 351.4 350.4 345.9 341.8
Apr 353.6 352.4 347.3 342.6
May 354.9 353.6 348 343.1
Jun 357.4 356 349.7 344.2
Jul 357.9 355.6 350.1 344.4
Aug 356.8 355.4 349.4 344
Sep 354.1 352.9 347.7 342.9
Oct 351.7 350.6 346.2 341.9
Nov 346.1 345.4 342.4 339.5
Dec 345.3 344.7 341.9 339.2
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ASV SFF= ( )S  (20)

Therefore, the total annual cost of the system is given as 
follows:

AC FAC ASV AMC= + +  (21)

The cost of fresh water (CFW) per liter is, therefore, 
calculated as: 

CFW AC
AN

=  (22)

where AN is the annual output in liters. This system is also 
not expected to incur significant operational or maintenance 
costs.

The results obtained for each of these cases studied 
under the proposed design is given in Table 10. The list 
of capital costs incurred is shown in Table 11. The cost of 
purchasing a packaged solar system with a storage tank is 
around $4,000 cheaper than if components are purchased 
individually.

The cost of freshwater produced per liter using the 
proposed system (0.021 $/L) considering interest rate of 
2% [49,50] seems to be high as compared with the price 
of freshwater in Saudi Arabia. However, when the cost of 
trans porting water to rural areas, or areas not served by 
pipe-borne water is considered, the cost of water increases 
considerably because of transportation costs. Considering 
that the proposed system is being designed for such areas, 
the cost of water can be justified. The cost of the collectors 
and the storage tank as a packaged system with a heat 

exchanger may appear quite expensive at a first glance. 
However, this cost can be justified considering the qual-
ity and performance of the products manufactured by 
Apricus, which allow the recommendation of a service life 
of 20 years without major maintenance requirements and 
operational costs. In addition, the cost of solar collectors is 
expected to decrease in the near future and therefore, the 
associated cost of freshwater could be reduced. Although 
currently cheaper collector systems may be considered with 
the aim of reducing the cost of freshwater, when the service 
life and performance are factored in, the option may not be 
cost effective. The use of cheaper collector systems may also 
incur operational costs and require regular maintenance of 
the system, requiring the regular attention of a technician 
which may not be practical in rural areas.

4. Conclusions

This paper presented performance and cost assessment 
of an HDH system driven by evacuated tube collectors as 
water heaters and a two-tank storage system. The proposed 
system allows the control of the heat output required to 
maintain the desired temperature, thereby allowing the 
system to use less energy while maintaining it for a longer 
period. The following are the findings of the study:

• Higher flow rates mean faster heat addition and removal, 
whereas lower flow rates store slightly less heat but use 
less heat to produce fresh water, thereby increasing the 
operating time. 

• The total daily output of a direct system is about 40 L/d 
on the average, whereas with storage it varies from 
around 70–130 L/d using the same number of evacuated 
tube collectors. 

• Higher storage tank temperatures were attained with 
lower flow rates and considerably lower temperatures 
were attained with higher flow rates. 

• The system had longer operating hours for locations with 
higher solar radiation intensity or longer hours of day-
light and lower productivity for locations with shorter 
days or lower radiation intensities. 

• For the maximum flow case, Riyadh has the highest 
freshwater production followed by Sharurah, Dhahran, 
Jeddah, Qassim, and Tabuk. For the average flow case, 

Table 10
Cost per liter of water produced

Case Annual 
output

Capital cost 
($)

Cost/L ($)

i = 2%

Maximum flow rate 42,356

12,539.00

0.021
Average flow rate 35,375 0.025
Ideal flow rate 28,567 0.03
24-h operation 25,730 0.034

Table 11
Cost of a packaged system and individual components

Item Unit price ($) Quantity Price ($)

2xAP-30 + SOLX-120 Packaged system 8,461.00 1 8,461.00
AP-30 Mid-angle frame 219.00 2 438.00
Ducts 700.00 1 700.00
2 Tanks 475.00 2 950.00
Packing 750.00 1 750.00
Dehumidifier 500.00 1 500.00
2 Blowers 250.00 2 500.00
Additional pump 240.00 1 240.00

Total 12,539.00
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the highest freshwater production is at Sharurah fol-
lowed by Dhahran, Riyadh, Jeddah, Tabuk, and Qassim. 
The differences between the two cases are mainly due to 
the amount of heat gained at a given hour.

