
1 

Thermodynamic and economic investigation of a humidification dehumidification 1 

desalination system driven by low grade waste heat 2 

Weifeng He*1, Hongxing Yang1, Tao Wen1, Dong Han2 3 

1. Renewable Energy Research Group (RERG), Department of Building and Services Engineering, The Hong Kong4 

Polytechnic University, Hong Kong, China 5 

2. Nanjing University of Aeronautics and Astronautics, College of Energy and Power Engineering, Nanjing, 210016,6 

China 7 

Corresponding author: W.F. He 8 

The Hong Kong Polytechnic University 9 

Hung Hom, Kowloon, Hong Kong 10 

Tel./Fax numbers: +852 27665863 11 

E-mail address: wfenghe@polyu.edu.hk, wfhe@nuaa.edu.cn12 

ABSTRACT: This paper focuses on the thermodynamic and economic investigation of a humidification 13 

dehumidification desalination system (HDDS), using waste exhaust gas to heat the humid air. In accordance with 14 

the principles of the mass and energy conservation, thermodynamic analysis of the HDDS is first completed, and 15 

the heat and mass transfer (HMT) areas for the waste heat recovery exchanger, packing-bed humidifier and plate 16 

type dehumidifier, are obtained. Finally, the economic performance of the HDDS is also calculated. The research 17 

results state clearly that the top values of the water production and GOR arrive at 289.32kgh-1 and 3.06 at the 18 

dehumidification balance conditions, while the maximum total investment of the air-heated HDDS is calculated as 19 

112.55×103¥. The influence laws from the variation of the dehumidification effectiveness, minimum enthalpy 20 

difference during humidification, top temperature and temperature of the waste heat source are different and 21 

complicated, especially on the unit cost of water production, which is determined with the thermodynamic and 22 

economic performance considered simultaneously. It can be concluded that the elevation of the thermodynamic 23 
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performance, mainly referring to the aspect of water production, will raise the corresponding cost of the air-heated 24 

HDDS, which is mainly composed of the investment of the dehumidifier area. 25 

Keywords: humidification dehumidification desalination system; waste exhaust gas; thermodynamic analysis; heat 26 

and mass transfer; economic performance 27 

Nomenclature 

Roman symbols 

A heat transfer area (m2) 

b channel height of the plate (mm) 

h convective heat transfer coefficient (Wm2K-1) 

i enthalpy (kJkg-1) 

I total enthalpy (kW) 

K overall coefficient (Wm-2K-1) 

m mass flow rate (kgs-1) 

Nu Nusselt number 

Q heat load (kW) 

Pr Prandtl number 

Re Reynolds number 

S seawater concentration (gkg-1) 

T temperature difference (K) 

T temperature (K) 

v velocity (ms-1) 

V packing volume (m3) 

W plate width (m); power (kW) 

Greek letters  

β plate chevron angle (°) 

ψ minimum enthalpy difference (kJkg-1) 

 plate thickness (mm) 

ρ density (kgm-3) 

μ dynamic viscosity(kgm-1s-1) 

ε effectiveness 

ω absolute humidity (gkg-1) 

Subscripts  

a air; ambient 

b brine; blower 

d dehumidifier 

da dry air 

e exhaust 

h humidifier 
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i inlet 

o outlet 

p plate 

pu pump 

sw seawater 

w water; wet 

WHRE waste heat recovery exchanger 

1. Introduction 28 

In view of the uniform distribution of freshwater and serious pollution, water supply has been a universal 29 

problem. Different desalination methods, mainly including thermal [1, 2] and membrane prototype [3, 4], were 30 

proposed constantly, to provide water from seawater or brackish water. For such desalination systems, huge amount 31 

of energy was consumed and the corresponding configurations were complicated [5]. Consequently, the economic 32 

performance of the complicated systems was confined. Furthermore, due to the trend of extensive utilization for 33 

renewable energy, the potential applications of the desalination systems, with huge energy consumption and 34 

complicated configurations, are not very prospective, especially for the demands for small scale of water. 35 

As a result, desalination systems with higher thermal efficiency and lower cost is in demand to supply 36 

freshwater. Recent years, the humidification dehumidification desalination prototypes, which simulated the water 37 

circulation in the nature, were proved to be promising, and they were extensively investigated all over the world [6, 38 

