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a b s t r a c t

The humidification–dehumidification method (HDH) is a thermal desalination process. The process 
is viewed as a promising technique for small-capacity production plants. The process has many 
features, which include operation at low temperatures and the ability to combine with a sustainable 
solar-energy source. This paper demonstrates the design, modeling, simulation, economy, and opti-
mization of an HDH desalination unit simulated within one hour of operation. The designed unit 
has continued water circulation across the humidifier (HD), a cross-flow oil heater, and closed air 
circulation. The effects and economic impact of a circulating air-mass flow rate and HD-inlet water 
temperature on unit productivity are studied. Other parameters, such as energy consumption, heat-
to-mass transfer ratio, humidifier enthalpy difference, humidifier thermal efficiency, gained-output 
ratio (GOR), and annual production costs, are evaluated. Experimentally obtained mass-transfer 
coefficients in the humidifier were used to simulate the desalination unit. The study reveals that 
increasing air-mass flow rate has a significant effect on improving unit productivity. Moreover, 
highest productivity was obtained at the maximum simulated humidifier-inlet water temperatures. 
Packing with a higher mass-transfer coefficient gives higher unit productivity. The unit was opti-
mized to achieve the best operating conditions, with higher productivity, at lower operating costs, 
maintaining best energy use at the highest attainable GOR. The optimal operating air-mass flow rate 
for all conditions ranged between 0.131 and 0.1998 kg/s for both the experimental and the simulated 
conditions. The lowest production cost obtained was at the HD-inlet water temperature of 50°C. The 
best experimental production costs were US$/0.07/L compared to US$0.066/L for the simulation. 
Finally, the simulation process showed good agreement with the experimental results, which can be 
a useful tool to further evaluate the unit when coupled with a renewable-energy source.
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1. Introduction

With the increase in population, the need for freshwa-
ter has become a crucial issue that has to be resolved. Most 
global fresh water is purified and treated to make it suitable 
for human use. Natural sources of available fresh water 
are not enough, especially in the Middle East; hence, look-
ing for desalination processes is very important to provide 
drinkable water to match the development of areas and 

meet population demands. Several desalination processes 
have already been implemented in the Middle East, which 
have proven their capabilities in commercial production 
and the quality of distilled water. These methods are ther-
mal, either using dual-purpose thermal plants or the mem-
brane desalination technique. Multistage-flash-desalination 
(MSF), multi-effect-desalination (MED), vapor-compression 
(VC), and reverse-osmosis (RO) plants are the most com-
mon desalination techniques in the region. Fifty percent of 
the world’s desalinated water comes from the membrane 
desalination process, and the rest is generated thermally. 
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MSF plants represent 85% of the thermal units’ output, and 
RO plants have 90% capacity for the membrane process [1]. 
Such processes are used commercially to serve populations 
living in residential areas and modern developed cities. In 
arid regions, large-scale desalination cannot be used due 
to economic ineffectiveness; hence, smaller-scale effective 
methods are used. The humidification–dehumidification 
desalination process (HDH) can be the most suitable process 
for arid regions due to its simplicity. It uses low amounts 
of power, low temperature, and low-pressure water flow 
for the production of fresh water. The constructional design 
of the HDH process is a significant research domain for 
desalination-technology development. There are many pub-
lications that focus on the design of the HDH process to 
improve its effectiveness [2,3]. Such a method could be more 
cost-effective when solar energy is coupled with the HDH 
process, and in other hybrid-system desalination processes 
[4,5]. However, it is necessary to study the full range of con-
structional arrangement of the HDH process to evaluate its 
capacity to meet the essential purpose of high productivity 
and applicability for people in decentralized areas. Model-
ing and simulation can provide the required data for HDH 
desalination, which can be used for economic evaluation 
and process optimization. The simulation and experimental 
studies provided results in terms of the maximum attainable 
productivity at the lowest possible production cost.

The HDH desalination system can be integrated with 
other desalination systems or renewable-energy sources. 
González et al. [6] implemented a multi objective optimi-
zation formulation for designing an integrated desalination 
system. Optimization provides the best configuration and 
reveals the benefits of integrating a thermal desalination 
process, such as MSF/MED, in the thermal membrane-dis-
tillation process. Performance improvement is successfully 
attained using the waste-heat recovery system, which can be 
implemented during the HDH process. With different com-
ponents and operation modes, the HDH process can be opti-

mized to the best arrangement and operating conditions. 
The HDH process can integrate with other desalination tech-
nologies used in Gulf Cooperation Council (GCC) countries 
where fresh water is extremely limited. The water network 
in such countries can be optimized using the approach of 
an integrated design and an operation macroscopic water 
network [7]. Water uses, storage, and transportation costs 
are operationally and economically optimized. Further eco-
nomic improvement is expected when the system integrated 
with the HDH process is coupled with a renewable-energy 
source from recycled wastewater streams.

