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 Humidification-dehumidification (HD) desalination has been identified 

as a sustainable, reliable, and energy-efficient technology for producing 

freshwater on a small scale. VP-HD systems operated at one-stage, 

multi-stage, and multi-feeding vacuum humidification-over atmospheric 

pressure dehumidification arrangements can be the recent modifications 

of an HD system. The present study offers a theoretical investigation and 

experimental verification of two VP-HD systems, encompassing both 

sub-atmospheric pressure humidification and over-atmospheric 

dehumidification. Two designs are evaluated, one comprising a three-

stage humidification setup and the other featuring a three-feeding one-

stage humidification system. The results show which design has better 

performance than previous conventional and variable pressure HD 

systems. The parametric analysis reveals that an upsurge in freshwater 

generation is observed with an increase in air temperature, feed salinity, 

and a decrease in humidifier pressure. Additionally, an optimal water-

to-air ratio is identified. The study further highlights that multi-stage 

humidification yields better results in producing freshwater and 

consuming specific power. Three-stage humidification is found to be the 

most efficient in terms of producing freshwater production and specific 

power consumption, achieving the highest values of 1.93 L h-1 m-2 and 

0.21 kWh L-1, respectively. The agreement between theoretical and 

experimental outcomes is deemed satisfactory. 
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1. Introduction 

The availability of freshwater on a global scale 

is limited, and due to the increasing demand for 

freshwater, natural resources are unable to meet 

the needs of societies[1]. To address the issue of 

water scarcity, desalination of brackish or sea 

waters has emerged as a potential solution [2]. 

Humidification-dehumidification (HD) 

desalination has been identified as a sustainable, 

reliable, and energy-efficient technology for 

producing freshwater on a small scale. In order 

to make this process cost-effective and scalable 

to an industrial level, various advancements in 

the system have been proposed, with a particular 

emphasis on improving energy efficiency, 

compactness, and freshwater productivity [3]. 

These advancements include the integration of 

other desalination plants into an HD desalination 

system [4], the use of effective carrier gases 

other than air, proper water sprayers [5] and air 

distributors [6], the incorporation of effective 

packings in packed bed humidifiers [7], the 

application of bubble column humidifiers and 

dehumidifiers [8], multi-staging [9], HD 

coupling to a heat pump [10], variable pressure 

HD systems [11], and exergy analysis [12]. 

The humidification-compression (HC) process, 

employed over-atmospheric pressure 

dehumidification, was a highly advantageous 

method for HD, as it facilitated heat recovery 

from the compressor, thereby enabling heating 

of the feed seawater, and augmenting the air dew 

point through pressure enhancement. This 

feature made energy recovery much simpler as 

compared to the HD system. The gained output 

ratio (GOR) was found to be enhanced to a 

remarkable 89% by adopting a triple-stage HC 

setup with heat recovery [13]. Modeling of the 

VP-HD process revealed that by a humidifier 

effectiveness of 0.8 under a humidification 

pressure of 50 kPa, a maximum GOR of 3.8 was 

obtained. The GOR was further increased to 8.2 

by elevating the effectiveness up to 0.9. This 

indicated the sensitivity of GOR to the 

effectiveness of the humidifier. Furthermore, an 

increase in the pressure ratio of the dehumidifier 

to the humidifier resulted in the increased exergy 

destruction, while the highest temperature 

exhibited no significant effect on the 

irreversibility, as highlighted in [11]. Two 

distinct processes utilized in VP-HD systems, 

namely vacuum humidification/over-

atmospheric dehumidification (Process I) and 

vacuum humidification/atmospheric 

dehumidification (Process II), underwent 

comparison with respect to freshwater 

productivity and GOR [14]. In both systems, the 

reduction of pressure from 90 kPa to 10 kPa 

resulted in an increase in freshwater productivity 

by approximately 50%. While the optimum 

GOR for Process (II) exceeded that of Process 

(I), the freshwater productivity was lower due to 

the benefits of utilizing over-atmospheric 

dehumidification and sub-atmospheric 

humidification. For Processes I and II, the total 

cost of the production of freshwater was US $ 

0.034 L-1 and US $ 0.041 L-1 respectively. 

Through the implementation of the response 

surface methodology, a solar HD desalination 

unit with vacuum humidification-

dehumidification (VHDH) was optimized. 

Moreover, the reduction of the pressure of the 

humidifier amplified the effects of other 

effective parameters considering freshwater 

productivity [15]. A freshwater productivity of 

1.07 L h-1 m-2 and a maximum GOR of 3.43 were 

achieved through experimental study.  