7]. A water-heated HDDS, driven by solar radiation at the seawater aspect, was proposed by Hamed et al. [8], and 39 

theoretical models for the components were built to assess the thermodynamic performance. Two periods with 40 

different solar radiations were selected to investigate the water producing capacity of the HDDS. The simulation 41 

results presented the best water producing capacity was found during the second period, from 13 to 17 pm. In 42 

addition of the simulation research, the experimental platform was also established to validate the HMT 43 

characteristics involved in the desalination process, and the mathematical models were proved to be accuracy with 44 

a good consistency between the calculation results and test data under different boundary conditions. Al-Sulaiman 45 

et al. [9] introduced a solar collector with parabolic trough into an open air and open water air-heated HDDS. 46 
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Thermodynamic performance of the HDDS was focused, and influence mechanism on the system performance 47 

from the solar heater configurations were found. It was found that the solar driven air-heated HDDSs were suitable 48 

for the locations with high radiation. A semi-open air and open water configuration of the HDDS was proposed to 49 

produce water by Mahdizade and Ameri [10]. The prototype, with heating air and water at the same, was proved to 50 

be effective for raising the water producing capacity. 51 

Narayan et al. [11] and Chehayeb et al. [12] suggested a modified definition of effectiveness for the HMT 52 

processes, overcoming the problems from the fixed model of effectiveness [13, 14]. Chehayeb et al. [15] achieved 53 

the thermodynamic balancing for single and two-stage water-heated HDDS, with a humidifier filled by packings 54 

and a bubble column dehumidifier. The laws of the flow rate ratio to influence the system entropy generation and 55 

forces of HMT processes were revealed. Based on the modified definition of energy effectiveness, the air extraction 56 

and injection were applied to enhance the performance of the HDDS, and the improvement effect and relevant 57 

mechanism were investigated. 58 

It can be concluded that the thermodynamic performance of the HDDS, including the water-heated and 59 

air-heated configurations, was studied extensively. However, taking the potential applications into consideration, 60 

the relevant economic aspect should also be the important research objective [16]. Deniz and Cinar [17] and Zubair 61 

et al. [18] established the economic models of the water-heated HDDS driven by solar energy. The thermodynamic 62 

performance, including the water producing capacity and thermal efficiency, were first calculated and assessed at 63 

different solar radiations, and the corresponding cost of the entire system was also obtained. Jamil et al. [19] 64 

obtained the exergo-economic performance of the HDDS, with two different configuration, and a reverse osmosis 65 

system was also coupled to the HDDS. The research results presented that the modified configuration had 66 

advantages both in the exergetic efficiency and system cost. It was also found that that the hybrid system, with 67 

HDDS and reverse osmosis subsystem integrated, had a highest gained output ratio and second-law efficiency. 68 
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Lawal et al. [20] investigated the exergo-economic performance of the HDDS powered by a heat pump with vapor 69 

compression, with three different integration prototypes. Exergetic efficiency, exergy destruction and cost of the 70 

entire system were calculated, and the impact laws from the critical thermal parameters on the system performance 71 

were analyzed. The results showed the evaporator and compressor had the largest exergy destruction, and the 72 

air-heated HDDS driven by heat pump was suggested to be applied due to the better performance at the viewpoints 73 

of energetic and exergetic. 74 

From the literature survey, it can be obtained that the economic analysis of the HDDS, mainly referring to the 75 

water-heated configuration, has been focused. However, it was proved that the air-heated prototype had obvious 76 

advantages with a higher gained-output-ratio, compared to the water-heated one [10]. Thus, the economic analysis 77 

of the conventional air-heated HDDS must be studied to explore the application potential, while it was not the 78 

research focus previously. Furthermore, the modified model of effectiveness simulating the humidification process 79 

was applied into the water-heated HDDS, while such application was not achieved in the air-heated type. In this 80 

paper, the aspects of air-heated HDDS, modified definition of effectiveness and economic analysis were first 81 

integrated together. Thermodynamic performance of the integrated desalination system was simulated in 82 

accordance with the established mathematical models. Afterwards, the corresponding economic performance was 83 

also obtained based on the simulated thermal parameters. Furthermore, influence laws of the dehumidification 84 

effectiveness, minimum enthalpy difference during humidification, air top temperature and the temperature of the 85 

waste heat source on the system performance are also obtained. The built mathematical models and simulation 86 

results provide significant guidance for the design and optimization of the HDDS. 87 

2. System description of the air-heated HDDS88 

As known, the air-heated HDDS is comprised of a packed bed humidifier, plate type dehumidifier and waste 89 

heat recovery exchanger, with a open water, closed air configuration, presented in Fig. 1. It can be found that in the 90 



6 
 

packed bed humidifier, hot seawater, which is heated by the hot humid air, is sprayed into the filled packings. As a 91 

result, the hot seawater is concentrated while the air is humidified. Afterwards, the humid air is further heated in the 92 

waste heat recovery exchanger through the waste exhaust recovery. Finally, the carried steam by the hot humid air 93 

is removed under the cooling effect of the feed seawater, and water is produced, flowing out of the dehumidifier 94 

bottom. The dehumidified air enters the humidification process again to close the air cycle. 95 

The situations of the energy conversion and heat transfer processes are described and shown in the T-h 96 

diagram [12], with curves described by different colors in Fig. 2, which is composed of the humidification, 97 

dehumidification and waste heat recovery. It can be summarized that the produced water is mainly resulted from 98 

the difference of the absolute humidity, and the energy input into the humid air is recovered by the seawater during 99 

dehumidification. The preheated seawater is used to raise the temperature and absolute humidity of the air. 100 

