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H I G H L I G H T S  

• Low-grade waste heat is utilized to convert seawater into freshwater through HDH. 
• The system is optimized for process conditions in conjunction with different packed humidifiers. 
• Seawater is directly used as a coolant (25 ◦C) without precooling. 
• The humidifier's surface area had a direct influence on freshwater productivity. 
• The generated freshwater satisfies WHO and EPA drinking water standards.  
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A B S T R A C T   

A humidification–dehumidification desalination system powered by low-grade waste heat energy (45 ◦C–70 ◦C) 
was experimentally investigated. The seawater directly utilized as coolant (25 ◦C) for the dehumidifier was 
preheated by latent heat recovery from the water vapor produced by the humidifier. The effect of key 
performance-contributing factors such as the mass flow rate and temperature of the air and feed at the inlets of 
the humidifier and dehumidifier were evaluated and optimized. For a constant volume, the effect of the hu
midifier's surface area was evaluated comparatively considering different novel packing materials such as tri- 
pack rings, pall rings (diameter = 16 mm and 25 mm), saddle rings, and snowflake rings. It was determined 
that compared to other factors, air-related and water-related parameters influenced the humidifier and dehu
midifier performance respectively. Maximum freshwater productivity of 1398 mL/h was achieved with 16 mm 
pall ring humidifier, owing to its improved wet area (188,000 m2/m3) under optimal conditions of air flow rate, 
feed flow rate, humidifier air inlet temperature, humidifier, and dehumidifier water inlet temperatures of 3.5 kg/ 
min, 0.9 L/min, 70 ◦C, 55 ◦C, and 25 ◦C, respectively, with a dual-fluid preheating mechanism. Detailed chemical 
analysis revealed that the generated freshwater is potable.   

1. Introduction 

Water is a basic need for living beings to survive. However, fresh
water resources are depleting rapidly owing to massive urbanization, 
climate change, and population growth [1]. In 2017, approximately 2.1 

billion individuals worldwide did not have access to freshwater. This 
number is estimated to increase to approximately 7 billion by 2050 [2]. 
This scenario has resulted in an urgent need to identify alternate sources 
for satisfying the global water-related demands. Desalination is regarded 
as one of the most cost-effective technologies for satisfying freshwater 
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requirements worldwide [3]. In general, desalination can be categorized 
into membrane-based (reverse osmosis (RO), electrodialysis, forward 
osmosis, and ion exchange process) and thermal energy-based (multi- 
effect desalination, multi-stage flashing (MSF), vapor compression, and 
humidification–dehumidification (HDH)) technologies. Among these, 
RO and MSF are predominantly adopted for centralized freshwater 
production [4,5]. However, both these are highly energy-intensive 
(electricity or thermal) because these require specialized pressure and 
temperature conditions in conjunction with complex systems [6]. Most 
of the established RO and MSF desalination plants are fossil fuel- 
powered, which further increases the pressure on the requirement and 
utilization of fossil fuel for desalination [5]. It is noteworthy that 10,000 
tons of oil are utilized annually for freshwater production of 1000 m3/ 
day [7]. In addition, brine production and disposal is a significant 
impediment that the aforementioned technologies have to address. 
Therefore, intensive efforts have been undertaken in the field of HDH 
desalination technology over the past decade to develop cost-effective 
and sustainable solutions [8,9]. Of all the desalination techniques, 
HDH has been established to be suitable for decentralized freshwater 
production owing to its advantages such as low operating pressure 
(~1.013 bar) and temperature (~80 ◦C), construction using local 
inexpensive materials, and convenient operation and maintenance 
[10,11]. Considering the elevated global electrical energy demand and 
economy, significant research works have been undertaken recently on 
the integration of HDH desalination systems with solar and waste heat 
energy to make the entire process economically viable and environ
mentally friendly [12,13]. 

Solar energy-powered HDH desalination systems are equipped with 
specialized solar collectors for preheating the water or/and air that plays 
a significant role in the heat and mass exchange mechanisms during the 
HDH process [14]. However, the adoption of specialized solar collector 
contributes to a significant increase in the capital cost of the overall 
system, thereby causing a substantial increase in the cost of freshwater 
production [15]. In the case of the waste heat energy-powered HDH 
process, a hybrid system utilizes the waste heat of an operational pre- 
existing unit [16]. The waste heat rejected in the form of hot dry air is 
either employed to indirectly preheat the air/water [17] or directly 
adopted as process air [18]. It has been determined that the extraction of 
waste heat reduces its environmental impact and significantly contrib
utes to the improvement of the pre-existing unit's performance owing to 
effective heat rejection [19]. Unlike centralized desalination systems 
that utilize thermal power plant's medium (100 ◦C–400 ◦C) and high (>
400 ◦C) temperature waste heat [20,21], decentralized freshwater pro
duction adopts low-grade waste heat (< 100 ◦C) recovered from heat, 
ventilation, and air conditioning (HVAC) units [22] and solar photo
voltaic (PV) [23] panels. It is noteworthy that low-grade waste heat- 
powered HDH desalination systems have been gaining momentum 
only during the recent past owing to the high demand worldwide for 
both electricity and water. A few theoretical/mathematical studies have 
been conducted on HDH desalination systems powered by HVAC 
[22,24–27] and PV panel [28,29] waste heat. However, the results 
would differ significantly during actual operation owing to the thermal 
loss and transient behavior. A limited number of experimental research 
works on low-grade waste heat-powered HDH desalination systems have 
also been reported. These are discussed below. 

Xu et al. [30] carried out an experimental optimization study on a 
hybrid heat pump–HDH desalination system assisted by a solar collector. 
The effects of the water and air flow rates, their mixing ratio, and the 
thermodynamic behavior on the system performance were evaluated by 
adopting honeycomb cellulose packing material. A maximum fresh
water productivity of approximately 12.38 kg/kWh was achieved by the 
hybrid system. The authors concluded that the HDH effect across the 
humidifier and dehumidifier units can be maximized at a certain opti
mum mass flow rates of water and air. These were determined to be 
approximately 0.3 m3/h and 450 m3/h, respectively, for the above- 
mentioned system. Xu et al. [31] further extended the 