Fig. 1 shows the system designed with both air and water 
circulation. Air circulates in a closed system, and water cir-
culation across the humidifier needs makeup water for com-
pensation. Closed air circulation is established to avoid the 
continued loss of thermal energy; similarly, losses on the water 
side are reduced by providing only makeup water less pro-
portionally to the rate of circulation. One of the motivations 
for studying such a system is the need for a simple desalina-
tion technique serving arid areas with an energy supply with 
the fewest possible process complications using locally avail-
able materials, such as synthetic motor oil, instead of using 
expensive thermal fluids. The study provides the baseline for 
system analysis of air and water routes with electrical power 
as their energy source. However, this could be improved by 
replacing the electrical energy source with a low-grade waste-
heat source or renewable-energy source. 

2. Mathematical model 

The following assumptions were employed to develop 
the mathematical model for the HDH desalination unit:

1. The system operates under steady-state conditions 
during each time step.

2. The system works under atmospheric pressure.

Fig. 1. Humidification–dehumidification desalination unit.
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2.1. Humidifier

In the humidification process, hot water is brought into 
contact with flowing air using different packing types and 
arrangements to increase air humidity. The more sensible 
heat from water, the more absolute humidity is obtained at the 
air-side. In such a process, mass and heat transfer are toward 
the air-side. For the air–water system under normal condi-

tions and entirely wet packing, the Lewis number is le
a
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equal to one; this was also applied in other air–water-system 
analyses [11]. Then, the design equation for the humidifier is:
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In order to solve the previous equations, it is required to 
stepwise the calculation from point to point throughout the 
humidifier, or it can be solved graphically using the Mick-
ley method by the reversely stepwise construction of the 
equilibrium and operating curves. 

For model simplicity, H. Jaber et al. [12] developed equa-
tions based on the effectiveness number of transfer units 
(ε-NTU) method. The solution obtained by ε-NTU success-
fully revealed less error when compared to the approach 
used by Chebyshev [13]. The application of the Chebyshev 
method to the Merkel equation gives the integrand sum at 
predetermined values within the integration interval by 
multiplying a constant by interval times, which provides 
the desired approximate integral.

 It was also compared with the log mean enthalpy dif-
ference (LMED) method and obtained good agreement 
with no significant errors. The LMED method can be used 
where inlet conditions are known for the iterative model, as 
in the present work.

From design Eq. (1), the enthalpy integral can be 
changed to LMED, where correction factor f is applied to 
correct for the nonlinearity of saturated air enthalpy:

f
H H Has as avg=

+ −1 2 2

4
 (2)

Applying the correction factor to the system, LMED 
gives the following equation:
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The modified humidifier-design equation can be 
expressed as the following [14–17]:

m H H K aV Ha y m2 1−( ) = ∆  (4)

In this process, the enthalpy difference across the 
humidifier indicates the capability of the humidifier to 
transfer more vapor to the air towards the dehumidifier, 
which is the driving force for the humidification process 
and its capacity for higher distillate production.

2.2. Dehumidifier

Mizushina et al. [18] developed a method that can be 
used when water vapor is condensed. It is based on the 
simultaneous heat- and mass-transfer problem, which can 
be solved by the same procedure for direct-contact equip-
ment. The required surface area for a given performance 
can be computed with the following relation [19]:
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Eq. (5) can be solved by stepwise point-to-point calcu-
lation and graphically presented similarly to the humidi-
fier solving technique. An iterative form of this equation 
is plugging in the desalination-unit model and applying 
an LMED type of heat-exchanger analysis to the system, 
where KM corresponds to U in the heat exchanger and the 
balance is taken to the water side, while considering U as 
an overall heat-transfer coefficient representing the total of 
all resistances.

