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a b s t r a c t
For the purpose of optimizing the mass flow rate ratio of water and air (m) working in a closed air 
open water humidification–dehumidification desalination (CAOW-HDD) system, many theoretical 
and experimental studies were done. The research results show that the average errors between the 
theoretical calculations and experimental data are less than 2.63%. Based on the theoretical analysis 
by applying Pinch technology, a related simulation program was built in order to investigate the 
effect of operating parameters such as the spraying water temperature (t3), the feed water tempera-
ture (t1) and the minimum temperature difference (ΔTmin) on the heat recovery ratio (f), the gained 
output ratio (GOR) and the optimum value of m. It is confirmed that, GOR is a concave function 
of the temperature t3 and it is maximized for values of ΔTmin ranging from 2°C–5°C and for val-
ues of t3 ranging from 60°C–74°C. It is also concluded that the lower the minimum temperature 
difference ΔTmin and the lower the temperature t3, the higher the optimum GOR. In addition, the 
simulation results also show that the lower the ΔTmin, the higher the GOR. At ΔTmin = 2°C, the value 
of GOR reaches 2.86. Based on the regression analysis, the equation used to determine the optimum 
value of m was developed and it is concluded that m depends not only on the temperature t3 with 
correlation coefficient R2 = 1, but also on the temperature t1 with correlation coefficient R2 = 0.998.
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1. Introduction

Scarcity of fresh water and climate change are two 
issues that are threatening human life. The world’s popula-
tion has grown rapidly, and the speed of urbanization and 
industrialization in many countries has made water sources 
more polluted and depleted [1,2]. Desalination of seawa-
ter to provide fresh water is one of the pioneering meth-
ods which have been used to produce clean water. Today, 
desalination of sea water is still one of the key methods in 
providing fresh water. To solve the problem of fresh water 

shortages for urban areas, the most widely used desali-
nation technologies are reverse osmosis (RO) and multi 
stage flash (MSF). For fresh water demand in the range of 
5–100 m3/d production costs are immense when using RO 
or MSF technology [3–5]. Humidification–dehumidification 
desalination (HDD) technology is another method which 
is still being researched and developed. Further study is 
needed to increase the performance of the HDD system [6].

HDD has many advantages that traditional desalina-
tion methods cannot achieve, such as: easy fabrication, low 
investment cost, low operating cost, the ability to operate 
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at low pressure and work with a low temperature heat 
source. HDD is the most feasible method to provide fresh 
water for small-scale decentralized units [7–9]. In addition, 
the HDD system has the ability to utilize the waste heat of 
condensation which in turn is used to heat the feed water. 
The more heat that is utilized, the higher the efficiency of 
the HDD system. This conclusion has been determined in 
many studies on the optimization of the HDD system to 
improve its performance.

The cycle of a CAOW-HDD system is shown in Fig. 1. 
The CAOW-HDD system has five devices: a humidifier, 
dehumidifier, heater, pump, and circulation fan. The humid-
ifier includes packing bed materials and sprayers. The 
cooling water condenser is included inside the dehumidifier.

In CAOW-HDD, the values of relative humidity at 
points 5 and 6 in Fig. 1 are nearly 100% [7,8,10–12]. In the 
humidifier, hot water 3 after being heated in the heater is 
then pumped into the nozzles and sprayed onto the cool-
ing pad materials. Cold air (point 5) is blown in the oppo-
site direction to the hot water 3, it is then heated by hot 
water 3 and its humidity content gradually increases, at 
the exit of the humidifier it becomes nearly saturated air 
(point 6). Air at state 6 is then sent to the dehumidifier in 
which some heat is rejected to feed water 1 and a quantity 
of vapor water contained in saturated air 6 is condensed. 
At the exit of the dehumidifier, air 6 becomes cooler with 
a lower humidity content. The feed water 1 after being pri-
marily heated in the dehumidifier (point 2) is then second-
arily heated in the heater (point 3) and the excess spraying 
water is collected at the bottom of the humidifier (point 4).