experimentation by incorporating polyhedron plastic ball humidifiers 
along with residual heat recovery. A similar optimization study indi
cated that the mass flow rate of preheated seawater across the humidi
fier had a greater influence on the gained output ratio (GOR) compared 
with that on freshwater productivity. Furthermore, the performance of 
the cellulose humidifier in terms of humidification efficiency was 
27.76% higher than that of the polyhedron plastic ball owing to the 
former's improved wet surface area. Shafii et al. [32] attempted a novel 
investigation on a hybrid HDH system that directly utilized the 
condenser reject air of a heat pump as process air for the HDH unit. A 
cellulose pad was adopted as the humidifier material. An optimization 
study involving evaluation of the effects of water mass flow rate, air 
volume flow rate, and ambient air temperature on the system perfor
mance was conducted. The results indicated that a maximum freshwater 
productivity of 2.79 kg/h was achieved with an increase in the relative 
humidity and air volume flow rate across the dehumidifier section. The 
system's GOR was identified to decrease with an increase in the ambient 
air temperature. Similarly, Santosh et al. [33] attempted a simulation 
and experimental investigation on a novel hybrid HDH–AC system 
wherein the rejected air of a domestic AC unit's condenser was directly 
utilized as process air for the HDH system. A season-based analysis 
indicated that the freshwater productivity and GOR of the hybrid 
HDH–AC system increased with an increase in the air temperature across 
the humidifier inlet. This contributed to higher humidification effi
ciency. The study was extended further to optimize and evaluate the 
effects of air temperature, humidity ratio, water flow rate, and coolant 
flow rate while utilizing cellulose and polyvinyl chloride (PVC) hu
midifier materials [34]. The results indicated that improved freshwater 
productivity of 7.1 kg/h was achieved for optimum water flow rates of 
0.5 m3/h and 0.9 m3/h across the humidifier and dehumidifier units, 
respectively. 

Considering the HDH system powered by a PV panel waste heat, 
Wang et al. [35] carried out theoretical and experimental studies on the 
utilization of PV panel Tedlar surface waste heat for producing fresh
water by the HDH technique. An optimization study to evaluate the 
effect of water temperature on the evaporation and condensation mass 
flow rates was conducted with PVC packed bed humidifier. The authors 
reported that these two parameters improved with an increase in the 
water evaporative temperature and a decrease in the coolant tempera
ture, respectively. A maximum freshwater productivity of 0.873 kg/m2/ 
day was achieved by the above system. Similarly, Gabrielli et al. [23] 
carried out an optimal design analysis of a hybrid HDH–PV thermal 
(PVT) module with the optimization of the temperature and the mass 
flow rates of water and air across the various sections of the system. The 
results indicated that an increase in water mass flow rate across the PVT 
module caused an increase in the heat extraction rate. This subsequently 
increased the water preheated temperature and freshwater productivity 
(0.21 kg/h.m2) of the HDH system. 

Thus, from the present perspective, it is evident that the research 
involving experimental evaluation of the performance of a hybrid HDH 
desalination system powered by low-grade waste heat (< 100 ◦C) is 
limited. Furthermore, most studies adopted a single humidifier material 
and performed limited analysis on the influence of process parameters. 
However, the structure/characteristics of the humidifier material and 
optimized conditions have a predominant influence on the HDH system 
performance [36–38]. It is noteworthy that in addition to the utilization 
of individual feed channels across the humidifier and dehumidifier, the 
analyses were limited to the optimization of the feed/air flow rates. 
Additionally, all the reported works employed coolant (seawater/ 
refrigerant) at temperatures of ≤18 ◦C across the dehumidifier that aids 
in freshwater production during dehumidification, at the cost of the 
coolant temperature. However, achieving this coolant temperature 
range is a difficult task in remote areas across the globe that lack access 
to proper electricity and is dependent on decentralized desalination 
technology for satisfying the potable water requirements. It is worth 
mentioning that two-thirds of the global rural population that lack 
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access to drinking water also lack access to electricity [39]. Therefore, 
the present work focuses on the direct utilization of seawater (25 ◦C) as 
coolant across the dehumidifier without any precooling mechanism, 
along with the process of coolant initially being preheated by the latent 
heat recovery from the humidified air through interconnected feed flow 
across the humidifier and dehumidifier units. Further, in addition to the 
optimization of air/feed flow rates, the system's maximum productivity 
is evaluated considering the temperature of air/feed across the humid
ifier unit. To evaluate the effect of the physical characteristics of the 
humidifier, comparative investigation considering different humidifier 
packing materials such as tri-pack ring (TPR), small pall ring (SPR; 
diameter = 16 mm), large pall ring (LPR; diameter = 25 mm), super 
intalox saddle ring (ISR), and snowflake ring (SFR) is carried out for the 
optimized conditions. Thus, the major objectives of the present work 
include the following: (i) to evaluate the effect of direct utilization of 
seawater across the dehumidifier of low-grade waste heat powered HDH 
desalination system, (ii) optimize the operating conditions for maxi
mizing the humidification and dehumidification effectiveness in 
conjunction with different packed humidifiers, and (iii) analyze the 
quality of freshwater produced for the potable purpose. 

2. System description 

The schematic layout and a photographic image of the low-grade 
waste heat-powered HDH desalination system are depicted in Fig. 1 
and Fig. 2, respectively. The major components of the HDH experi
mental set-up include a humidifier unit (L × W × H = 13 × 13 × 33 cm) 
loaded with the packing material, finned tube heat exchange (FTHE) 

dehumidifier unit (L × W × H = 13 × 13 × 33 cm), air blower (B1) for 
air circulation, water pump (P1) for feed circulation, and waste heat 
energy simulator-cum-regulator (heat exchanger-based electric heating 
unit). The overall HDH system performance was evaluated compara
tively by adopting different humidifier packing materials, including tri- 
pack, pall rings (diameter = 16 mm and 25 mm), saddle ring, and 
snowflake. The unit was loaded with a random packing material that 
aids in an effective humidification process owing to the improved wet 
surface area interaction. Plastic PVC-based packing material was 
considered due to its cost-effectiveness and non-corrosive characteristics 
during its interaction with seawater. It is noteworthy that approximately 
96% of cooling tower applications adopt PVC plastic owing to their 
material-based advantages such as homogeneous thickness, high struc
tural/thermal stability, reliable chemical resistance, and improved 
lifetime. A comparative analysis was performed with random packing's 
of TPR, SPR (diameter = 16 mm), LPR (diameter = 25 mm), ISR, and 
SFR humidifiers in the humidifier unit as shown in Fig. 3. These packing 
materials have been adopted extensively in gas-liquid interaction sys
tems owing to their effectiveness in the efficient heat and mass transfer 
(HMT) process [40]. The significant structural parameters of these ma
terials are listed in Table 1. The packing materials aid in the effective 
interaction of hot dry air with uniformly sprayed seawater across the 
humidifier chamber with the aid of a water distribution channel (Fig. 2). 
The feed utilized in the present investigation was seawater collected 
from the East Sea coast in the Republic of Korea. The humidifier and 
dehumidifier units were fabricated with identical dimensions to maxi
mize the HDH effect through efficient surface area interaction between 
feed and air across both the units. The dehumidifier FTHE consisted of 

Fig. 1. Schematic diagram of low-grade waste heat-powered HDH desalination system.  