 The thermodynamic balancing of the 

dehumidifier or the humidifier by mass 

extraction and injection reduces the energy 
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consumption via the HD system and minimizes 

entropy generation [16]. The 26% and 32% 

improvements in freshwater productivity for an 

HD system with brine recirculation in the cases 

of without and with the extraction of humid air 

from the humidifier proved the effectiveness of 

the extraction-injection strategy as compared to 

a conventional HD system [17]. A 2.1-fold 

increase in freshwater productivity was resulted 

from a single-stage HD system which benefited 

from the injection/extraction approach. The 

extraction and injection rates ranging from 50 to 

74% and from 7 to 46% were the optimum 

values [18]. 

The review of literatures reveals a dearth of 

research on VP-HD systems that employ multi-

stage and multi-injection processes. These 

processes are enhanced by the combined 

application of vacuum humidification and over-

atmospheric pressure dehumidification, as well 

as multi-feeding conditions. In this study, a 

design comprising a three-stage humidification 

setup and another featuring a three-feeding one-

stage humidification apparatus were simulated 

via Aspen HYSYS (Version 10) and verified 

using available experimental data. A parametric 

study was conducted to investigate the impact of 

various effective parameters on the  performance 

of the system with respect to freshwater 

productivity and energy efficiency. 

 

2. Description of the process  

2.2 One-stage VP-HD desalination plant with 

three feeding arrangements (Design I) 

The dry air that has been heated in a solar air 

heater was directed to the bottom of the 

humidifier (Stream 14). The humidification of 

air (Stream 3) was achieved through the 

counterflow of saline water (Stream 1), which 

was heated utilizing  heat exchange with the air 

exited from the compressor (Stream 8). The 

concentrated saline water produced in the 

humidification process left the humidifier 

(Stream 4). The water heated by the compressor 

was directed to three points of the humidifier 

(Streams 2-1, 2-2, and 2-3). The pressure within 

the humidifier was lessened by a liquid ring 

vacuum pump. The moisture content of the 

humidified air was then condensed by means of 

water that circulates via the vacuum pump 

(Streams 5 and 6), and the desalinated water was 

separated in the first separator (Stream 15). To 

ensure complete condensation of the water 

vapor, the air (Stream 8) was directed to the heat 

exchanger. The total amount of water was the 

summation of the vapor condensed by the 

circulating water within the vacuum pump 

(Stream 15) and by the heat exchanger (Stream 

12). Three feeding points were incorporated 

within the humidifier to provide hot water to 

most parts of the humidifier. The compressor, 

with its dual purpose of the water heating and 

over-atmospheric pressure dehumidification, 

was expected to yield a higher level of 

freshwater productivity. Similarly, the double 

functionality of the vacuum humidification and 

vapor condensation of vacuum pump was 

anticipated to increase freshwater productivity. 

A visual representation of this process can be 

found in Fig. 1.  
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Figure 1. Flow sheet of one-stage vacuum humidification-over-atmospheric pressure dehumidification 

desalination system with three feedings (Design I). 

 

2.2 Three-stage VP-HD desalination plant 

(Design II) 

In the present study, a three-stage VP-HD 

system was implemented. The initial humidifier 

generated moist air (Stream 3 a), which 

subsequently passed through to the lower part of 

the second humidifier. The humidified air 

produced in the second humidifier (Stream 3 b) 

then flowed into the third humidifier. This three-

stage humidification process would ensure 

increased contact between hot water and air, 

intending to achieve air saturation upon air 

exiting from the final humidifier. The flow 

diagram of the process is illustrated in Fig. 2. 
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Figure 2. Flow sheet of the three-stage vacuum humidification-over-atmospheric pressure dehumidification desalination system (Design II). 
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Fig. 3 shows the experimental setups used for 

obtaining the required data for the validation 

of the simulated process. 

 

 
Design (I) 

 

Design (II) 

Figure 3. Experimental setup of one-stage 

(Design I) and three-stage (Design II) VP-HD 

systems. 