Studies on energy, entropy and exergy analysis con-
ducted by many researchers to enhance the efficiency of 
the HDD system have been done. Mistry [5] presented 
optimum operating parameters and configurations. Their 
results confirmed that the lower the minimum tempera-
ture difference (ΔTmin), the higher the gained output ratio 
(GOR). In addition, the performance of cycles also depends 
on operating conditions. Hou et al. [7] conducted a study 
on optimizing the performance of a solar HDD system 
using Pinch analysis; their results confirmed that there is 
an optimum value of m corresponding to each temperature 

couple of feed water and spraying water. The heat recov-
ery rate (f) at the optimum value of mass flow rate ratio 
of water and air (m) corresponding to temperature of 
spraying water t3 = 80°C and the temperature of feed water 
t1 = 30°C is 0.67. When the t3 is constant, the lower the 
t1, the lower the optimum value of m. At ΔTmin = 1°C, the 
heat recovery rate ratio is 0.75. Narayan [13] conducted a 
thermal design of HDD, and from the results, it is clear 
that when the heat capacity rate ratio equals 1, the GOR is 
maximized. Sharqawy et al. [14] conducted an optimum 
thermal design of HDD systems with the results showing 
that the GOR is maximized at the optimum value of m. 
It is also clear that, the larger size of the humidifier and 
dehumidifier, the higher the GOR. Soufari et al. [15] pre-
sented the performance optimization of the HDD process 
using mathematical programming. From the results, it is 
clear that there is an optimum value of m which is the most 
influential parameter affecting the performance of the 
HDD process. In addition, according to [12], t3 is also an 
important parameter and it is confirmed that the higher 
the t3, the higher the productivity and the lower the heat 
transfer area. At an optimum operating temperature, the 
supplying heat is minimized. Huang et al. [16] conducted 
an experimental study and optimized the energy consump-
tion of the HDD system. Their results have concluded that 
the higher the required rate of evaporation, the higher 
the value of optimized specific total energy consumption. 
The mass flow rate of air should be as small as possible. 
At the inlet of the humidifier, it is a priority to adjust the 
mass flow rate and the temperature. The optimum spe-
cific total energy consumption is 822.676 kJ/kg. Huang et 
al. [17] presented the determination of optimum working 
parameters in a HDD system by a graphical method. Their 
results have concluded that in the case where ΔTmin at the 
Pinch point of the humidifier equals 1, when the ΔTmin at 
the Pinch point of the dehumidifier equals 1, the specific 
energy consumption is minimized and the GOR value can 
reach to 3.978 at the t3 = 65°C. Mohamed et al. [18] pre-
sented a theoretical and experimental study on a HDD sys-
tem. Their results have concluded that there is an optimum 
value of m. The average productivity is 2.45 kg/h and the 
estimated cost per 1 L of fresh water is about 0.047 US$. 
The effect of air and feed water flow rate on GOR and 
clean water yield was carried out in a subsequent study 
[19]. The results show that when increasing the air flow 
rate, the productivity is improved but the GOR decreases. 
In addition, when increasing the feed water flow rate, both 
productivity and GOR are improved. Alrbai et al. [20] ana-
lyzed the energy and exergy balances of the HDD system 
by fogging technology with two nozzle diameters (20 and 
30 microns). Their results show that, at a mass flow rate 
ratio of 0.78, the maximum value of GOR and the mini-
mum value of specific entropy production are 3.4 and 
0.235 kJ/(kg K), respectively.

In our previous study [21], the optimized working 
parameters of the CAOW-HDD system using Pinch technol-
ogy was performed. The study results show that, the opti-
mum value of m depends on t3, t1 and ΔTmin.

The studies presented above prove that, there is 
obviously an optimum value of m for maximizing the 
performance of the HDD system. But these studies have 

 

Fig. 1. CAOW-HDD system scheme.
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not yet shown the method to determine this value. For 
the purpose of developing the equation to determine the 
optimum value of m based on the input parameters of 
CAOW-HDD and for the purpose of proposing a suitable 
spraying water temperature range for gaining the maximum 
value GOR, this paper presents the results done by Pinch 
technology and related experiments to study the effect of 
the operating parameters on the GOR.

2. Theoretical model

To optimize the performance of HDD system, Pinch 
technology [22] is one of the first choices of many researcher. 
In this study, Pinch technology is used to optimize the GOR 
of the CAOW-HDD. In our previous study [21], based on 
Pinch technology, we have achieved some initial results 
in optimizing the operating parameters of HDD systems.

To complete the optimization of the HDD system, in 
this study, Pinch technology continues to be used and veri-
fied by experimental results.