R. Santosh et al.                                                                                                                                                                                                                                 



Desalination 526 (2022) 115516

4

Fig. 2. Photographic view of the experimental set-up.  

Fig. 3. Humidifier unit loaded with random packing of (a) tri-pack rings, (b) small pall rings, (c) large pall rings, (d) super intalox saddle rings, and (e) snow
flake rings. 
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transverse fins made of aluminum mounted over the copper tubes for an 
effective dehumidification process. The freshwater productivity was 
monitored constantly using a weighing machine at the bottom of the 
dehumidifier unit. In addition, the entire system was insulated to pre
vent convective and radiative heat losses to the atmosphere. 

3. Experimentation 

The experimentation focused on the utilization of low-grade waste 
heat energy acquired from the HVAC systems and PV panels (tempera
ture of <100 ◦C) for preheating the air and feed across the HDH system. 
Therefore, considering the set-up's constituent material (polycarbonate 
plastic) and operational constraints of the instrumentation, preheating 
temperatures in the ranges 50–70 ◦C and 45–55 ◦C were considered for 
air and feed, respectively. Furthermore, owing to the high thermal ef
ficiency of a closed-air circulation compared to open-air circulation 
[14,41], the former mechanism was considered in the present work with 
the utilization of an airflow channel arrangement as shown in Fig. 2. The 
experimentation focused on the initial optimization of the feed mass 
flow rate (ṁw) considering an initial air preheating temperature (Ta) of 
60 ◦C at the humidifier inlet. This was followed by optimization of the 
air mass flow rate (ṁa). Furthermore, based on the optimized mass flow 
rates of feed and air, the performance of the HDH system was evaluated 
with only the low-grade waste heat-powered air preheating process (Ta 
= 50–70 ◦C). Finally, for the optimized mass flow rates (of feed and air) 
and air preheating temperature, the system was evaluated with an 
additional feed preheating process (Tw = 45–55 ◦C). Thus, the set-up 
functioned as a dual-fluid preheated HDH system. In addition, to eval
uate the effect of preheating on the performance of the developed HDH 
unit, a comparative evaluation based on the optimized conditions was 
performed with only-air preheating and the dual-fluid preheating pro
cess, to identify the preheating technique that contributed better toward 
productivity maximization. Thus, the entire study focused on the opti
mization of process parameters, humidifier materials, and preheating 
techniques with the utilization of low-grade waste heat to maximize the 
HDH efficiency for the conversion of seawater to freshwater. 

The experimental procedure involved initial preheating of the air to 
the desired temperature to achieve the low-grade waste heat condition. 
The hot dry air was allowed to flow through the humidifier unit. Upon 
interaction, the hot dry air was humidified, which caused a decrease in its 
temperature and an increase in its relative humidity (RH), and further the 
hot humidified air reached the FTHE dehumidifier unit. It is noteworthy 
that seawater at 25 ◦C was directly utilized as the coolant across the 
dehumidifier unit considering its instantaneous usage for the dehumidi
fication process without any auxiliary cooling mechanism even during 
summer [42]. The interaction between the coolant and humidified hot air 
at the dehumidifier unit resulted in the production of freshwater owing to 
the condensation or latent heat extraction from the humidified air. The 
dehumidified air at the exit of the dehumidifier unit was re-circulated for 
the subsequent cycle of operation. Thus, the airflow was a closed cycle 
process. The brine and freshwater were collected at the bottom of the 
humidifier and dehumidifier units, respectively. Thus, the present system 
operated through a closed-air open-water cycle mechanism. However, it is 
also to be noted that the feed passes through the dehumidifier tubes 
during its flow from the seawater tank toward the humidifier unit. This 

aids in the dual process of the extraction of the latent heat of condensation 
on the surface of the tubes and the simultaneous preheating of the feed 
flowing inside the tubes. All the experiments were carried out after the 
system attained a steady-state condition. 

4. Measurement and instrumentation 

The various temperatures and RH parameters of air were measured 
across different locations of the HDH set-up during the experiment 
(Fig. 1). The temperature of the hot dry air across the blower's entry and 
exit (S9 and S1, respectively) and humidifier's entry (S2), humidified air 
across the humidifier unit (S3–S6) and dehumidifier's entry (S7), and 
dehumidified air at the dehumidifier's exit (S8) were measured using 
temperature probe sensors of accuracy ±0.1%. Similar sensors were 
adopted for measuring the feed temperature inside the tube of the 
dehumidifier unit and brine (S10–S13). The RH of the process air at the 
entries and exits of the humidifier (R1 and R2, respectively) and dehu
midifier (R3 and R4) units were measured with the aid of an HX92B 
Omega RH transmitter (accuracy = ±2.5%). Furthermore, the KIMO 
CTV110 air velocity transmitter (V1; accuracy = ±3%) was utilized to 
measure the air velocity. The freshwater productivity of the system was 
monitored constantly using an electronic weighing balance (Type: 
CUW6200HX; accuracy = ±1%). All these sensors and instruments were 
calibrated prior to usage and connected to a customized data acquisition 
system for constant monitoring and recording of the data at regular in
tervals of 2 s. The air and feed flow across the HDH system were circulated 
using a frequency-regulated air blower (164 W) and micro water pump 
(maximum revolution speed = 5500 rpm), respectively. Furthermore, the 
feed flow rate was monitored constantly using a rotameter (T1 in Fig. 1). 

To evaluate the desalination effectiveness, water quality analysis was 
carried out for both seawater and the freshwater produced by the pre
sent HDH system. The physical properties including pH, salinity, total 
dissolved solids (TDS), and electrical conductivity (EC) were analyzed in 
detail. Furthermore, the chemical quality analysis involved the mea
surement of the major constitutional ions including Na+, Mg2+, Ca2+, 
K+, and Sr+ as well as other minor cations and anions. The analysis was 
performed immediately after the production of freshwater to prevent 
contamination, which can contribute to flawed results. 

5. Performance evaluation factors 

The various factors that aid in the performance analysis of the 
developed low-grade waste heat-powered HDH desalination system are 
discussed in this section. 

5.1. Waste-heat recovery potential factor 

The capability of the HDH system to utilize the low-grade waste heat 
energy to efficiently convert seawater into freshwater (expressed as the 
system's waste-heat recovery potential) can be evaluated in terms of the 
gained output ratio (GOR): 

WPF (or) GOR =
Yγ
Qin

(1)  

where Y, γ, and Qin represent the yield, latent heat of condensation, and 

Table 1 
significant structural detail of humidifier packing materials.  