 

3. Materials and methods 

In this study, the Aspen HYSYS software was 

employed, and the findings were compared 

with experimental data. The software was 

chosen owing to the availability of different 

models for computing the equations of state 

(EOS), its all-encompassing database on 

chemical and electrolytic properties, and its 

broad applicability in processes encompassing 

disintegrated particles and salts. The first step 

in the simulation was selecting the materials 

that participate in the process. The principal 

composition in the current process comprised 

water and salt. The concentrations of the salt in 

the present simulation were taken to be 1.5 and 

3.5 wt%. In the second stage of the simulation, 

it was imperative to pick the EOS and 

calculation method based on the process. In 

line with the quantity of the salt in the 

incoming feed water, ENRTL-RK EOS was 

utilized, which was suitable for the dissolution 

equations of salts in water and electrolytes. In 

this particular equation, the various states of 

molecular interactions, including those of 

molecule-molecule, electrolyte-molecule, and 

electrolyte-electrolyte interactions, were 

suitably considered. Upon entering the 

simulation environment, the input flows and 

equipment used were meticulously arranged 

via the Flowsheet page menus. Subsequently, 

the input feed flow was defined and the process 

data of this flow, along with the necessary 

physical conditions required to obtain the 

thermodynamic conditions of the flow, were 

defined. In line with the assumptions of the 

pressure test, the temperature, amount of feed 

flow, and percentage composition were all 

defined. Given the low fluid flowrate, the 

pressure drop in the heat exchanger was 

disregarded. Lastly, the number of trays of the 

humidifier, which indicates the number of 

thermodynamic stages of separation, was 

determined. 

Considering the general dimensions of the 

device, it would suffice to use a tower having 

a minimum of one balancing stage. To 

simulate the water vapor condensation 

condition in the humidified air, and to generate 

a vacuum, an ejector was employed at the top 

of the humidifier, depending on the 

experimental parameters. The trays were 

employed to define the state of equilibrium. 

After obtaining the requisite information and 

calculating the physical and thermodynamic 
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conditions of the final product, as well as 

solving the EOSs, the simulator was run at 

every stage. The humidifier was simulated 

using the rate base method. Utilizing this 

method, it was decided that the variance 

between the humidity ratio of the air exiting 

the humidifier at various operational pressures 

and the corresponding experimental data was 

negligible. The error margin in the results of 

the production of freshwater was at its 

minimum as well. The initial information 

required for running the proposed systems via 

Aspen HYSYS is summarized in Table 1.  

               

Table 1 

Initial information required for running the proposed systems via Aspen HYSYS 

Component, Stream Range (unit) 

Inlet air temperature to air heater 26-35 (°C) 

Inlet water temperature to heat exchanger and ejector 26-35 (°C) 

Atmospheric pressure 83 kPa 

Dehumidifier-to-humidifier pressure ratio 3 

Polytropic efficiency of the compressor 70 

Type of compressor Reciprocating 

Heat leak/loss in heat exchanger None 

Specified pressure-drop in tube side 0 (bar) 

Brine temperature 40-59 (°C) 

Stage efficiency in 6-stage humidifier 0.4 

Maximum number of iterations 10000 

 

The present study utilized the one-at-a-time 

approach to analyze the effects of the main 

parameters that influence the freshwater 

productivity. This method involved modifying 

one variable while keeping the remaining 

factors constant. For example, the experiment 

examined the impact of the pressure inside the 

humidifier on the quantity of the produced 

water, while other parameters such as the 

temperature of the air entering the tower, the 

pressure ratio of the condenser, the salinity of 

the feed water, and the water-to-air mass 

flowrate ratio were held at fixed values. Table 

2 presents the effective parameters and their 

respective ranges. Notably, the main 

parameters in an HD system are the air and 

water temperatures, feedwater salinity, air and 

water flowrates, and humidifier pressure. In 

this study, the capacity of the vacuum pump 

limits the air flowrate to 10 kg h-1. Moreover, 

as the proposed designs benefit from over-

atmospheric pressure dehumidification, no 

water heater is required, hence this parameter 

is also neglected. 

It is worth noting that the compression ratio of 

the compressor was not varied since the 

amount of the generated freshwater remained 

relatively stable despite changes in this 

variable. However, it is important to consider 

that lowering the compression ratio can reduce 

the temperature of the water entering the 

humidifier while increasing the ratio can raise 

the compressor's work. In light of these 

outcomes, the experiment was conducted to 

select the optimal compression ratio. 

 

 

Table 2  

Effective variables of productivity and their 

domain. 

Variable Range (unit) 

Air temperature 30-70 (°C) 

Water mass flowrate 10-30 (L.h-1) 

Feed water salinity 1.5% and 3.5% 
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Humidifier pressure 0.53-0.73 (kPa) 

 

The performance of the proposed VP-HD 

system can be evaluated using specific power 

consumption (SPC) using Eq. (1).  