Based on the laws of Thermodynamic and Heat trans-
fer, Fig. 2 describes the process of changing the state of 
working fluids in the CAOW-HDD system.

In the CAOW-HDD system, the air flow acts as cold 
stream in the humidifier, but in the dehumidifier it acts as 
hot stream. The hot stream in the humidifier is the spraying 
water and the cold stream in the dehumidifier is the feed 
water.

Based on the heat and mass transfers presented in Fig. 2, 
the relationship between the temperature and the enthalpy 
of the hot stream and the cold stream are shown in Fig. 3.

Fig. 3 shows that the recovered heat, waste heat and 
added heat are easily determined by Pinch analysis. Under 
the same t3 and ΔTmin, when the value of m is changed, the 
recovered heat, waste heat and added heat will also change. 
Based on these results, the optimum working parameters of 
the CAOW-HDD system can be determined.

The waste heat, the recovered heat and the added heat 
are presented below. Heat loss to the surroundings has 
been ignored.

Q Q m h hwwa add= = −( ) 3 2  (1)

Q m h h m h h m h hw w arec = −( ) = −( ) = −( )  3 4 2 1 6 5  (2)

Fresh water is obtained by condensing water vapor 
in the air. In this process the humidity content of air is 
changed, so that the mass flow rate of fresh water is cal-
culated as below:

 m m w wafw = −( )6 5  (3)

Heat recovery ratio:
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Enthalpy of water:

h m tw w w= ⋅ ⋅Cp   (7)

Enthalpy of saturated air [23]:

h t t ta = + − +( )exp . . . .2 39329 0 10648 0 00135 0 0000100582 3  (8)

3. Experimental setup

The experimental model is shown in Fig. 4. The 
humidifier is made from 304 stainless steel with a square 
section. The dimensions of the humidifier are 220 cm 
height, 30 cm in length, and 30 cm in width. Five layers 
of cooling pad paper are arranged inside the humidifier 
with the distance two layers at 10 cm. The cross-sectional 
area of each layer is 30 cm × 30 cm and the height is 15 cm. 
Nine nozzles are arranged on the top of the humidifier 
at equal distances. A thin layer of cotton textile is glued 
inside the walls of the humidifier to reduce the speed of 

 

Fig. 2. Mathematical model in the CAOW-HDD system.

 

Fig. 3. Pinch analysis at t3 = 70°C, t1 = 30°C, m = 3 and ΔTmin = 5°C.
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the water. Outside, the humidifier is covered by a layer of 
insulation material with a thickness of 2 cm. A copper fin 
tube coil is used for condensing water vapor in the dehu-
midifier. The total heat exchange area is 16 m2. The dimen-
sions of the dehumidifier are 23 cm height, 60 cm length 
and 55 cm width.

In the experimental process, the operating parame-
ters of the system were measured in order to verify the 
theoretical results such as the mass flow rate and tem-
perature of working fluids at the inlet and outlet of the 
humidifier and the dehumidifier, the temperature of hot 
water in the heater tank, the relative humidity of air at 
the inlet and outlet of humidifier and the productivity 
of the system. To measure flow rate of feed water and 
hot water; two flowmeters were used, with a range of 
0.02–15 LPM and with an accuracy of ±4%. These flow 
meters have been experimentally calibrated by compar-
ing the displayed value of the flowmeter with the volume 
of water collected over a period of time. The first flowme-
ter was installed on the feed water pipe to measure the 
flow rate of feed water before entering the dehumidifier 
and the second one was installed on the hot water pipe 
to measure the flow rate of spraying water before enter-
ing the humidifier. Sea water used in the experimental 
model had a salinity of 26/1,000. To measure air flow, an 
anemometer (Testo 425) with a scale of 1–12 m/s and an 
accuracy of ±0.1% was used. Two humidity dataloggers 
(Testo 175H1) with an accuracy of ±2% and a resolu-
tion of 0.1% were used to measure the relative humid-
ity of air. Temperature dataloggers (Testo 176T4) with an 
accuracy of ±0.3°C and resolution of 0.1°C were used to 
measure the temperatures of water and air at the inlet 
and outlet of the humidifier and dehumidifier. The hot 
water tank was heated by 2 resistors with a total capacity 

of 18 kW. The fresh water productivity was measured 
by collecting the amount of condensed water in a glass 
cylinder.