Then, the mathematical model of the dehumidifier is 
given by: 

m C T T UA Tcw cw cw cw DH lm2 1−( ) = ∆  (6)

where the logarithmic mean temperature difference is taken 
as follows [20]:
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LMED use is valid for the present heat exchanger, with 
one shell pass and one tube pass, as well as in multiple 
numbers of shell and tube passes; flow through the heat 
exchanger is not fully concurrent or fully counter current.

3. Solution procedure

The model is solved in the steady-state condition of each 
run. Design equations, formulated in an Excel spreadsheet 
and a generalized reduced gradient (GRG) algorithm, used 
to optimize the objective of each constraint intersection 
[21], were implemented. The lower- and upper-bound con-
straints are specified in the solver to retrieve the objective 
solution. The GRG nonlinear solver reveals extensive sensi-
tivity analysis that is better than linear programming [22]. 
This technique was previously used in the optimization of 
a complex plant [23] and, recently, in the optimization of 
industrial gas-supply networks [24]. In order to solve the 
model for the desalination unit, the main parameters were 
set to be within a small variation in airflow. The humidifier 
had a constant inlet circulating water flow rate. In the dehu-
midifier, the cooling water flow rate was constant. These 
parameters are shown in Table 1.

Based on the developed energy-balance equations and 
input-design parameters, Eqs. (4), (6), (33), and (34) were 
solved simultaneously by an iterative procedure for both 
humidifier and dehumidifier energy equations. Initial 
guesses were given for Ta1, Ta2, Tw2, and Tcw2. For each set of 
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airflow rate, several runs for different humidifier-inlet tem-
peratures were implemented to calculate desalination-unit 
productivity. The produced water was obtained in kilo-
grams per hour. 

4. Results and discussion

The desalination unit was simulated at different humid-
ifier-inlet water temperatures and airflow rates. The mass-
flow-rate ratio was varied by changing the airflow rate 
and fixing the water flow rate at a maximum of 0.571 kg/s. 
Mass-flow-rate ratios ranged from 2.8 to 19.7. Moreover, the 
system was water-heated; hence, airflow variation enabled 
the study of the sensible-heat effect from the water to the 
flowing air, thereby optimizing the design. The control of 
the humidification process by variable airflow revealed the 
optimal sufficient contact time for air to become saturated 
[8]. An HDH design of an experimental (DOE) study con-
ducted by Farsad et al. [25] showed the possibility of pro-
ducing distillate at different condenser characteristics for a 
fixed air-mass flow rate. This was attributed to the contra-
dictory effect of the inlet water flow rate. The design, oper-
ating data of the desalination unit, and simulated results 
for one hour of operation are discussed. The process was 
analyzed as a steady condition at fixed heating conditions 
unlike the dynamic behavior when the process is coupled 
with a solar-energy source [26].

4.1. Effect of airflow rate and humidifier-inlet water temperature

The objective was to study the productivity of the 
desalination unit by changing one operating parameter, 
either airflow rate or inlet water temperature, during each 
run. The effects of air- and water flow rate are complicated 
and depend on the design of the process where optimal 
values could be obtained; therefore, further simulation 
research was recommended by Kabeel et al. [27]. Fig. 2 
illustrates the variation of unit productivity at different 
airflow rates; it also shows simulation results obtained at 
different humidifier-inlet water temperatures. The results 
allowed us to compare the simulation outputs with the 
experimental data of the same designed unit [28]. Airflow 
was simulated as low as 0.089 kg/s, and the maximum air-
flow rate was 0.1998 kg/s. At a constant inlet water flow 
rate and temperature to the humidifier, the amount of pro-
duced water increased with an increasing airflow rate. Fig. 
2 shows the gradual increase of productivity during the 
simulation. The increase in system productivity was not 
sustained, depending on humidifier-inlet water tempera-
ture and airflow rate. The increase of airflow rate enhanced 

the cooling effect of the process; therefore, it required more 
heating to ensure higher productivity at a higher airflow 
rate. Moreover, residence time was reduced for the humid-
ification to take place at a higher airflow rate and, even-
tually, both humidifier efficiency and enthalpy difference 
were decreased. The results of the simulation show a simi-
lar behavior with the experimental outputs. The maximum 
amount of produced water, when HD-inlet water tempera-
ture was 40°C and airflow rate was 0.166 kg/s, was 1.64 
kg/h, while quantity increased severalfold, to 4.49 kg/h, 
for the same period and airflow rate at an HD-inlet water 
temperature of 50°C. When comparing the previous simu-
lation output to the experimental yields for the same con-
dition, the unit was capable of producing 1.62 kg/h when 
HD inlet water was 40°C, and 4.78 kg/h when HD inlet 
water was 50°C. The results show that, as humidifier-inlet 
water temperature increased, sensible heat from the water 
had good impact on the absolute humidity of the flow-
ing air. The results also indicate that enthalpy difference 
increased as humidifier-inlet water temperature increased 
for both simulation and experimental outputs. The simula-
tion output was in good agreement with the experimental 
output. The amount of produced water per hour indicates 
the improving capacity of unit production as more air is 
introduced to the system. This is attributed to the heating 