𝑆𝑃𝐶 =
𝑊̇𝑖

𝑚̇𝑓𝑤
 

(1) 

where 𝑊̇𝑖 and 𝑚̇𝑓𝑤 donate the required 

electrical energy (kW) and the freshwater 

productivity 

(kg h-1). 

 

3. Results and discussion 

3.1 Validation of results 

The results derived from the simulator were 

subjected to validation through comparison 

with the experimental results. The precision of 

the outcomes acquired from the absolute 

relative error formula (Eq. 2) was determined 

based on the freshwater productivity obtained 

from both the experimental and simulation 

procedures. 

 

  𝜀(%) =
100

N
∑

|𝑤𝑒𝑥𝑝(𝑖)−𝑤𝑠𝑖𝑚(𝑖)|

𝑤𝑒𝑥𝑝(𝑖)

𝑛
𝑖=1  

(2) 

The experimental system is presented in Table 

3. Absolute errors of 4.4% and 3.5% confirm 

the accuracy of the simulation assumptions and 

procedure. 

 

Table 3 

Comparison of simulation and experimental results vs. freshwater productivity. 

Humidifier 

pressure 

(kPa) 

Freshwater productivity (mL h-1 m-2): 

Design (I) 

Freshwater productivity (mL h-1 m-2): 

Design (II) 

Simulatio

n 

Experime

nt 
Error (%) 

Simulatio

n 

Experime

nt 
Error (%) 

73 785 750 4.67 1420 1370 3.65 

53 870 840 3.57 1630 1580 3.16 

33 1050 1000 5 1930 1860 3.76 

 

3.2 Variationn in the pressure of the 

humidifier  

In the investigation, it was examined the 

impact of altering the pressure of humidifiers, 

specifically from 33 kPa to 73 kPa, on 

freshwater productivity. Notably, the air 

pressure in the city of Isfahan stands at 83 kPa, 

and the range of 33 kPa to 73 kPa denotes the 

sub-atmospheric pressure humidification. The 

graphical representation in Fig. 4 demonstrates 

the effect of the pressure variation on 

freshwater productivity. In Designs (I) and (II), 

freshwater productivity increased by 

approximately 33% and 36% respectively, due 

to the pressure decreasing from 73 kPa to 33 

kPa. Reducing the pressure of humidifiers 

resulted in a greater disparity between the 

enthalpies at the inlet and outlet of the 

humidifier, compared to the enthalpy 

difference at the saturation state. This, in turn, 

amplified the driving force of evaporation, 

leading to the improved performance of the 

system. 
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Figure 4. TEffect of the humidifier pressure on freshwater productivity: Simulation and Experimental 

results (Air temperature: 75 °C, Salinity: 3.5 g/g, Water-to-air mass flowrate ratio: 2). 

 

 

The reduction of the humidifier pressure 

resulted in an increase in the consumption of 

electrical energy, which led to a rise in SPC. 

The work of the compressor was kept 

practically unchanged as the compression ratio 

and air flowrate were held constant. Following 

the data presented in Fig. 5, a relationship 

between the humidifier pressure and SPC can 

be observed. As demonstrated by Design (II), 

freshwater productivity is higher than that of 

Design (I), contributing to a lower SPC. This 

indicates that a higher freshwater productivity, 

while maintaining the consumption of 

electrical energy constant (i.e. work of 

compressor), results in a superior SPC. The 

minimum values of SPC (0.21 and 0.39 kWh. 

Kg-1 for designs II and I respectively), which 

reflect the energy efficiency of the process, 

were achieved at a humidifier pressure of 33 

kPa, given its high freshwater productivity. 

 
Figure 5. Impact of the humidifier pressure on 

SPC (Air temperature: 75 °C, Salinity: 3.5 g/g, 

Water-to-air mass flowrate ratio: 2). 

 

3.3 Variation in the inlet air temperature in 

the humidifier 

Fig. 6 illustrates the implications of 

fluctuations in the air temperature on the 

productivity of freshwater. The intensity of 

solar radiation directly influenced the 
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inflowing air temperature within the 

humidifier, leading to alterations of 30 to 70 °C 

in the temperature. Consequently, the amounts 

of productivity were enhanced by 

approximately 12% and 13% for Designs (I) 

and (II) respectively. Upon reference to the 

psychrometric chart, it is evident that an 

increase in the inlet air temperature leads to 

augmenting the air enthalpy and evaporation 

rate (humidification) through the humidifier. 