Humidifier material Ring diameter 
(mm) 

Height 
(mm) 

Thickness 
(mm) 

Specific surface area (m2/ 
m3) 

Void fraction 
(%) 

Packing factor 
(m− 1) 

Number of packing units inside 
humidifier 

Tri-pack ring (TPR) 25 25 1 190 92 – 480 
Small pall ring (SPR) 16 16 1.1 188 91 249 1000 
Large pall ring (LPR) 25 25 1.2 175 90 239 280 
Super intalox saddle ring 

(ISR) 
50 25 1.5 168 68 184 250 

Snowflake ring (SFR) 94 34 1.5 138 97 – 25  
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low-grade waste heat input to the HDH system. 

5.2. Humidifier performance potential factor 

Based on the characteristics of the air across the humidifier unit when 
the different humidifier packing materials are used, the humidifier ma
terial's thermal performance potential could be evaluated in terms of the 
humidification performance potential factor (HPF). The HPFs of the 
different humidifier packing materials can be determined as follows [43]: 

HPFi =
ṁa

(
ωa,humid out − ωa,humid in

)
L

Qin
(2)  

where i represent TPR, SPR, LPR, ISR, and SFR, respectively. Further
more, ṁa is the mass flow rate of air across the HDH system; ωa,humid out 
and ωa,humid in are the humidity ratios of the air medium across the exit 
and entry, respectively, of the packed bed humidifier unit; and L rep
resents the latent heat of feed. 

The heat energy input to the humidifier unit, Qin, can be determined 
as 

Qin = ṁa
(
ha,preheat out − ha,preheat in

)
+ ṁwCpw

(
Tw ,preheat out − Tw ,preheat in

)
(3)  

where ṁw and Cpw indicate the mass flow rate and specific heat, 
respectively, of the feed across the HDH unit. ha,preheat out and ha,preheat in 
represent the enthalpy of air after and before the preheating process, 
respectively. Similarly, Tw,preheat out and Tw,preheat in are the temperatures 
of the feed after and before the preheating process, respectively. In the 
present study, Tw,preheat out = Tw,humid in. Here, Tw,humid in represents the 
temperature of the feed across the humidifier inlet, and 

ṁwCpw

(
Tw ,preheat out − Tw ,preheat in

)
is equal to zero in the case with only 

the air preheating process. 

5.3. Humidification effectiveness factor 

The effectiveness of the humidification process with the adoption of 
the different humidifier materials could be evaluated in terms of the 
humidification effectiveness factor. It accounts for the humidity ratio of 
the air across the humidifier unit. Thus, the humidification effectiveness 
factor (ε) is calculated by [12]. 

εi =
ωa,humid out − ωa,humid in

ωa,humid out,s − ωa,humid in
(4)  

where ε represent the humidification effectiveness across the humidifier 
unit of the present HDH system when TPR, SPR, LPR, ISR, and SFR, 
respectively, are applied. Furthermore, ωa,humid out,s is the humidity ratio 
when the humidified air at the exit of the humidifier unit is saturated. 

5.4. Heat capacity ratio factor 

Humidification involves HMT mechanisms. Thereby, the humidity 
ratio of air varies with the variation in the humidifier packing material. 
The humidity ratio across the humidifier unit plays a major role in the 
enthalpy of the humidified air, which is expressed in terms of the heat 
capacity ratio factor (HCF): 

HCFi =
ΔḢfeed,max

ΔḢair,max
(5)  

where ΔḢfeed,max and ΔḢair,max are the maximum differences in the total 
enthalpy rate of the cold feed side and hot airside, respectively [34]: 

ΔḢfeed,max = ṁwCpw
(
Ta ,humid in − Tw,humid in

)
(6)  

ΔḢair,max = ṁaCpa
(
Ta ,humid in − Tw,humid in

)
(7)  

where Cpa and Ta,humid in indicate the specific heat of the air and its 
temperature across the humidifier inlet, respectively. 

6. Uncertainty and error analysis 

Error and uncertainty analyses were carried out to evaluate the 
instrumentation errors, errors in the measured parameter, and experi
mental uncertainty. The maximum possible error in the instruments 
utilized and the recorded parameters were calculated as the root sum 
square of the fixed instrumental error and measured random error as 
listed in Table 2 [44]. Furthermore, the uncertainty in the experimen
tally measured individual parameters and its resultant data was evalu
ated by the Kline and McClintock uncertainty technique [45]: 

R = R (P1,P2,P3,P4,P5…,Pn) (8) 

where R is the resultant defined as a function of n independent pa
rameters (P1, P2, P3, P4, P5…, Pn). 

Thus, the percentage of uncertainty in the resultant is denoted as UR. 
It can be determined using the uncertainties in the individual parame
ters (ΔP1, ΔP2, ΔP3…, ΔPn) by 

UR =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∂R
∂P1

ΔP1

)
2 +

(
∂R
∂P2

ΔP2

)
2 +

(
∂R
∂P3

ΔP3

)
2 + ..……+

(
∂R
∂Pn

ΔPn

)
2

√

(9) 

For example, the uncertainty in the humidification performance 
potential factor (Eq. 2, where ṁa and L are constants) is accounted for 
based on the uncertainties in the independently varying parameters that 
include ωa,humid out, ωa,humid in, and Qin. Thus, HPF is a function of the 
above three parameters as follows: 

HPF = f
(
ωa,humid out,ωa,humid in,Qin

)
(10) 

Therefore, the percentage of uncertainty in the HPF (UHPF) is deter
mined as   

Table 2 
Details of instruments, including error and standard uncertainty.  

Instruments utilized Parameters 
measured 

Instrumental 
range 

Accuracy Standard 
uncertainty 

Temperature probe 
sensor 

Temperature − 200–850 ◦C ±0.1% 0.1 ◦C 

HX92B Omega RH 
transmitter 

Relative 
humidity 

0–100% ±2.5% 0.1% 

KIMO CTV110 air 
velocity transmitter 

Air Velocity 0–30 m/s ±3% 0.01 m/s 

LF 101 rotameter Mass flow of 
feed 

0–2 L/min ±2% 0.1 L/min 

Electronic weighing 
balance 

Yield quantity 0–6200 g ±0.01% 0.01 g  

UHPF =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∂R

∂ωa,humid out
Δωa,humid out

)
2 +

(
∂R

∂ωa,humid in
Δωa,humid in

)
2 +

(
∂R

∂Qin
ΔQin

)
2

√

(11)   
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Similarly, the experimental uncertainties for all the major parame
ters were calculated and are listed in Table 3. 