Consequently, the input energy can be reduced to improve the energy conversion within the air-heated HDDS. 101 

To model the air-heated HDDS and achieve the performance analysis, the following assumptions are given 102 

out: 103 

(1) The air-heated HDDS operates at the steady-state conditions. 104 

(2) Kinetic and potential energy variations, energy loss to the surroundings during all the thermal processes are 105 

ignored. 106 

(3) Foulings are neglected during simulating the characteristics during heat transfer. 107 

(4) Pressure drops within the pipes is not considered during assessing the power consumption of the blowers and 108 

pumps. Furthermore, it is assumed that the spraying pressure is three times the ambient pressure, pa. 109 

3. Thermodynamic models of the air-heated HDDS 110 

3.1 Waste heat recovery exchanger 111 
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A plate heat exchanger is used to achieve the waste heat recovery, raising the air temperature from the outlet 112 

of the humidifier. Hence, the heat balance within the heat exchanger is expressed in Eq. (1). 113 

e , , 3 2m ( ) ( )WHRE e i e o da a aQ i i m i i= − = −                             (1) 
114 

Furthermore, during the heat process of the humid air, the absolute humidity keeps the same in Eq. (2). 
115 

2 3 =                                         (2) 
116 

In order to complete the thermodynamic and economic analysis, heat transfer area of the WHRE should be 117 

calculated, and the heat transfer coefficients both of the waste exhaust and humid air aspect should be obtained. For 118 

a plate type heat exchanger, Muley and Manglik [21] gave out the specific function of the Nusselt number, with 119 

plate chevron angle, β, area expansion coefficient,  Reynolds number, Re, and Prandtl number, Pr, as the 120 

independent variables, and the specific dimensions of the involved plate heat exchangers are listed in Table 1. 121 
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Hence, the convective coefficients of the waste exhaust and air aspects as well as the total heat transfer 
123 

coefficient, K, can be calculated, and the heat transfer area for recovering the waste heat can be calculated in Eq. 
124 

(4). 
125 
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Furthermore, the air pressure loss through the waste heat recovery exchanger can be obtained from the 127 

following expression [21]. 128 
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3.2 Humidifier 130 
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In the humidifier, the dehumidified air contact the sprayed seawater. After the HMT process, mass and energy 131 

balance will arrive as the following equations: 132 

2 1( )sw b dam m m  − = −        (6)

133 

,1 2 1( )sw sw b b da a am i m i m i i− = − (7)
134 

During simulating the performance of the HDDS, the HMT characteristics of the humidification has great 
135 

significance. In this paper, a modified definition of effectiveness, εh [12], is applied to determine the specific 
136 

parameters, expressed in Eq. (8). 
137 
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



 +
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138 

After the inlet and outlet parameters during humidification are determined from the mass and energy 
139 

conservation, the characteristics of the mass transfer process, including the packing volume, Vh, and mass transfer 
140 

coefficient, kh, are attained [22]: 
141 
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143 

With respect to the air flow loss through the packings, it can be calculated according to the models from 144 

Gandhidasan [23].145 

3.3 Dehumidifier 146 

After the humidification and heating process in the WHRE, the heated humid air enters the dehumidifier, 147 

which is also a plate type heat exchanger essentially, and the carried is removed as the produced water under the 148 

cooling effect of the feed seawater. According to the mass and energy conservation, the corresponding balance 149 

equations can be expressed as: 150 
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3 1( )w dam m  = −                                 (11) 
151 

,1 0 3 1( ) ( )sw sw w w da a am i i m i m i i− + = −
                    

     (12) 
152 

For the plate type dehumidifier, the characteristics are described by the fixed effectiveness model, which can 153 

be defined as: 154 

max
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I

I

I I I


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                          (13) 
155 

In order to complete the thermodynamic and economic analysis, heat transfer area of the WHRE should be 156 

calculated, and the heat transfer coefficients both of the waste exhaust and humid air aspect should be obtained. For 157 

a plate type heat exchanger, Muley and Manglik [21] gave out the specific function of the Nusselt number, with 158 

plate chevron angle, β, area expansion coefficient,  Reynolds number, Re, and Prandtl number, Pr, as the 159 

independent variables, and the specific dimensions of the involved plate heat exchangers are listed in Table 1. 160 
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161 

Hence, the convective coefficients of the waste exhaust and air aspects as well as the total heat transfer 
162 

coefficient, K, can be calculated, and the heat transfer area for recovering the waste heat can be calculated in Eq. 
163 

(4). 
164 
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Furthermore, the air pressure loss through the waste heat recovery exchanger can be obtained from the 166 

following expression [21]. 167 
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169 

Furthermore, at the aspect of the heat transfer characteristics, the convective heat transfer coefficient of the air 
170 

without condensation, hd, can be calculated according to Eq. (3), and the corresponding value at wet conditions, hw, 
171 

can be updated with the following relation [24]: 
172 

(0.164ln(Re) 0.02)w dh h= −
                           (14) 