4. Results and discussion

Based on Pinch technology, a simulation program has 
been developed. The flow chart of the theoretical simu-
lation is shown in Fig. 5. To verify theoretical results, the 
experimental parameters were performed with the same 
theoretical parameters. The theoretical and experimental 
results are compared on the following graphs.

4.1. Effect of m on the temperature of water at the outlet of the 
humidifier and dehumidifier

The theoretical and experimental results in Fig. 6 show 
that, the temperature of feed water at the outlet of the 
dehumidifier (t2) and the temperature of water at the out-
let of the humidifier (t4) varies with m and has the extreme 
point at the same value of m. At the extreme point, t2 is 
maximized and t4 is minimized. Because the mass flow 
rate of water in the humidifier equals to that of the dehu-
midifier, the heat recovered in the CAOW-HDD system 
is maximized when t2 is maximized and t4 is minimized. 
There is only one optimum value of m corresponding to 
the specific values of t3 and t1.

4.2. Effect of m on the heat recovery ratio

The simulation and experimental results in Fig. 7 show 
that at the optimum value of m, heat recovery is maximized. 
At t3 = 80°C, t1 = 30°C and ΔTmin = 5°C, the optimum value 
of m and the heat recovery rate ratio are m = 4 and f = 65%, 

Fig. 4. Experimental model.
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respectively. Compared to Hou et al. previous research 
results [7] under the same working conditions, the optimum 
value of m is the same (m = 4). This result shows that the 
simulation results are reliable.

4.3. Effect of m on the GOR

The simulation and experimental results in Fig. 8 con-
firm that GOR also depends on m. GOR is the ratio between 
the latent heat of condensation of water vapor in the air 
and the additional heat. When the heat recovery rate is at 
the maximum, the heat input is the smallest. Therefore, at 
the optimum value of m, the GOR is also maximized. At 
t3 = 70°C, t1 = 30°C and ΔTmin = 5°C, the optimum value of 
m and the heat recovery rate ratio are m = 3 and GOR = 1.6, 
respectively.

The simulation results in Fig. 9 indicate that the opti-
mum value of m is independent to ΔTmin. At the other values 
of ΔTmin, the optimum GOR is obtained at the same value 
of m. The slope of the GOR curve is inversely proportional 

to the ΔTmin. At the optimum value of m, the GOR differ-
ence with ΔTmin is the largest. The further away from the 
optimum value of m, the GOR difference with ΔTmin is 
lower and tends to converge. At t3 = 70°C, t1 = 30°C and 
ΔTmin = 2°C the optimum value of GOR is 2.68.

 

Fig. 5. Flow chart of theoretical modelling.

 

Fig. 6. Effect of m on t2 at t1 = 30°C; t3 = 75°C; ΔTmin = 5°C.

 

Fig. 7. Effect of m on the heat recovery ratio at t1 = 30°C; t3 = 80°C 
and ΔTmin = 5°C.

Fig. 8. Effect of m on the GOR at t3 = 70°C; t1 = 30°C and ΔTmin = 5°C.
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4.4. Effect of t3 and ΔTmin on the optimum GOR

The simulation and experimental results in Fig. 10 show 
that, the lower ΔTmin, the higher the optimum GOR. At the 
lower value of ΔTmin, the higher the heat transfer efficiency 

and the more heat that is recovered, which increases the 
GOR. However, to achieve a low value of ΔTmin, the heat 
exchanger area must be larger.

The results in Fig. 11 confirmed that there is a range 
of temperatures for better optimum value of GOR cor-
responding to ΔTmin. In this temperature range, the opti-
mum value of the GOR is the largest and there is almost 
no significant change. Outside this temperature range, the 
change in value of optimum GOR is significant.

The simulation results in Fig. 12 show that, the range 
of t3 for the better optimum GOR varies with ΔTmin. At the 
same working parameters, the lower the ΔTmin, the higher 
the optimum GOR. At ΔTmin = 2°C, the maximum GOR 
reaches 2.86 corresponding to t3 = 60°C. At ΔTmin = 3°C, the 
maximum GOR reaches 2.29 corresponding to t3 = 66°C. At 
ΔTmin = 4°C, the maximum GOR reaches 1.9 correspond-
ing to t3 = 69°C–70°C. At ΔTmin = 5°C, the maximum GOR 
reaches 1.62 corresponding to t3 = 71°C–74°C. The higher the 
ΔTmin, the higher the value of t3 for the better optimum GOR.