• The cost analysis suggests that the cost of freshwater 
produced vary from 0.021 to 0.034 $/L for a service life 
of 20 years considering interest rate of 2%. 
Based on the results of this study, it is recommended to 

use the average flow case due to its higher freshwater pro-
ductivity and almost 16 h of operation. As the system will 
not be operating for prolonged hours, system components 
such as pumps and fans can be operated with solar panels 
providing the required electricity using batteries to store 
the additional energy generated during daylight hours of 
the day.
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Symbols

Ar — Area of the receiver, m2

Cp — Heat capacitance of the working fluid, kJ/kg K
Cpw — Specific heat capacitance of water, kJ/kg K
CSA — Cross sectional area, m2

F’ — Collector efficiency factor
FR — Collector heat removal factor
g  — Gravitational acceleration
ha1 —  Enthalpy of air at exit of the dehumidifier or 

the inlet of the humidifier, kJ/kg
ha2 —  Enthalpy of air at the exit of the humidifier or 

the inlet of the dehumidifier, kJ/kg
hcond —  Heat transfer coefficient of the condenser, 

kJ/kg
hlh —  Enthalpy of latent heat, kJ/kg
hfg —  Enthalpy of latent heat of vaporization of 

water, kJ/kg
hfw —  Enthalpy of freshwater leaving the dehumidi-

fier, kJ/kg
hhp —  Heat transfer coefficient of the heat pipe
hw1 —  Enthalpy of the water entering the dehumidi-

fier, kJ/kg
hw2 —  Enthalpy of water at the exit of the dehumidi-

fier, kJ/kg
hw4 —  Enthalpy of brine at the exit of the humidifier, 

kJ/kg
I  —  Incident radiation on the horizontal surface, 

MJ/m2

Ib  —  Fraction of beam radiation in a given hour, 
MJ/m2

Id  —  Fraction of diffused radiation in a given hour, 
MJ/m2

IT — Total radiation available to the collector, MJ/m2

kcond — Conductivity of the condenser, W/m K
kevap — Evaporator conductivity, W/m K
kfin — Conductivity of the fin, W/m K
kl — Conductivity of the working fluid, W/m K
kma — Conductivity of the manifold, W/m K
kv —  Conductivity of vapor in the condenser, W/m K
Lcond — Length of the condenser, m
Levap — Length of the evaporator, m
Lma — Manifold length, m
m — Mass capacity of the storage tank, kg
m  — Mass flow rate of the working fluid, kg/s
ma — Mass flow rate of air, kg/s
mb — Mass flow rate of brine, kg/s
mfw — Mass flow rate of fresh water, kg/s
mw — Mass flow rate of sea water, kg/s
Q — Energy input by the water heater, W
Qu — Useful heat gained by the collector, W
Rb  — Geometric factor for beam radiation
Rcond,w — Condenser wall thermal resistance, W/K
Rd  — Geometric factor for diffused radiation
Rgr  — Geometric factor for ground reflected radiation
Rhp —  Evaporator (heat pipe) thermal resistance, W/K
Rloss,rad — Radiation thermal resistance, W/K
Rma — Manifold resistance, W/K
S — Absorbed radiation, MJ/m2

Ta  — Ambient temperature, K
Ta’ —  Ambient temperature of the area surrounding 

storage tank, K
Tf — Temperature of the working fluid, K
Ti — Fluid inlet temperature, K
Tk — Temperature at the condenser wall, K
TLr — Load range temperature, K
To — Outlet temperature, K
Tp  — Plate temperature, K
Ts

+ —  Temperature of storage at the end of the time 
period, K

Tw2 — Temperature of water before the heater, K
Tw3 —  Water temperature at the exit of the water 

heater, K
UL — Overall loss coefficient, W/m2 K
Uma — Manifold loss coefficient, W/m2 K

Greek

(UA)s —  Storage tank loss coefficient-area product, 
kJ/h K

(τα)b  —  Transmittance–absorptance product for beam 
radiation

(τα)d  —  Transmittance–absorptance product for dif-
fused radiation

(τα)gr —  Transmittance–absorptance product for 
ground reflected radiation

µl —  Viscosity of the working fluid, m2/s
Δt —  Length of the time period for which the calcu-

lations are carried out
ε  — Emissivity of the absorber coating
εL — Load heat exchanger effectiveness
θ  — Angle of incidence
ρgr  — Ground reflectance
ρl —  Density of the liquid within the evaporator, 

kg/m3
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ρv  —  Density of vapor in the condenser, kg/m3

σ  —  Stefan–Boltzmann constant
ω1 —  Absolute humidity of air at the exit of the 

dehumidifier and the inlet of the humidifier, 
kg/m3

ω2 —  Absolute humidity of air at the exit of the 
humidifier and the inlet of the dehumidifier, 
kg/m3
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