173 

With respect to the pressure drop within the dehumidifier, the relevant values both for the seawater and air 
174 

aspects can be obtained based on the principles demonstrated in Eq. (5). 
175 

3.4 Blower 176 

For air-heated HDDS, the power consumption of the blower, Wb, should be considered, and it can be 177 

calculated based on the air mass flow rate and the flow losses within the HMT devices, in Eq. (11), with a blower 178 

efficiency of ηb=0.8. 179 

,a( )a
b WHRE h d

a b

m
W p p p

 
=  +  +                            

(15)
 180 

3.5 Pump 181 

The consumed power of the pump can be calculated based on the seawater mass flow rate and the relevant 182 

flow loss, and the relevant value can be obtained as follows, with an efficiency of ηpu=0.8:
 

183 

,( 3 )sw
pu d sw a

sw pu

m
W p p

 
=  +                                

(16)
 184 

3.6 Performance of the air-heated HDDS 185 

For a desalination system, gained-output-ratio (GOR) is usually used to characterize the energy conversion 186 

efficiency. With the water production and different energy consumptions into consideration, the gained-output-ratio 187 

can be calculated in Eq. (17), in which the power consumption is converted to the equivalent thermal energy during 188 

power generation with ηe=40% [25].
 

189 
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( ) /

w fg

WHRE b pu e

m i
GOR

Q W W 
=

+ +

                              
(17)

 190 

4. Economic models of the air-heated HDDS 191 

After the thermodynamic analysis based on the previous mathematical models, the scales of the devices within 
192 

the HDDS can be fixed. Hence, in combination with the material and type of the devices, shown in Table 2, the 
193 

capital costs of the plate type heat exchangers, packings, pump and blower can be obtained with the following 
194 

equation: 
195 

d bt WHRE h puC C C C C C= + + + +                             (18) 
196 

where CWHRE, Cd, Ch, Cb and Cpu are the cost of the WHRE, dehumidifier, humidifier, blower and pump. 
197 

Furthermore, the definition, unit cost of water production (UCWP), is also used to characterize the cost for 
198 

producing 1kg freshwater in Eq. (19). 
199 

3600

t

w

C
UCWP

m
=                                  (19) 

200 

5. Validation of the thermodynamic models 201 

In order to affirm the reliability of the mathematical models for the air-heated HDDS, the accuracy of the 
202 

humidification and dehumidification performance is compared to the published results under the same input 
203 

conditions. The obtained temperature profile along the non-dimensional location, at ψh=20kJkg-1, is first compared 
204 

to that from Chehayeb et al. [12] in Fig. 3, and the maximum deviation emerges as 0.65% for the seawater 
205 

temperature at the outlet of the humidifier. Furthermore, the dehumidification performance is also compared with 
206 

the classical published data from Narayan et al. [26] in Table 3, and a peak deviation of the producing water, 5.1%, 
207 

is obtained. Hence, the comparison results of the humidification and dehumidification performance, between the 
208 

investigated system and that from the references, verify the reliability of the proposed mathematical models. 
209 

5. Results and discussion 210 
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In the current investigation, thermodynamic performance of the air-heated HDDS is first simulated, on the 211 

basis of the design parameters shown in Table 4, and then the change laws of the economic performance are also 212 

calculated with the critical parameters, including the effectiveness of the dehumidifier, minimum enthalpy 213 

difference during humidification and the top air temperature after the waste heat recovery process. During the 214 

simulation, the properties of the waste exhaust can be found in Table 5, and the research strategy and specific 215 

procedures in the Matlab platform are presented in Fig. 4, with the previous conservation equations solved 216 

iteratively. 217 

5.1 Thermodynamic performance of the air-heated HDDS at design conditions 218 

Based on the design conditions shown in Table 4, the water production within the air-heated HDDS is 219 

simulated and presented in Fig. 5(a), including the water production and the gained-output-ratio. As demonstrated 220 

by Chehayeb et al. [12], due to a minimum specific entropy generation rate at the dehumidification balance 221 

conditions, a best performance of the HDDS can be obtained. In the current situation, the maximum water 222 

production emerges as mw=289.32kgh-1 when the mass flow rate ratio between the seawater and dry air stays at 223 

msw/mda=0.95. Actually, the variation laws of the water production with the mass flow rate ratio are mainly 224 

attributed to the trend of the air humidity difference before and after dehumidification. It can be observed that the 225 

humidity difference of the humid air arrives at Δω=47.38gkg-1, which is a peak value within the range of the mass 226 

flow rate ratio from msw/mda=1 to msw/mda=3.6. It is also seen that the water producing capacity will be restrain with 227 

the increase of the mass flow rate ratio. At the fixed top temperature of the humid air and dehumidification, with 228 