7. Results and discussion 

A series of experiments were carried out to 1) evaluate the potential 
of low-grade waste heat energy for the conversion of seawater into 
freshwater through the HDH technique with the direct utilization of 
coolant (seawater at 25 ◦C) and 2) optimize the process parameters with 
identification of the humidifier packing material for maximum fresh
water productivity. An initial analysis of the HDH system was performed 
to achieve the above objectives. It involved the usage of TPR packed 
humidifier for optimizing the system's water mass flow rate (0.3 to 1.1 
L/min), considering air preheated temperature and mass flow rate of 
60 ◦C and 2 kg/min across the humidifier inlet, respectively. The per
formance analysis was extended further to evaluate the effect of air mass 
flow rate in the range from 1 kg/min to 3.5 kg/min, for the optimized 
water mass flow rate. Then, for the optimum flow conditions of water 
and air that would contribute to the maximum mixing ratio across the 
humidifier unit, the effect of low-grade waste heat-powered air and 
water preheating temperatures of 50–70 ◦C and 45–55 ◦C, respectively, 
were analyzed to identify the optimum working temperature of the 
process fluids for maximizing the HDH efficiency. Subsequently, for the 
optimized flow and operating temperature conditions across the devel
oped system, a comparative performance analysis was performed with 
SPR, LPR, ISR, and SFR to identify the humidifier material that would 
yield the maximum freshwater productivity. Therefore, this section in
volves a detailed discussion on the optimization of the feed and air flow 
rates, their operating temperature, and the effect of various humidifier 
packing materials on the performance of the low-grade waste heat- 
powered HDH system. It is worth mentioning that prior to the experi
mentation with preheating of air; a preliminary feasibility analysis 
without preheating was carried out. However, zero Y was achieved 
because air at lower temperatures holds lesser water vapor leading to 
inefficient humidification [46]. Subsequently, during dehumidification, 
utilization of seawater at 25 ◦C which was much higher than the dew 
point temperature of the humidifier air without preheating (~ 13 to 
15 ◦C) contributed to inefficient latent heat recovery leading to zero Y. 

7.1. Performance based on feed mass flow rate, ṁw 

The characteristic variation in the temperature and RH across the 
humidifier and dehumidifier units of the developed HDH system and its 
effect on the humidity ratio variations and freshwater yield is shown in 
Fig. 4. As mentioned earlier, the waste heat preheating temperature of 
the air was initially maintained at 60 ◦C with a mass flow rate of 2 kg/ 
min. The mass flow rate of the feed, ṁw, was varied between 0.3 and 1.1 
L/min to identify the optimum ṁw that contributes to the maximum heat 
and mass transfer across both humidifier (loaded with TRP packed hu
midifier) and dehumidifier units and thereby, maximizing the yield. 
Fig. 4(a) shows that the temperature reduction (ΔTa,humid) and RH 
increment (ΔRHa,humid) of the air across the humidifier unit increased 
with an increase in the ṁw across the HDH system. The minimum ΔTa, 

humid and ΔRHa,humid of approximately 18.37 ◦C and 51.69%, respec
tively, were observed across the humidifier unit for the minimum ṁw 
(0.3 L/min). Similarly, the maximum ΔTa,humid and ΔRHa,humid of 

28.07 ◦C and 74.55% were observed for the maximum ṁw (1.1 L/min). 
The above variation in the temperature and RH of the air contributed to 
the minimum and maximum increase in the humidity ratio across the 
humidifier unit (Δωa,humid) of approximately 3.1 and 5.9 g/kg, for ṁw of 
0.3 and 1.1 L/min, respectively (Fig. 4(a)). It can be observed that the 
ΔTa,humid, ΔRHa,humid, and Δωa,humid across the humidifier unit increased 
with an increase in the ṁw across the HDH unit. The maximum differ
ence between the temperature reduction and RH increase in the case of 
ṁw with 1.1 L/min could be attributed to the higher moisture gain or 
evaporation of water when the hot dry air interacted with the feed. It is 
noteworthy that there exists an optimum mixing ratio between air and 
water across the humidifier unit for maximum HMT to occur. This op
timum mixing ratio contributes to the maximum decrease in tempera
ture of the humidified air (Ta,humid out) as well as the maximum increase 
in its RH (RHa,humid out). These collectively result in a higher ωa,humid out 
across the humidifier exit. A similar trend was observed by Xu et al. 
when a cellulose-packed humidifier was used [30]. It is also to be noted 
that this phenomenon is system-specific and also depends on other pa
rameters such as the type of humidifier material adopted and charac
teristics of the air and water across the humidifier unit [31,34]. 

The variation in hourly freshwater yield (Y) with an increase in ṁw 
and the corresponding characteristics of the air and feed across the 
dehumidifier unit are shown in Fig. 4(b). Seawater at a temperature of 
25 ◦C was utilized directly as a coolant across the dehumidifier unit for 
the dehumidification process without precooling mechanism. It can be 
observed that with an increase in ṁw from 0.3 to 0.9 L/min, the 

Table 3 
Experimental uncertainties of various key parameters.  

Humidifier packing UHPF UGOR Uε 

Tri-pack ring ±2.07% ±1.23% ±2.11% 
Small pall ring ±2.09% ±1.25% ±2.13% 
Large pall ring ±2.08% ±1.24% ±2.14% 
Super intalox saddle ring ±2.05% ±1.22% ±2.12% 
Snowflake ring ±2.05% ±1.20% ±2.12%  

Fig. 4. Characteristic variation across (a) humidifier and (b) dehumidifier units 
with variation in ṁw (for ṁw= 0.9 L/min and ṁa= 3.5 kg/min). 
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temperature reduction of air (ΔTa,dehumid) and temperature increase of 
water (ΔTw,dehumid) across the dehumidifier unit showed increasing and 
decreasing trends, respectively. The minimum decrease in air tempera
ture (5.74 ◦C) in conjunction with the maximum increase in feed tem
perature (12.21 ◦C) across the dehumidifier unit was identified for the 
lower ṁw of 0.3 L/min. Similarly, the maximum decrease in air tem
perature and minimum increase in feed temperature of approximately 
7.41 and 6.25 ◦C were observed when ṁw was maintained at 0.9 L/min. 
However, the hourly Y displayed an increasing trend. It attained a 
minimum of 291 mL/h and a maximum of 456 mL/h for ṁw of 0.3 and 
0.9 L/min, respectively. This is because the increase in the temperature 
of the coolant (seawater) during its interaction with the humidified air 
reduced with an increase in the ṁw across the dehumidifier inlet (Fig. 4 
(b)). This sustained a lower temperature across the tube surface of the 
FTHE unit. Subsequently, the humidified air in contact with the surface 
of the tubes experienced an enhanced temperature decrease, which 
contributed to improving the condensation process and Y. The temper
ature of the process air also decreased owing to the higher rate of 
condensation. Thereby, ΔTa,dehumid was higher for the higher ṁw of 0.9 
L/min. However, in addition to the comparatively lower inlet humidi
fied air temperature across dehumidifier inlet, the time of contact be
tween the humidified air and coolant reduced with an increase in ṁw 
beyond 0.9 L/min to 1.1 L/min. This collectively contributed to the 
condition wherein the air did not achieve the saturation point required 
for an effective condensation process. The ineffective or partial 
condensation contributed to a lower ΔTw,dehumid, and lower ΔTa,dehumid 
along with a comparatively lesser Y of 384 mL/h. Thus, a higher Y could 
be achieved when the ṁw across the HDH system was maintained at 0.9 
L/min. It is noteworthy that although effective humidification was 
achieved with a ṁw of 1.1 L/min, the effect of contact time reduction and 
comparatively lower humidified air temperature contributed to a lesser 
Y during dehumidification. This provides insight that there exists indi
vidual optimum ṁw across the humidifier and dehumidifier units to 
achieve effective humidification and dehumidification processes, 
respectively. This can be considered as a limitation in the case of low- 
grade waste heat-powered HDH systems with interconnected feed flow 
across the dehumidifier and humidifier units. 