According to Zheng [24], the suitable value of ΔTmin 
in the humidifier and dehumidifier is in the range of 3°C–
5°C. Therefore, the t3 in the CAOW-HDD system for the 
high GOR is in the range of 66°C–74°C.

4.5. Comparison with experimental results

As confirmed in the references [7,8,10–12], our exper-
imental results also prove that the air entering and the air 
leaving the dehumidifier are saturated. The experimental 
results and theoretical results at the spraying water tem-
perature of 70°C and 75°C with 3 flow rates are m = 2.5, 
m = 3 and m = 3.5 and the same ΔTmin are presented in Table 1.

The study results in Table 1 show that there is a neg-
ligible difference between experimental and theoretical 
results. Experimental results are always slightly less than 
that of the theoretical simulation due to ignoring heat loss 
to the environment and ignoring the evaporation of water 
into the air at the humidifier in the whole calculation pro-
cess. The comparison between the theoretical and exper-
imental temperatures are presented in Fig. 13.

The temperature measuring device used in the exper-
imental model is the datalogger. When the system is 
operating stably, the data are recorded continuously for 

 

Fig. 11. Effect of t3 on GOR at ΔTmin = 5°C and t1 = 30°C.

 

Fig. 12. Effect of t3 and ΔTmin on GOR at t1 = 30°C.

 

Fig. 10. Effect of ΔTmin on GOR at t3 = 70°C, t1 = 30°C.

 

Fig. 9. Effect of m on the GOR at t3 = 70°C; t1 = 30°C.
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5 min with a measurement step of 10s. The experimental 
value shown in Table 1 and the experimental error result 
shown in Table 2 are the average measured value over 
5 min. Because the number of measurements is relatively 
large, the error of measuring equipment can be ignored 
in the calculation of experimental error. According to 
Zhani [25] the error of the experimental results can be 
evaluated by the following equation:

ε =
−

∑ ( ) ( )

( )

100

1k

t t

t

k
i i

i

exp

exp

sim  (9)

The error analysis results in Table 2 show that maxi-
mum relative error is 4.14% and minimum relative error is 

0.34%. The average error between theoretical and experi-
mental results is around 2.63%. This shows the fit between 
experimental and the theoretical results.

4.6. Equation to determine the optimum value of m

The simulation results in Fig. 14 show that, the opti-
mum value of m depends on t3 and t1. The higher the tem-
perature of spraying water and feed water, the higher 
the optimum value of m.

The mass flow rate of water and the mass flow rate of 
air in the humidifier and dehumidifier are equal. If the 
spraying water temperature (t3) increases but m remains 
constant, it will cause the air temperature out of the 
humidifier (t5) to increase and the air temperature out 
of the dehumidifier (t6) to increase as well. The increase 
in air temperature leaving the dehumidifier reduces the 
heat recovered in the 1 dehumidifier. This air then passes 
through the humidifier and increases the temperature 
of the water leaving the humidifier (t4). Similarly, when 
the feed water temperature (t1) increases, but m remains 
constant, the amount of heat recovered in the dehumid-
ifier will decrease and the temperature of the air leav-
ing the dehumidifier will increase. Therefore, the higher 
the temperature of the spraying water and the feed 
water, the higher the optimum value of m.

The relationship between t3, t1 and optimum value of 
m has been analyzed by IBM SPSS statistical software. 

Table 1
Experimental and theoretical results

t3 (°C) Experimental results Theoretical results

m t2 (°C) t4 (°C) t5 (°C) t6 (°C) m t2 (°C) t4 (°C) t5 (°C) t6 (°C)

70 2.5 54.7 41.9 39.6 59.5 2.5 55.0 43.3 40.0 60.1
70 3.0 54.8 43.3 38.0 61.2 3.0 55.1 43.9 38.5 61.5
70 3.5 53.5 44.0 37.4 62.5 3.5 53.9 44.8 38.3 62.9
75 2.5 56.9 42.3 40.3 61.4 2.5 58.1 44.1 41.7 62.1
75 3.0 58.2 44.8 38.8 62.9 3.0 58.4 45.6 39.1 63.2
75 3.5 55.9 45.4 38.5 63.9 3.5 56.3 46.8 39.2 64.5

Table 2
Error analysis

Parameters εar (%) εmax (%) εmin (%)

t2 0.84 2.1 0.34
t4 2.63 4.14 1.52
t5 0.82 1.04 0.64
t6 1.84 3.6 0.77

 

Fig. 13. Comparison between theoretical and experimental tem-
peratures.