Ta3=353.15K and εd=0.85, the discharge temperatures both for the seawater and humid air at the dehumidifier outlet 229 

will decrease continuously, which also confines the effective mass flow rate ratio. As a result, the maximum mass 230 

flow rate ratio stays at msw/mda=3.6, and the relevant temperatures of the seawater and humid air at the outlet are 231 

Tsw,1=306.70K and Ta1=304.95K. Evidently, the temperature difference between the seawater and humid air 232 
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indicates the driving force during the mass transfer process in the humidification. A very limited temperature 233 

difference, between the values of Tsw,1 and Ta1, results in a humidity difference of Δω=0.11gkg-1 and a water 234 

production of mw=0.60kgh-1. 235 

At the aspect of the thermal efficiency during water production, GOR, the corresponding variation laws are 236 

also presented in Fig. 5(b). It is found that a maximum value, GOR=3.06, is found at the dehumidification balance 237 

conditions. It is illustrated that the input energy to the HDDS mainly contains the recovered energy from the 238 

exhaust gas, the power consumed by the seawater pump and blower. Taking the dehumidification balance 239 

conditions into consideration, the relevant values of the recovered energy and the power consumption are 240 

QWHRE=60.02kW, Wpu=0.62kW for the seawater pump and Wb=0.20kW for the blower, respectively. It can be 241 

concluded that the recovered energy has the dominant weight within the entire range of the mass flow rate ratio, 242 

although the variation laws of the energy consumption from three paths are different. In fact, the temperature of 243 

humid air at after humidification, Ta2, reaches the peak value, Ta2=322.77K, at the dehumidification balance 244 

conditions, and a corresponding bottom value for the recovered energy, QWHRE=60.02kW, is obtained. In 245 

combination with the trend of the water production, the best energy conversion situation is gained, with a peak 246 

value, GOR=3.06, for the definition of GOR. 247 

The thermodynamic results of the HDDS can be compared to those from the same system, using the general 248 

definition of effectiveness to describe the performance both for humidification and dehumidification [27]. It can be 249 

found that the actual top value of GOR arrived at GOR=3.04, when the effectiveness both for humidifier and 250 

dehumidifier were fixed at ε=0.9. It can be concluded that the peak energy conversion efficiencies of the air-heated 251 

HDDS are equivalent under the conditions with the current design conditions, ψh=10kJkg-1 and εd=0.9, and that 252 

from [27]. 253 

5.2 Cost of the air-heated HDDS at design conditions 254 
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According to the obtained thermal parameters from the performance simulation, the dimensions of HMT 255 

devices, including the humidifier, dehumidifier and WHRE, can be calculated, shown in Fig. 6(a). Corresponding to 256 

the best performance at the dehumidification balance conditions for the air-heated HDDS, a top heat transfer area of 257 

the dehumidifier, Ad=197.78m2, is attained, because the heat load of the dehumidifier is proportional to the water 258 

production. Moreover, a bottom heat transfer area for the WHRE, AWHRE=55.78m2, is also obtained mainly resulting 259 

from the change laws of the relevant heat load with the increasing mass flow rate ratio. With respect to the situation 260 

of the packings, a minimum volume as Vh=0.06m3 appears, because the superficial velocity through the packings 261 

reaches the peak value, which also indicates a peak power of the blower, Wb=1.8kW, shown in Fig. 5(b). As 262 

demonstrated previously, the performance of the air-heated HDDS will be affected seriously, when the mass flow 263 

rate ratio rises. For the component of the humidifier, to realize the fixed enthalpy difference as ψh=10kJkg-1, the 264 

dehumidifier with a larger volume must be applied to compensate the lower performance during the mass transfer 265 

process. For example, the packing volume arrives at Vh=9.89m3, while the relevant effectiveness, εh, is only εh=0.03 266 

according to Eq. (8). 267 

After the HMT areas are obtained, the relevant component cost, shown in Fig. 6(b), is also calculated in view 268 

of the properties of the involved materials in Table 2. Obviously, the change laws of the cost for the HMT devices 269 

are similar with those of the relevant areas in Fig. 6(a). A peak cost of the dehumidifier arises with Cd=104.30×103¥. 270 

Moreover, the cost of the power machinery, is also obtained according to the listed information of the pump and 271 

blower in Table 6. Three types of the pumps are selected in accordance with the power scale, while the only type of 272 

the blower is applied. Finally, total investment of the air-heated HDDS can be acquired, with the cost of all the 273 

contained devices accumulated, and the relevant value is Ct=112.55×103¥ at the dehumidification balance 274 

conditions. 275 

5.3 Effects from the effectiveness of the dehumidifier 276 
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In the air-heated HDDS, the water is produced during the condensation of the hot humid air in the 277 

dehumidifier, and the dehumidification characteristics are important for the performance of the entire system. As a 278 

result, different values with 0.8, 0.85 and 0.9, are prescribed to investigate the influence laws from the 279 

dehumidification effectiveness on the thermodynamic and economic performance of the HDDS, shown in Fig. 7. In 280 

response to the alternation of the dehumidification effectiveness, from εd=0.8 to εd=0.9, it can be found that the 281 

peak water production rises from mw=236.47kgh-1 to mw=362.22kgh-1, with an elevation magnitude of 53.18%, at 282 

the dehumidification balance conditions. In light of the relation between the water production and the thermal 283 

efficiency, the value of GOR increases from GOR=2.45 to GOR=3.94 spontaneously. 284 