7.2. Performance based on variation in air mass flow rate, ṁa 

The characteristic variations in the key parameters across the hu
midifier and dehumidifier units with an increase in the air mass flow rate 
(ṁa) across the HDH system for the optimum ṁw of 0.9 L/min are shown 
in Fig. 5. It can be observed that the temperature of the humidified air 
(Ta,humid out) increased with an increase in ṁa from 1.5 to 3.5 kg/min. As 
the temperature and RH are inversely dependent parameters, the RH of 
the humidified air (RHa,humid out) was observed to exhibit a decreasing 
trend with an increase in ṁa. However, the maximum increase in Δωa, 

humid of approximately 7.8 g/kg was observed when ṁa was 3.5 kg/min. 
Δωa,humid also displayed an increasing trend with an increase in ṁa (see 
Fig. 5(a)). This subsequently resulted in the production of a higher Y of 
approximately 737 mL/h during dehumidification (Fig. 5(b)). As 
evident from Fig. 5(b), both the operating fluids displayed an increasing 
trend (indicating an efficient temperature reduction of air and a tem
perature increase in the water) with an increase in ṁa from 1.5 to 3.5 kg/ 
min. This signifies the potential of ṁa to contribute to the efficiency of 
the dehumidification process. The heat transfer rate across the tubes of 
the dehumidifier unit increased with an increase in ṁa from 1.5 to 3.5 
kg/min. This contributed to a higher ΔTw,dehumid. The minimum and 
maximum increases in water temperature (ΔTw,dehumid) across the 
dehumidifier unit were approximately 5.1 and 11.9 ◦C for ṁa of 1.5 and 
3.5 kg/min, respectively. This preheated feed when subsequently 
sprayed across the humidifier unit increased the humidity ratio of the 
hot dry air and, thereby, contributed to a higher Δωa,humid for a higher 
ṁa. This substantiated the results obtained in Fig. 5(a). Thus, ṁa was 
observed to predominantly influence the dehumidification rate across 

Fig. 5. Characteristic variation across (a) humidifier and (b) dehumidifier units 
with variation in ṁa (for ṁw= 0.9 L/min). 

Fig. 6. Photograph of humidified air condensation across the surface of the 
humidifier exit with ṁa of 1 kg/min. 
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the FTHE and subsequently, the temperatures of the air and water me
diums across the HDH system. It was also observed during the experi
ment that for a least ṁa of 1 kg/min, though effective humidification of 
air occurred across the humidifier (see Fig. 6); its magnitude was 
insufficient for efficient interaction with the coolant across the dehu
midifier. Therefore, zero Y was achieved from the present low-grade 
waste heat-powered HDH system with a ṁa of 1 kg/min. 

7.3. Influence of air temperature across humidifier inlet, Ta,humid in 

Considering the feasibility and operation of the developed HDH 
system within the temperature range of the low-grade waste heat en
ergy, the system's performance was evaluated for a temperature of 
50–70 ◦C with the optimum ṁw and ṁa of 0.9 L/min and 3.5 kg/min, 
respectively. The variation in the key parameters across the humidifier 
and dehumidifier units during the experiment is depicted in Fig. 7. The 
rate of temperature reduction and RH increase in air across the hu
midifier unit increased with an increase in Ta,humid in. This contributed to 
the increasing trend of ΔTa,humid and ΔRHa,humid, respectively. The 
minimum temperature reduction (13.9 ◦C) and RH increase (53.73%) 
occurred when the system operated with a Ta,humid in of 50 ◦C. Mean
while, the maximum temperature reduction and RH increase of 25.45 ◦C 
and 66.14%, respectively, occurred for a Ta,humid in of 70 ◦C. This can be 
attributed to the better evaporation of the water particles on interaction 

with the higher-temperature air medium (70 ◦C), which subsequently 
resulted in an improved HMT mechanism and thereby, contributed to a 
higher RH of the humidified air. Consequently, the higher RH contrib
uted to the maximum temperature reduction across the humidifier exit. 
Thus, an improved Δωa,humid of 12.4 g/kg was achieved for a Ta,humid in of 
70 ◦C. For the dehumidifier, increasing trends were observed for ΔTa, 

dehumid and ΔTw,dehumid with maximum increases in temperature of 
approximately 8.6 ◦C and 15.6 ◦C for the operation of the HDH system 
with a Ta,humid in of 70 ◦C. Furthermore, because Y is based on the 
characteristics of ωa,humid out across the humidifier unit, lower and higher 
Y of 527 mL/h and 929 mL/h, respectively, were achieved when the 
HDH system operated with a Ta,humid in of 50 and 70 ◦C, respectively. It is 
also noteworthy that because the HDH system in the present work in
volves a closed air-circulation technique, a comparatively higher Ta,humid 

in contributed to a higher Ta,humid out. Subsequently, during its interaction 
over the surface of the FTHE, higher heat transfer occurs, which results 
in the higher exit temperature of the feed water across the dehumidifier 
outlet (Tw,dehumid out). Consequently, an enhanced rate of evaporation is 
achieved compared with a lower Ta,humid in when this water is sprayed 
across the humidifier unit. This contributes to an improved humidifi
cation effect and subsequently, higher Y during dehumidification 
(evident from Fig. 7(a) and (b)). Therefore, a Ta,humid in of 70 ◦C was 
identified to be the optimum value for the present HDH set-up. 