Table 1 
Basic design parameters

Parameter Value Unit

ADH 5.817 m2

mcw 0.2831 Kg/s

mw 0.571 Kg/s

cw 4178 J/kg°C

Fig. 2. Productivity at different airflow rates. 
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and humidifying principle. Hence, more water vapor was 
entrained and diverted to the dehumidifier. This amount 
of produced water is promising when using renewable-en-
ergy sources, especially in arid areas. 

4.2. Humidifier efficiency 

The simulation curves shown in Fig. 3 are plotted and 
compared to the humidifier efficiency that was obtained 
experimentally. After the convergence of the model equa-
tions, Eq. (29) was used to calculate humidifier efficiency 
based on input and iterative results. Simulation results 
show that maximum humidifier efficiency was obtained 
at lower airflow rates regardless of inlet water tempera-
ture. Humidifier efficiency was calculated based on moist-
air humidity at its inlet and outlet. The solution obtained 
results at lower airflow rates, where humidifier-outlet rel-
ative humidity (RH) is close to saturation conditions, RH ≈ 
100%. This is due to longer air–water contact time at a low 
airflow rate. In the present design, water circulation was 
fixed at the maximum possible at 0.571 kg/s, and revealed 
a high water–airflow ratio of 19.7 at a low airflow rate, 
which enhanced the saturation condition. This result agrees 

with the experimental output, as the highest efficiency was 
obtained at a lower airflow rate and efficiency continued to 
decrease as airflow rate increased. Except for the low inlet 
water temperature of 40°C, experimental efficiency showed 
no significant change compared to the decreasing behavior 
of the simulated efficiency, which is attributed to the ideal 
conditions for the simulated data when compared to the 
experiment at a lower sensible-heat condition. 

4.3. Humidifier thermal efficiency

Humidifier thermal efficiency was calculated by Eq. 
(31) for both the simulation and experimental analysis. This 
efficiency is usually used to measure the performance of 
various processes, such as heat engines, heat pumps, and 
refrigeration cycles. In the present work, humidifier ther-
mal efficiency obeyed the second law of thermodynamics; 
hence, energy had a direction and degree of loss during 
the process. The humidifier operates between high-input 
heat-circulating water and low-temperature-circulating air. 
Fig. 4 illustrates humidifier thermal efficiency at different 
airflow rates. The results show the degree of conversion 
percentage of thermal input energy to the circulating air, 

Fig. 3. Humidifier efficiency at different airflow rates. Fig. 4. Humidifier thermal efficiency at different airflow rates.
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hence increasing humidification process capacity, which 
indicates the degree of “perfection” [29]. The energy-con-
version percentage in the air side was shown to decrease as 
airflow rate increased in both the simulation and the exper-
iment, which reveals lower thermal efficiency at higher 
airflow rates. Thermal efficiency became steadier, between 
65% and 70%, in the simulation.

4.4. Gained output ratio (GOR)

The GOR indicates the thermal energy that the HDH 
desalination process consumes. The GOR value and process 
economics are usually considered during the design of the 
desalination units. A higher-GOR desalination system has 
higher capital costs and lower operating costs. The advan-
tage of the present system, when coupled with solar energy, 
is that it makes the process economically feasible at lower 
GOR values. Fig. 5 illustrates GOR at different airflow rates 
simulated and compared with the experimental GOR val-
ues. In both experimental and simulation results, the GOR 
increased as airflow rate increased. The GOR increase was 
not continuously sustained as the airflow rate increased at 
the three HD-inlet water temperatures. The simulation out-

puts tended to have steady GOR behavior when the airflow 
rate reached 0.1 kg/s and higher. This behavior is attributed 
to the high-energy input in the simulation process and the 
slightly less energy required experimentally due to heating 
solar radiation on the humidifier body and ambient con-
ditions. Moreover, sensible heat from the humidifier-inlet 
water temperature increased the system GOR. 