It has been proved that the higher the values of the water production and GOR are, the more expensive the 285 

air-heated HDDS is. Taking the simulation results from the design conditions for instance, the highest values, 286 

mw=289.32kgh-1 for the water production, and Ct=112.55×103¥ for the total cost exist simultaneously, at the 287 

dehumidification balance conditions. In combination with the cost distribution of all the devices presented in Fig. 288 

7(b), it is calculated the top cost of the entire HDDS is increased sharply from Ct=52.46×103¥ at εd=0.8 to 289 

Ct=431.75×103¥ at εd=0.9. Consequently, an elevation amplitude, Δmw=125.75kgh-1, for the water production will 290 

contribute to a jump, ΔCt=379.29×103¥, for the total cost of the desalination system, which is mainly attributed to 291 

the increase of the area for the dehumidifier, from Ad=83.64m2 to Ad=803.42m2. 292 

Furthermore, in order to characterize the unit cost to achieve water production, UCWP is defined as the total 293 

cost divided by the water production. Regardless of the conditions with high mass flow rate ratio, which stands for 294 

very low humidification effectiveness, a top value of UCWP is also discovered at the dehumidification balance 295 

conditions, and it is raised from UCWP =0.22×103¥kg-1h at εd=0.8 to UCWP =1.19×103¥kg-1h at εd=0.9. 296 

5.4 Effect from the minimum enthalpy difference of the humidifier 297 

In addition of the dehumidifier, the humidifier with filled packings is also the core device, which produces the 298 
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hot humid air to be condensed during dehumidification. Thus, the relevant water producing capacity, which can be 299 

represented by the humidification effectiveness in some extent, is also important for the thermodynamic and 300 

economic performance of the entire HDDS. In this paper, the modified definition of effectiveness for the heat and 301 

mass exchangers [12] is applied, which can be calculated through the minimum enthalpy difference, ψh. 302 

Accordingly, three different enthalpy differences, with 5kJkg-1, 10kJkg-1 and 15kJkg-1, are appointed to study the 303 

influences from the humidification performance on the performance of the entire HDDS, exhibited in Fig. 8. 304 

The definition equation, Eq. (8), is used to calculate the humidification effectiveness. It is obvious that a lower 305 

enthalpy difference indicates a higher effectiveness, which also implies a more excellent HMT characteristics 306 

during the humidification process, shown in the T-h diagram of Fig. 2. It can be seen that the peak water production 307 

of the air-heated HDDS rises from mw=250.84kgh-1 to mw=324.46kgh-1 when the minimum enthalpy difference 308 

descends from ψh=15kJkg-1 to ψh=5kJkg-1. In reality, after the enthalpy difference alternation, the relevant top 309 

humidification effectiveness are εh=0.89 at ψh=15kJkg-1 and εh=0.97 at ψh=5kJkg-1, respectively. As a result, the 310 

humidity difference is enlarged effectively, which contributes to the improvement of the water producing capacity. 311 

For the aspect of the thermal efficiency, the top value of GOR is elevated with a magnitude of 35.09%, from 312 

GOR=2.61 to GOR=3.50. 313 

The improvements of the thermodynamic performance will result in the investment growth. In Fig. 8(b), it is 314 

observed that the investment growth are mainly attributed to the increase of the HMT areas. According to the 315 

simulation results, the relevant area cost is raised from 95.32×103¥ at ψh=15kJkg-1 to 122.75×103¥ at ψh=5kJkg-1. 316 

Thereinto, the cost elevation from the dehumidifier is the largest. As a result of the water production elevation in 317 

response to the enthalpy difference alternation, the heat load of the dehumidifier also increase significantly, and 318 

then the dehumidifier area grows from Ad=168.50m2 at ψh=15kJkg-1 to Ad=221.29m2 at ψh=5kJkg-1. In combination 319 

with the properties of the used material of titanium alloy, such cost elevation is prospective. After the accumulation 320 
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for all the component cost, the increase magnitude reaches 28.18%, from Ct=97.34×103¥ at ψh=15kJkg-1 to 321 

Ct=124.77×103¥ at ψh=5kJkg-1. Furthermore, due to the consistent trend of the water production and system cost, 322 

the final unit cost of water production almost keeps the same after the enthalpy difference variation. 323 

5.5 Effects from the top temperature of the humid air 324 

Besides the performance of the humidification and dehumidification, the air top temperature at the WHRE 325 

outlet is also a significant parameter for the desalination performance. Hence, three top temperatures, with 75K, 326 