 

Fig. 14. Effect of t3 and t1 on the optimum value of m.
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In which, the independent variable is t3 and t1, and the 
dependent variable is the optimum value of m. The regres-
sion analysis results show that the correlation coeffi-
cient of t3 is R2 = 1 and correlation coefficient of t1 is 
R2 = 0.998. This result proves that these parameters are 
very closely related. The result of the analysis of vari-
ance also shows that Sig = 0. This result means that the 
regression model is perfectly suitable. From the regres-
sion analysis results, the equation to determine the opti-
mum value of m in terms of t3 and t1 is given as Eq. (10).

m A A t A t A A t A t t

A A t A t t

= + ⋅ + ⋅ + + ⋅ + ⋅( ) ⋅

+ + ⋅ + ⋅( ) ⋅
1 2 1 3 1

2
4 5 1 6 1

2
3

7 8 1 9 1
2

33
2

 (10)

A1 = 2.17158; A2 = –56.13066 × 10–3; A3 = 40.87823 × 10–4; 
A4 = –577.98932 × 10–4; A5 = 25.9473 × 10–4; A6 = –1.52178 × 10–4; 
A7 = 769.1 × 10–6; A8 = –2.6400 × 10–6; A9 = 1.62732 × 10–6.

Eq. (10) is applied in the temperature range/feed 
water t1 = 20°C–35°C with spraying water temperature 
t3 = 50°C–85°C and the same ΔTmin.

5. Conclusions

From the theoretical and experimental studies on the 
CAOW-HDD system presented above, the following conclu-
sions are drawn:

• By applying Pinch technology, a simulation program was 
built in order to do theoretical analysis on the CAOW-
HDD system. The average errors between theoretical 
calculations and experimental data are less than 2.63% 
which confirm the faith in the presented theoretical 
method.

• The optimum value of m depends on the spraying water 
temperature t3, the feed water temperature t1 and the 
minimum temperature difference (ΔTmin). It is concluded 
that, at each optimum value of m, the heat recovery ratio 
f and the value of GOR are maximized as well. In order 
to gain the maximum value of GOR, it is shown that if 
the temperature t3 is not high enough, the minimum 
temperature difference ΔTmin should be decreased. In the 
case of ΔTmin = 2°C, the GOR reaches the maximum value 
of 2.86 at t3 = 60°C.

• For each value of ΔTmin, it is sure that there is an opti-
mum value of t3 for gaining the maximum value of GOR. 
Corresponding to the values of ΔTmin ranging from 2°C–
5°C, the optimum values of t3 vary from 60°C–74°C.

• The mathematical equation used to determine the opti-
mum value of m depending on the temperatures t3 and 
t1 was developed. By doing regression analysis, the cor-
relation coefficients of t3 and t1 are R2 = 1 and R2 = 0.998, 
respectively.
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Symbols

Cp — Heat capacity, kJ kg–1 K–1

f — Heat recovery ratio, %
m� — Mass flow rate, kg s–1

h — Enthalpy, kJ kg–1

m — Mass flow rate ratio of water and air, –
Q — Thermal energy, kJ
r — Latent heat, kJ kg–1

t — Temperature, °C
Δt — Temperature difference, °C
w — Humidity content, kg kg–1 dry air
e — Error

Subscripts

1, 2, 3, … — Cycle points
a — Air
add — Add
exp — Experiment
min — Minimum
fw — Fresh water
sim — Simulation
rec — Recovery
w — Water
wa — Waste

Abbreviations

CAOW — Closed air open water
GOR — Gained output ratio
HDD —  Humidification–dehumidification 

desalination
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Fig. A1. Front side of the humidifier presented in Fig. 4

 
Fig. A2. Inside space of the humidifier presented in Fig. 4.
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Fig. A3. Checking the salinity of seawater.
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