4.5. System energy consumption

The energy input to the system was calculated and is 
illustrated in Fig. 6. The average energy input to the humid-
ifier to maintain circulating water temperature at 40°C was 
7.61 kWh in the experiment and 7.79 kWh in the simulation. 
The simulated energy consumption increased, on average, 
by 94.8% when the circulating water temperature increased 
from 40 to 45°C, compared to 116.7% obtained experimen-
tally. This significant increase in energy consumption for 
humidifier circulating water, between 40 and 45°C, was 
reduced at higher circulating water temperatures. When the 
circulating water temperature increased from 45 to 50°C, it 
revealed 22.8% higher simulated energy consumption, and 
12.3% obtained experimentally. This indicates a requirement 

Fig. 5. GOR at different airflow rates. Fig. 6. Humidifier input energy at different airflow rates. 
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for less energy when a higher circulating water temperature 
is maintained with higher process productivity; hence, the 
process becomes more economically feasible. The average 
experimental input energy at 45°C circulating water tem-
perature was 16.5 kWh, compared to 15.18 kWh obtained 
by simulation. Moreover, at 50°C circulating water tem-
perature, average experimental energy consumption was 
18.5 kWh, showing good agreement with the 18.64 kWh 
resulting from the unit simulation.

4.6. Annual production cost

Total operating cost is calculated based on the annual-cost 
method. The total operating cost of the system consists of the 
annual capital cost, annual maintenance cost, and annual 
operating cost. The annual capital cost was calculated for a 
20-year investment and an interest rate of 5%. The capital 
cost of the system is US$4000. the maintenance cost was pro-
posed as 3% of the annual capital charge [30], and the oper-
ating cost was obtained based on the variable operating cost. 
The variable operating cost is calculated based on the system 
energy-input price and the power consumed by drives and 
controls. The industrial-grade electrical-energy (kWh) cost in 
Saudi Arabia is about US$0.048 per kWh [31]. The designed 
unit was assumed to operate continuously throughout the 
year with 90% availability. The HDH process had less cap-
ital and operating costs when compared to high-tempera-
ture desalination systems with an accepted GOR for such a 
process. The total annual production costs for the simulated 
HDH process and the predicted one from the experiment 
runs are shown in Fig. 7. Both experimental and simulated 
conditions revealed a lower operating cost at higher airflow 
rates. Moreover, the operating cost was positively affected at 
a higher humidifier circulating water temperature. The aver-
age operating cost obtained experimentally was shown to be 
US$0.13/L at 40°C humidifier-inlet water temperature, and 
US$0.113/L for the simulated conditions. When the humidi-
fier-inlet water temperature increased to 50°C, the operating 
cost was further reduced to US$0.07 and 0.066/L, on average, 
for the experimental and simulated conditions, respectively.

4.7. Optimization for operating cost, productivity, and GOR

Economic analysis of the process was used to optimize 
the design. Design optimization under the studied varia-
tions made for economic effectiveness under specific condi-
tions [32]. Optimization could involve many objectives for 
energy requirements, cost reduction, or maximizing produc-
tivity [33]. Optimization is considered as a trade-off between 
different results to obtain optimal conditions for operating 
costs, system productivity, and the GOR. Percent-stacked 
bar graphs were constructed for each humidifier-inlet tem-
perature at various airflow rates. The graphs shown in Fig. 
8 represent the percentage amount of the operating cost, 
system productivity, and the GOR, which is a very useful 
tool to indicate the quantity percentage of each parameter 
in order to evaluate optimal conditions. The figure also 
shows experimental results, which were compared with the 
simulated conditions at each humidifier-inlet water tem-
perature. In such a process, the trade-off between operat-
ing cost, system productivity, and the GOR is an important 
step to obtain the best conditions for highest productivity 

at lowest operating-cost conditions. The maximum attain-
able GOR is recommended to achieve the most economi-
cal energy consumption. When the humidifier-inlet water 
temperature was 40°C, optimal conditions were found to 
be an airflow rate of 0.166 kg/s for both experimental and 
simulated results. Unlike the previous condition, at a higher 
inlet water temperature of 45°C, optimal conditions were 
obtained at an airflow rate of 0.166 kg/s experimentally, 
and 0.131 kg/s for the simulated condition. Similarly, at 
50°C, optimal operating conditions were obtained at 0.166 
and 0.1998 kg/s for the experimental and simulated results, 
respectively. The results showed no significant difference 
between the simulated and the experimental results, which 
indicates a credible simulation process for predicting a pro-
cess response at different conditions.