80K and 85K, are appointed to investigate the corresponding impacts on the thermodynamic and economic 327 

performance of the entire HDDS, presented in Fig. 9. Different from the influence from the humidification and 328 

dehumidification characteristics, it can be seen a lower top temperature is beneficial for a higher water production, 329 

but the influence extent is very limited with a value of Δmw=6kgh-1 at the dehumidification balance conditions. As a 330 

matter of fact, the humidity difference will be raised with the increasing top temperature. For instance, the relevant 331 

values of the humidity difference are Δω=40.71gkg-1 and Δω=53.80gkg-1 at Ta3=348.15K and 358.15K, respectively. 332 

However, the variation law of the air mass flow rate is contrary to that of the absolute humidity reacting to the 333 

alternation of the top temperature. During the performance simulation, the terminal temperature difference (TTD) 334 

of the WHRE is fixed at TTDWHRE=20K. Hence, the heat load of the WHRE and air mass flow rate are reduced 335 

when the top temperature decreases. In combination with the influences from the air humidity difference and mass 336 

flow rate, the water production declination with the increasing top temperature is obtained. Furthermore, based on 337 

the effect from the heat load of the WHRE to determine the value of GOR, a corresponding elevation from 338 

GOR=2.97 at Ta3=348.15K to GOR=3.10 at Ta3=358.15K is acquired. 339 

At the aspect of the economic performance of the air-heated HDDS, reducing the top temperature will both 340 

raise the total cost as well as the UCWP mainly due to a larger heat transfer areas of the dehumidifier at low 341 

temperatures. It can be seen that the total cost and UCWP rise to Ct=122.17×103¥ and UCWP=0.42×103¥kg-1h, 342 
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when the top temperature arrives at Ta3=348.15K. 343 

5.6 Effects from the temperature of the waste heat source 344 

In the current HDDS, the waste heat is applied to heat the air after humidification. It is certain that the 345 

temperature of the waste heat source, Te,i, is important for the performance of the HDDS. As a result, the 346 

thermodynamic and economic performance of the air-heated HDDS at different temperatures of the waste heat are 347 

calculated and presented in Fig. 10. It is obvious that a higher temperature of the heat source is significant to raise 348 

the water production during dehumidification, from mw=243.44kgh-1 at Te,i=393.15K to mw=341.55kgh-1 at 349 

Te,i=413.15K. Such elevation of the water production is mainly attributed to the increase of the cycling air mass 350 

flow rate involved in the system. Actually, at the assumption for the top air temperature, Ta3=353.15K, and terminal 351 

temperature difference of the waste heat recovery exchanger, TTDWHRE=20K, the mass flow rate of the cycling air 352 

rises significantly, from mda=1.41kgs-1 at Te,i=393.15K to mda=1.98kgs-1 at Te,i=413.15K at the balance condition of 353 

the dehumidifier, while the relevant difference of the humidity ratio before and after dehumidification almost keeps 354 

the same under the same temperature variation of the waste heat source. Based on the expression of the water 355 

production, an peak elevation amplitude, 40.30%, for the water production is obtained. However, the energy input 356 

into the HDDS, mainly referring to the heat load of the WHRE, also increases following the temperature elevation 357 

of the waste heat source. Taking the balance condition of the dehumidifier for instance, the corresponding heat load 358 

of the WHRE ascends from QWHRE=49.91kW at Te,i=393.15K to QWHRE=70.03kW at Te,i=413.15K. Finally, the 359 

GOR is decreased slightly from GOR=3.10 to GOR=2.97. 360 

In response to the alternation of the thermodynamic performance, the variations of the economic aspect also 361 

appear. A higher temperature of the waste heat source means a larger areas of the heat exchangers, especially for the 362 

surface dehumidifier, which is raised from Ad=170.11m2 at Te,i=393.15K to Ad=238.31m2 at Te,i=413.15K at the 363 

balance condition of the dehumidifier. As a result, the relevant total investment rises from Ct=97.82×103¥ to 364 
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Ct=134.11×103¥. Similar with the trend of the GOR with the mass flow rate ratio, it is also obtained that the UCWP 365 

almost keeps the same due to the completely reverse variation tendency of the investment and water production.  366 

6. Conclusions 367 

In this paper, the air-heated HDDS, driven by waste heat, is focused. With the modified definition of 368 

effectiveness for the humidification and fixed effectiveness model for the dehumidifier, mathematical models to 369 

achieve the performance simulation of the air-heated HDDS are established. After the thermodynamic and 370 

economic analysis, the following conclusions are given out. 371 

1. At the design conditions, the top water production and GOR reach mw=289.32kgh-1 and 3.06 at the 372 

balance conditions of the dehumidifier, respectively. It is found that the total investment of the air-heated 373 

HDDS mainly comes from the cost of the dehumidifier area, and the dehumidifier cost arrives at 374 