7.4. Effect of feed temperature across humidifier inlet, Tw,humid in 

From the above results, it is apparent that the temperature of the feed 
across the humidifier inlet (Tw,humid in) plays a significant role in the 
humidification efficiency and consequently, in the determination of the 
Y of the entire system. Considering this, the experiment was extended 
further to evaluate the performance of the developed HDH system with 
variation in Tw,humid in. In addition to the utilization of the low-grade 
waste heat energy for preheating the air, the case of feed preheating 
was considered. It can contribute to a higher rate of humidification and 
improve the overall system efficiency because air and feed water are 
preheated simultaneously for the HDH process [14]. Taking into account 
the configuration of the developed HDH system and operational limi
tations experienced during the usage of auxiliary measuring devices, a 
feed preheating temperature across the humidifier inlet in the range of 
45 to 55 ◦C was considered for evaluation. Fig. 8 shows the character
istics of air and feed water across the humidifier and dehumidifier units 
with an increase in Tw,humid in. The Ta,humid out and RHa,humid out displayed 
increasing trends with the increase in Tw,humid in (Fig. 8(a)). Although the 
optimum Ta,humid in of 70 ◦C was maintained for all the cases, the increase 
in Tw,humid in from 45 to 55 ◦C contributed to an increase in the Ta,humid out 
across the humidifier exit during the interaction between air and the 
higher-temperature feed. Furthermore, the higher heat capacity of the 
feed water with an increase in its temperature (Tw,humid in) resulted in a 
higher humidification rate, which, in turn, yielded a higher RHa,humid out. 
This subsequently contributed to ωa,humid out of 60.7, 70.1, and 80.4 g/kg 
for Tw,humid in of 45, 50, and 55 ◦C, respectively. Similarly, an increasing 
trend was identified for Δωa,humid of 9.1, 11.3, and 14.2 g/kg with an 
increase in Tw,humid in (Fig. 8(a)). This indicates the improved humidifi
cation efficiency achieved with an increase in the feed preheating 
temperature. Subsequently, during dehumidification, Y of 1064, 1208, 
and 1385 mL/h were obtained for the dual-fluid heated cases with Tw, 

humid in of 45, 50, and 55 ◦C, respectively (Fig. 8(b)). Thus, a maximum Y 
of approximately 1385 mL/h could be achieved using the developed 
low-grade waste heat-powered HDH system with the TRP-packed hu
midifier for the optimized Ta,humid in and Tw,humid in of 70 ◦C and 55 ◦C, 
respectively. Furthermore, a comparison between Fig. 7(b) and 8(b) 
reveals that the ΔTa,dehumid and ΔTw,dehumid across the dehumidifier with 
the optimum dual-fluid preheated HDH process were higher than those 
for all the cases using only-air preheated technique. This is an advan
tageous feature that contributes to a reduction in the energy required for 
the feed preheating process. 

Fig. 7. Characteristic variation across (a) humidifier and (b) dehumidifier units 
with variation in Ta,humid in. 
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7.5. Effect of humidifier packing material 

The performance of the low-grade waste heat-powered HDH desali
nation system with different humidifier packing materials (TPR, SPR, 
LPR, ISR, and SFR) was evaluated for the optimized conditions of ṁw, 
ṁa, Ta,humid in, and Tw,humid in of 0.9 L/min, 3.5 kg/min, 70 ◦C, and 55 ◦C, 
respectively, across the humidifier and dehumidifier units. The effect of 
the surface area of humidifier packing on the humidification efficiency 
and overall performance of the system was evaluated. The total surface 
areas of the TPR, SPR, LPR, ISR, and SFR packing materials in the hu
midifier unit were 91,200, 188,000, 49,000, 42,000, and 3450 m2/m3, 
respectively. Fig. 9 reveals that the SPR-packed humidifier out
performed the other humidifier packing material across both humidifier 
and dehumidifier units. The maximum reduction in the temperature of 
air across the humidifier unit (ΔTa,humid) with the usage of the SPR hu
midifier was approximately 21.1 ◦C. Moreover, the maximum RH value 
(RHa,humid out) was 97.7%. This indicates the capability of the SPR 
packing material for an effective humidification process compared with 
the other humidifiers. The improved humidification efficiency can be 
attributed to its larger surface area, which facilitates the achievement of 
an augmented wet surface when feed water flows over it. Thus, an 
improved evaporation rate of feed water is achieved when the hot dry air 
and water are in contact with each other on the wet surface area during 

humidification. This results in the maximum temperature reduction and 
RH increase of the humidified air medium across the humidifier exit. 
The mechanism holds true for all the humidifier packing materials 
considered. Hence, an improved humidification rate (higher RHa,humid out 
with higher ΔTa,humid) is achieved with a packing material having a 
larger surface area (Fig. 9(a)). Meanwhile, the RHa,humid out for TPR, LPR, 
ISR, and SFR (which have comparatively smaller surface areas) were 
determined to be approximately 3.6%, 5.5%, 8.4%, and 21.8%, 
respectively, less than that for SPR. This indicates that the humidifica
tion rate is directly proportional to the surface area of the humidifier 
material. Consequently, during dehumidification, the maximum Y ach
ieved with the use of the SPR-packed humidifier was approximately 
1398 mL/h because it exhibited the maximum humidification rate. 
Meanwhile, the maximum Y achieved with TPR, LPR, ISR, and SFR was 
observed to be 1385, 1372, 1367, and 1343 mL/h. An analogous trend 
was observed for ΔTa,dehumid and ΔTw,dehumid (Fig. 9(b)) with the 
maximum air temperature reduction and water temperature increase of 
approximately 11.3 and 22.19 ◦C, respectively, for the HDH process 
with the SPR humidifier. Thus, the SPR was observed to be the most 
effective humidifier material to produce freshwater through the HDH 
process powered by low-grade waste heat energy. 

Fig. 8. Characteristic variation across (a) humidifier and (b) dehumidifier units 
with variation in Tw,humid in(for ṁw= 0.9 L/min, ṁa= 3.5 kg/min, and Ta,humid in 
= 70 ◦C). 

Fig. 9. Characteristic variation across (a) humidifier and (b) dehumidifier units 
with variation in packed humidifier materials (for ṁw= 0.9 L/min, ṁa= 3.5 kg/ 
min, Ta,humid in = 70 ◦C and Tw,humid in = 55 ◦C). 
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7.6. Characteristics of various humidifier performance evaluation factors 

For the optimum conditions across the humidifier and dehumidifier 
units, the various performance evaluation factors of humidifier packing 
material were compared as shown in Fig. 10. The maximum GOR, HPF, 
ε, and HCF of 0.97, 3.06, 0.81, and 2.76, respectively, were obtained for 
the HDH process with the adoption of the SPR humidifier packing ma
terial. Similarly, the minimum GOR, HPF, ε, and HCF of approximately 
0.51, 1.67, 0.41, and 1.43, respectively, were achieved with the usage of 
the SFR humidifier material. The higher performance in the case of SPR 
could be attributed to the improved ΔTa,humid, ΔRHa,humid, Δωa,humid, and 
ΔḢair,max achieved with its usage during the humidification process as 
observed in the previous sections. The variation in the above properties 
has a synergic effect on the humidification and dehumidification per
formance of the HDH system. Thus, the various humidifier performance 
evaluation factors for different humidifier materials (Fig. 10) display a 
trend similar to that of the above properties (Fig. 9(a)). This is because 
these factors depend predominantly on the properties achieved across 
the HDH system. Thus, comparatively improved waste heat recovery 
potential and humidification effectiveness were achieved with the 
adoption of the SPR humidifier material. The variation in the humidifier 
performance factors with different humidifier materials considered in 
the present work (for the optimized conditions) as well as other key 
parameters are summarized and compared in Table 4. 