The current study is comparable with previous work in 
the field of HDH desalination. Table 2 shows the processes’ 
power-supply type and the available data of the operated 
humidifier-inlet water temperature. Hourly system produc-
tivity and the results of the economic analysis are shown 
to evaluate the processes based on these factors. The pres-
ent work shows a lower HD-inlet water temperature with 

Fig. 7. Production cost at different airflow rates. 
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encouraging results regarding productivity and cost. Pro-
ductivity of 4.49 kg/h is higher than most of the other work 
at 50°C HD-inlet water temperature. The capacity for pro-
duction at a lower HD-inlet water temperature is attributed 
to closed air circulation and continuous HD water circula-

tion, which reserves process heat. The incorporated HD bot-
tom-oil-heated exchanger enhanced the speed-up heating 
rather than the separate storage-tank heaters. The stated 
system’s ability is in favor of using the process when low-
grade waste heat or solar energy is coupled with.

Fig. 8. Optimization for the experimental and simulated conditions. 



F. Abdel-Hady et al. / Desalination and Water Treatment 141 (2019) 23–35 31

5. Conclusion 

A numerical simulation was performed for a humidi-
fication–dehumidification desalination unit. It aimed to 
investigate the effect of various parameters, such as humid-
ifier circulating water, airflow rate, and humidifier charac-
teristics, on the HDH desalination system. The process was 
simulated under the prescribed conditions similar to the 
experimental humidifier-inlet water and dehumidifier cool-
ing water temperatures. The following conclusions were 
drawn based on this study:

•	 Both experimental results and simulation outputs 
revealed higher humidifier efficiency at lower air-mass 
flow rates, positively affected by higher HD-inlet water 
temperature. The reduction of efficiency at higher air-
flow rates was attributed to the decrease of humidifier 
enthalpy difference for both cases. Moreover, higher 
humidifier-inlet water temperature had a positive effect 
on the humidifier enthalpy difference.

•	 The simulation and the experimental outputs showed 
that a higher air-mass flow rate adversely affected 
humidifier thermal efficiency and its capacity to per-
fectly use input energy in the system. The amount of 

energy consumed at a higher HD-inlet water tempera-
ture makes the process more economically feasible in 
terms of higher productivity per kWh. 

•	 The GOR and annual production cost are important 
factors in obtaining optimal operating conditions. 
The GOR, obtained experimentally and by simula-
tion process, increased as air-mass flow rate increased. 
Simultaneously, the annual production cost decreased. 
Maximum productivity at the lowest production cost 
and highest GOR of the unit was optimized. The opti-
mal operating air-mass flow rate for all conditions 
ranged between 0.131 and 0.1998 kg/s. The higher the 
HD-inlet water temperature was, the higher the opti-
mal air-mass flow rate. The lowest production cost 
obtained experimentally was US$0.07/L, compared to 
US$0.066/L for the simulation outputs when HD inlet 
water temperature was 50°C.

Finally, HDH appears to be a promising desalina-
tion process, especially for arid areas. Hence, the process 
was simulated at conditions similar to the experiment in 
order to evaluate the key performance parameters of the 
HDH desalination process. The results show that possible 

Table 2 
Comparison of the present work with previous results

Reference Description Humidifier-
inlet water 
temperature, °C

Productivity 
kg/h

Cost US$/L

Rajaseenivasan et al. 
[34]

A biomass-powered bubble column 
humidification–dehumidification desalination 
system. Saw-dust briquettes were used as biomass 
fuel.

60 6.1 0.0133

Deniz et al. [35] Solar water and air heaters with photovoltaic 
panels for electrical energy.

58.5 0.87 mx 0.0981

Ahmed et al. [36] Humidification–dehumidification desalination 
process (HDH) with new corrugated packing 
aluminum sheets in the humidifier. Water was 
heated in a storage tank by electrical power.

49 15 0.01

El-Agouz [37] Compressed air passed through a seawater-bubble 
column heated by electrical power.

86 8.22 0.115

Rahimi-Ahar et al. [38] Evacuated tube water solar collector; flat-plate air 
solar collector; humidification at subatmospheric 
pressure and dehumidification at atmospheric 
pressure.