 

 
Figure 6. Effect of the air temperature on 

freshwater productivity (Humidifier pressure: 33 

kPa, Salinity: 3.5 g/g, Water-to-air mass flowrate 

ratio: 2). 

3.4 Variation in water salinity 

The performance of the proposed systems is 

evaluated in light of an increase in salinity, as 

depicted in Fig. 7. Despite variations in the 

salinity of the intake water, the freshwater 

productivity of both three-stage and single-

stage systems was not significantly influenced. 

However, decreases of approximately 3.7% 

and 4% in the productivity of designs (I) and 

(II) were observed respectively, consequent to 

an increase in the salinity from 1.5% to 3.5%. 

This outcome aligns with the conclusions 

derived from our previous research [15]. It is 

anticipated that a decline in salinity will further 

enhance the performance of the system. 

 

 
Figure 7. Effect of the feed water salinity on 

freshwater productivity (Humidifier pressure: 33 

kPa, Air temperature: 75 °C, Water-to-air mass 

flowrate ratio: 2). 

 

3.5 Variation in water flowrate  

The constancy of the air flowrate was 

attributed to the fixed capacity of the vacuum 

pump employed. Consequently, the water 

flowrate must be modified. The saturation of 

the air could be achieved by increasing the 

water flowrate, provided that there was no 

decrease in the water temperature. However, 

this was not feasible in any of the proposed 

procedures due to the constant value of the 

work of the compressor. Therefore, the water 

flowrate must be limited to an optimal value, 

which ensures the effective retention time and 

proper wettability of the packings within the 

humidifier. The heat generated by the 

compressor elevated the temperature of the 

water entering the humidifier. By maintaining 

a constant value of the work of the compressor 

and increasing the water flowrate, the 

temperature of the water decreased. This, in 

turn, led to a significant reduction in 

freshwater productivity. On the other hand, a 

lower water flowrate increased the retention 

time between the water and air, thus increasing 
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the specific humidity. However, a further 

reduction in the water flowrate weakened the 

wettability of the packings, leading to 

decreases in the heat and mass transfer 

between the water and air. Fig. 8 illustrates the 

impact of the water flowrate on the freshwater 

productivity of the proposed systems. By 

reducing the water mass flowrate from 20 L h-

1 to 10 L h-1, the freshwater productivity 

decreased by 15% and 17% for designs (I) and 

(II) respectively. Similarly, a variation from 20 

L h-1 to 30 L h-1 in the water mass flowrate 

resulted in 40% and 43% decreases in 

productivity for designs (I) and (II) 

respectively. However, this value of the water 

flowrate ensured more heat absorption in the 

humidifier, leading to a boost to the  freshwater 

productivity. 

 

 
Figure 8. Effect of water flowrate on freshwater 

productivity (Humidifier pressure: 33 kPa, Air 

temperature: 75 °C, Salinity: 3.5 g/g). 

 

The parametric study revealed that both 

Designs (I) and (II) produced the best results 

considering freshwater productivity and 

consumption of electrical energy at a 

humidifier pressure of 33 kPa, an air 

temperature of 70 °C, and a water-to-air mass 

flowrate ratio of 2. 

 

5. Conclusion 

Two VP-HD desalination methods were 

developed and evaluated theoretically. The 

first design (I) includes a single humidifier 

with a three-feeding scheme, while the second 

design (II) has three humidifiers with a one-

feeding scheme. Both designs operated under 

vacuum humidification/over-atmospheric 

dehumidification. These approaches were 

compared in terms of freshwater productivity 

and SPC under similar operating conditions 

such as the humidifier pressure, water 

flowrate, salinity, and air temperature. The 

results indicated that Design (II) improves 

freshwater productivity and SPC by 

approximately 50% compared to Design (I) 

due to benefitting from multi-stage 

humidification. The maximum freshwater 

productivities of 1.93 and 1.05 

L h-1 m-2 and minimum SPC values of 0.21 and 

0.39 kWh L-1 were obtained for Designs II and 

I respectively. Furthermore, the proposed 

designs demonstrated that salinity and water 

flowrate are the least and most influential 

parameters respectively. It is recommended to 

integrate two proposed designs in one 

arrangement and benefit from vacuum multi-

stage and multi-feeing humidification/over-

atmospheric dehumidification. This integrated 

design will provide a thermodynamically 

balanced HD system to improve the energy 

efficiency of the overall system and produce 

higher freshwater than a simple vacuum multi-

stage humidification-atmospheric 

dehumidification system.  
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