104.30×103¥ while the total investment is 112.55×103¥. 375 

2. The thermodynamic and economic performance of the air-heated HDDS is contradictory. The elevation 376 

amplitude of the water production, 125.75kgh-1, will contribute to a jump of 379.29×103¥ for the total cost 377 

of the desalination system when the dehumidification effectiveness rises from 0.8 to 0.9. 378 

3. Reducing the minimum enthalpy difference indicates the elevation of the humidification effectiveness. 379 

The elevation both of the water production and total cost is obtained after the declination of the enthalpy 380 

difference. However, the final unit cost of water production almost keeps the same. 381 

4. Due to the reverse trend of the humidity difference and air mass flow rate from the variation of the top 382 

temperature, the relevant influence on the thermodynamic performance is very limited. Finally, the total 383 

cost and UCWP rise to Ct=122.17×103¥ and UCWP=0.42×103¥kg-1h, when the top temperature of the 384 

humid air is 348.15K. 385 

5. A higher temperature of the waste heat source indicates both higher water production and total investment 386 
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of the air-heated HDDS. The water production of 341.55kgh-1 and total investment of 134.11×103¥ are 387 

obtained when the temperature of the water heat arrives at 413.15K. However, the obvious alternation 388 

both for the GOR and UCWP are not followed. 389 
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[28]  Table 1 Specific dimensions of the plate heat exchangers 455 

 (mm) Sp (mm2) W(mm)  b (mm)  (°)  

1.5 40460 150 10.3 60 1.3 

Table 2 Properties of the involved materials and types of the involved devices 456 

HMTD Material Density (kgm3) Specific area (m2m-3) Height (m) Price 

Dehumidifier Titanium Alloy 4507 / / 260RMBkg-1 

WHRE Stainless Steel 7980 / / 28RMBkg-1 

Packing Polypropylene / 250 0.3 2,000RMBm-3 

Table 3 Comparison of the dehumidification parameters between the current system and that from Narayan et al. 457 

[26] 458 

Term εd msw/ mda  T0 (K) Ta3 (K) RH2 Ta1 (K) mw (kgh-1) Tsw,1 (K)  

Simulation 0.9 1.5 303.15 363.15 1 307.17 20.16 335.62 

Narayan et al. [26] 0.9 1.5 303.15 363.15 1 307.35 21.24 335.94 

error(%) - - -  - 0.06 5.1 0.1 

Table 4 Design thermal parameters of the air-heated HDDS 459 

S (g/kg) ψh (kJkg-1) εd RH1 RH2 T0 (K) Ta3 (K) TTDWHRE (K) 

35 10 0.85 1 1 303.15 353.15 20 

Table 5 Thermal parameters of the waste exhaust from a furnace 460 

Term Unit  Value 

Te,i K 403.15 

me kg/s 1 

   x   

CO2 % 41.2 

N2 % 58.8 

Table 6 Information of the seawater pump and blower 461 

Device Pump Blower 

Power scale (kW) Wpu<0.75 Wpu<1.5 Wpu<4.0 Wb<2.2 

Price (¥) 780 920 1480 1240 

462 
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Fig. 1 Schematic diagram of the air-heated HDDS 463 

Fig. 2 Heat and mass transfer processes within the air-heated HDDS 464 

Fig.3 Comparison of the temperature profile during the humidification between the current humidifier and 465 

that from Chehayeb et al. [12] 466 

Fig. 4 Strategy and procedures during simulating the thermodynamic and economic performance of the 467 

air-heated HDDS 468 

Fig. 5 Performance of the air-heated HDDS at the design conditions 469 
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Fig. 6 Heat and mass transfer areas and cost of the air-heated HDDS at the design conditions 472 

(a) Heat transfer areas and packing volume 473 

(b) Component cost 474 

Fig. 7 Thermodynamic performance and relevant cost of the air-heated HDDS at different effectiveness of 475 

the dehumidifier 476 
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(c) Total and UCWP 479 

Fig. 8 Thermodynamic performance and relevant cost of the air-heated HDDS at different minimum 480 

enthalpy difference of the humidifier  481 
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(b) Component cost 483 

(c) Total cost and UCWP 484 
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Fig. 9 Thermodynamic performance and relevant cost of the air-heated HDDS at different top temperatures 485 

of the humid air 486 

(a) mw and GOR487 

(b) Component cost488 

(c) Total cost and UCWP489 

Fig. 10 Thermodynamic performance and relevant cost of the air-heated HDDS at different temperatures of 490 

the waste heat source 491 

(a) mw and GOR492 

(b) Component cost493 

(c) Total cost and UCWP494 
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Fig. 8 Thermodynamic performance and relevant cost of the air-heated HDDS at different minimum enthalpy difference of the 527 

humidifier 528 
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(c) Total cost and UCWP 532 

Fig. 9 Thermodynamic performance and relevant cost of the air-heated HDDS at different top temperatures of the humid air533 
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Fig. 10 Thermodynamic performance and relevant cost of the air-heated HDDS at different temperatures of the waste heat source 538 
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