77 2 0.04

Hamed et al. [39] Solar humidification–dehumidification 
desalination unit by evacuated tube collectors.

87 max 2.75 per m2 0.0578

Behnam et al. [40] HDH solar desalination system equipped with 
a combination of a heat pipe, evacuated tube 
collector, and air-bubble column humidifier.

– 0.9 0.028

Shafii et al. [41] Hybrid HDH desalination system integrated with 
a heat pump to raise the temperature of the air 
entering the humidifier.

– 2.79 0.0114

Current work Closed air circulation, humidifier water circulation 
with makeup, and electrically heated oil as energy 
source. 

50 4.49 0.066
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improvement could be expected when an HDH unit is pow-
ered by a renewable-energy source due to good productiv-
ity and economic outcomes at a low humidifier-inlet water 
temperature.
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Symbols

A — Area m2

CA — Annual capital cost US$
CM — Maintenance cost US$
COP — Operating cost US$
CTOP — Total operating cost US$
DAB —  Mass-diffusion coefficient of air in water 

m2/s
H — Enthalpy kJ/kg
KM —  Dehumidifier mass-transfer coefficient Kg/

m2 s
Ky —  Gas-phase mass-transfer coefficient of 

humidifier  Kg/m2 s
M —  Mass flow rate per unit length of perimeter 

kg/m s
Nt — Total number of tubes 
P — Capital cost US$
Pr — Prandtl number 
PT — Total pressure mm Hg
Pv — Vapor pressures mm Hg
Q — Heat-transfer rate W
S — Humidifier cross-section m2

T — Temperature °C
U —  Overall heat-transfer coefficient W/ m2 °C
V — Humidifier volume m3

Z — Fill height m
a — Surface area per unit volume m–1

c — Specific heat  kJ/kg °C
de — Equivalent diameter mm
di — Tube inside diameter mm
f — Enthalpy correction factor kJ/kg
h —  Convective heat-transfer coefficient kJ/s m2 

°C 
hc —  Shell-side condensate-film local heat-transfer 

coefficient kJ/s m2 °C 
hfg —  Latent heat of water evaporation at ambient 

conditions kJ/kg
hg —  Shell-side gas-film local heat-transfer coeffi-

cient kJ/s m2 °C 
i — Interest rate %
m — Flow rate Kg/s
k — Thermal conductivity W/m °C

kw — Wall thermal conductivity W/m °C
n — Number of years 
ri — Inner radius m
ro — Outer radius m
ucw — Cooling water velocity m/s

Greek 

α — Thermal diffusivity m2/s
ηH — Humidifier efficiency % 
ηTHD — Humidifier thermal efficiency % 
μ — Dynamic viscosity kg/m s
ρ — Density kg/m3

ω — Absolute humidity kgwater/kgair

Subscripts 

DH — Dehumidifier 
HD — Humidifier 
a — Air 
as — Saturated air
avg — Average value
cw — Cooling water
d — Product water
lm — Log mean
m — Mean value
mu — Makeup
v — Vapor
w — Water
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Appendix A

Thermodynamic relations.

Vapor pressure of pure liquids can be calculated with 
the Antoine equation with a temperature range of 11–168°C 
[42]:

LnPv
T C

= −
+ °( )18 3036

3816 44
227 02

.
.

.
 (8)

Absolute humidity is defined as kg of vapor contained 
in 1 kg of dry air. Humidity depends on the partial pressure 
of water vapor in the air and on the total pressure [29].

ω ν=
−

0 62.
P

P PT v

 (9)

Enthalpy of humid air is described as the total heat of 
a 1 kg mixture of water vapor and dry air and presented in 
J/kg [29]. 

H C Ta a a= +  ×597 2 4186 8. .ω  (10)

Specific heat of humid air is defined as the amount of 
heat required to increase or decrease the temperature of a 1 
kg dry-air and water-vapor mixture by 1°C [43].

Ca S= + 0 24 0 46. . ω  (11)

Appendix B

The thermophysical properties of dry air at a range of 
220–380 K at standard atmospheric pressure (101,325 N/
m2) [13]

Density in kg/m3

ρa
ap

T
=

287 08.
 (12)

Dynamic viscosity in kg/sm

µa T

T

= × + × −

× + ×

− −

−

2 287973 10 6 259793 10

3 131956 10 8 15038 1

6 8

11 2

. .

. . 00 15 3− T
 (13)

Thermal conductivity in W/m K

k T

T T
a = × + × −

× + ×

− −

− −

4 937787 10 1 018087 10

4 627937 10 10

4 4

8 2 11 3

. .

.
 (14)

Specific heat in J/kg K

C T

T
a = × − × +

× − ×

− −

−

1 045356 10 3 161783 10

7 083814 10 2 705209 1

6 1

4 2

. .

. . 00 7 3− T
 (15)

Appendix C

The thermophysical properties of saturated water vapor 
from 273.15 to 380 K [13]

Density in kg/m3

ρν = − + × − ×

+ ×

−

−

4 062329 56 0 10277044 9 76300388 10

7 083814 10

4. . . .

.

T T
44 2 6 3

8 4 12

4 475240795 10

1 004536894 10 8 9154895 10

T T

T

+ ×

− × + ×

−

− −

.

. . TT 5

 (16)

Dynamic viscosity in kg/sm

µν = × + × +

× + ×

− −

−

2 562435 10 1 816683 10 2 579066

10 7 083814 1

6 8

11

. . .

.

T

T 00 1 067299 104 2 14 3− −− ×T T.
 (17)

Thermal conductivity in W/m K

k T

T
ν = × − × + ×

− ×

− −

− −

1 3046 10 3 756191 10 2 217964

10 1 111562 10

2 5

7 2

. . .

. 110 3T
 (18)

Specific heat in J/kg K

C T T

T
ν = × + × − ×

+ ×

−

−

1 3605 10 2 31334 2 46784 10

5 91332 10

3 10 5

13 6

. . .

.
 (19)

Appendix D

Mass- and heat-transfer coefficients

The experimental mass-transfer coefficient is correlated 
[28] and given by the following equation.

K aV
m
my

W

a

=






−

0 5195 1

0 708

.
.

 (20)

Dehumidifier overall heat-transfer coefficient [20,42,44]:

1 1
U h

r
K

r
r

r
r hDH CW

i

W

o

i

i

o a

= +






+ln  (21)

Dehumidifier tube-side heat-transfer coefficient [42]:

h
T u

dCW
CW

i

CW=
+( )4200 1 35 0 02 0 8

0 2

. . .

.  (22)

Dehumidifier shell-side heat-transfer coefficient [42,45]:

1 1
h h

Y
ha c g

= +  (23)

where Y is expressed as follows:

Y C
T
Ha

a

a

=
∆
∆

 (24)

Dehumidifier air-film heat-transfer coefficient [46,47]:

h d

k
g e

a

a=






0 36 0 55
1
3

0 14

. Re Pr.

.
µ
µν

 (25)
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For the designed square-pitch arrangement, the follow-
ing parameters were calculated:

d
d

p de
o

t= −( )1 27
0 7852

0
2.

.  (26)

Dehumidifier condensate-film heat-transfer coefficient 
[46,47]:

h
k g

M
c

µ
ρ µ

ν

ν ν ν

2

3 2

1
3

1
3

1 47
4





=







− −

.  (27)

Mass flow rate per unit length of perimeter M is calcu-
lated with the following relation:

M
m

N d
d

t o

=
π

 (28)

Appendix E

Performance parameters

Humidifier efficiency:

η
ω ω
ω ωH

a a

s a

= ×
−
−







100 2 1

1

 (29)

GOR:

GOR
m h

Q
d fg

in

=  (30)

Humidifier thermal efficiency [29]:

ηT
outHD

in
HD

Q
Q

= −1  (31)

Q m H HoutHD a a a= −( )2 1  (32)

Appendix F

Dehumidifier energy balance:

m H H m C T T m C T Qa a a cw w cw cw d w w HD loss2 1 2 1 1−( ) = −( ) + −  (33)

Humidifier energy balance:

m H H m C T m C T Qa a a w w w w w w HD loss2 1 2 2 1 1−( ) = − −  (34)

Appendix G

Cost analysis

Total operating cost [48]:

C C C CTOP A OP M= + +  (35)

Annual capital cost [30]:

Annualcapital t C P
i i

i
A

n

n
cos ( ) =

+( )





+( ) −





1

1 1
 (36)

Unit production cost:

Production t
Total production t C

Annaulproduction
USTOPcos

cos
=

( ) $$
m3  (37)