7.7. Comparison with previous literature 

Performance comparison of the present HDH system with the pre
existing systems is carried out in Table 5. It is noteworthy that an in
dividual system's performance cannot be accounted only in terms of Y, 
as all the systems function with diverse operating conditions and heat 
energy input. Therefore, GOR is used as a baseline that represents the 
heat recovery potential of the individual systems. The GOR of the 

present system was identified to be higher than the systems that 
employed solar collectors for preheating [46–50], indicating the effec
tiveness of low-grade waste heat energy for preheating the fluids in HDH 
desalination systems. The higher GOR of the present system compared to 
Ref. [33] can be attributed to the dual-fluid preheating process in the 
case of the former that resulted in higher heat capacity compared to the 
latter. However, the GOR of the present system was lower than the HDH 
system in Ref. [30] that adopts the process of feed preheating using both 
heat pump waste heat and an additional solar collector. Therefore in 
addition to the higher heat energy input that contributes to better per
formance, its higher yield can be attributed to the lower coolant inlet 
temperature across the dehumidifier unit (18.39 ◦C) that can contribute 
to additional energy requirement for precooling. Nevertheless, the pre
sent system's performance can be further enhanced with optimized 
design modifications of the dehumidifier unit and thermally localized 
dehumidification process [51]. 

7.8. Physical and chemical water quality analysis 

As the present study involved the direct utilization of seawater, its 
potable quality was evaluated in detail by physical and chemical anal
ysis. The water quality tests were performed at Korea Research Institute 
of Ships & Ocean Engineering and Korea Polymer Testing & Research 
Institute. The various results obtained from the above analysis are 
summarized in Table 6. Detailed evaluation was carried out both for 
seawater (before the HDH process) and freshwater (after the HDH pro
cess). Furthermore, its quality was compared with the WHO and EPA 
drinking water standards. The physical water quality analysis revealed a 
significant reduction in the pH, TDS, and EC. The pH of seawater 
reduced from 8 to 6 (a reduction rate of 25%). Similarly, TDS and EC 
reduced significantly (from 9030 to 7.05 mg/L and 18,120 to 14.15 μs/ 
cm, respectively). This indicated the potential of the low-grade waste 
heat-powered HDH desalination system for reducing the concentrations 
of salt and dissolved solids in seawater. Furthermore, an analysis of the 
primary ions including Na+, Ca2+, Mg2+, and K+ indicated that their 

Fig. 10. Characteristics of various performance evaluation factors of humidi
fiers (for ṁw= 0.9 L/min, ṁa= 3.5 kg/min, Ta,humid in = 70 ◦C, and Tw,humid in 
= 55 ◦C). 

Table 4 
Comparison of various performance evaluation factors of humidifiers (for optimum ṁw= 0.9 L/min, ṁa= 3.5 kg/min, Ta,humid in = 70 ◦C, Tw,humid in = 55 ◦C).  

Humidifier 
material 

RHhumidified air 

(%) 
Δωair,humidifier 

(g/kg) 
Y 
(mL/h) 

HPF HCF ε WPF/ GOR 

TPR 94.1 14.20 1385 2.71 2.52 0.67 0.81 
SPR 97.7 16.23 1398 3.06 2.76 0.81 0.97 
LPR 92.3 11.23 1372 2.40 2.14 0.63 0.76 
ISR 89.5 10.54 1367 2.05 1.95 0.56 0.67 
SFR 76.4 9.42 1343 1.67 1.43 0.41 0.51  

Table 5 
Assessment of performance with previous systems.  

System details Corresponding 
GOR 

Reference 
details 

HDH system with feed preheated using 
evacuated tube solar collector 

0.53 [47] 

HDH system with feed preheated using solar 
water collector and thermal energy storage 
tank 

0.63 [48] 

HDH system with feed preheated using 
evacuated tube solar collector and heat pipe 

0.65 [49] 

HDH system with both air and feed preheated 
using dual-purpose solar collector 

0.68 [50] 

HDH system with both air and feed preheated 
using solar bubble column unit 

0.78 [46] 

HDH system with direct utilization of waste 
heat air from domestic air conditioning 
system 

0.81 [33] 

HDH system with both air and feed preheated 
using low-grade waste heat 

0.97 [Present 
study] 

HDH system with feed preheated using heat 
pump waste heat and solar collector 

1.24 [30]  

R. Santosh et al.                                                                                                                                                                                                                                 



Desalination 526 (2022) 115516

12

concentration reduced considerably to within the range of drinking 
water standards. This signified the efficacy of the developed system. 
Similarly, the concentrations of the major anions such as Cl− , NO2

− , 
NO3

− , PO4
3− , and SO4

2− reduced to within acceptable limits for drink
ing water. Thus, Table 6 reveals that the developed low-grade waste 
heat-powered HDH system was capable of considerably reducing the 
concentrations of the ions and salts present in seawater to convert it into 
potable water when operated under optimized conditions. All the 
parameter values were well within the acceptable limits of potable water 
standards. 

8. Conclusions 

Experimental investigation and optimization of an HDH desalination 
system were carried out for its effective utilization with low-grade waste 
heat energy using varied surface area humidifier packing in conjunction 
with a detailed water quality analysis. The following are the observa
tions based on the present work:  

• Superior humidification and dehumidification performance are 
achieved under the optimum conditions of ṁw, ṁa, Ta,humid in, and Tw, 

humid in (0.9 L/min, 3.5 kg/min, 70 ◦C, and 55 ◦C, respectively) across 
the humidifier and dehumidifier units. It is determined that the hu
midification rate depends primarily on the air fluid properties. 

Moreover, the dehumidification rate depends on the feed water 
properties in a closed air–open water HDH cycle.  

• The maximum Y and HDH performance efficiency are achieved for 
higher Ta,humid in, ṁa, and Tw,humid in by directly utilizing seawater as a 
coolant across the dehumidifier without any precooling mechanism. 

• The wet surface area of the humidifier packing material chiefly in
fluences the humidification efficiency and thereby, the freshwater 
productivity during the dehumidification process. Thus, compara
tively improved RHa,humid out, Δωa,humid, Y, HPF, HCF, ε, and WPF of 
97.7%, 16.23 g/kg, 1398 mL/h, 3.06, 2.76, 0.81, and 0.97, respec
tively, are achieved by using SPR humidifier packing with enhanced 
surface area. 

• The mechanism of interconnected feed water flow from the dehu
midifier to the humidifier unit aided in the preheating of the feed 
during its passage. However, it was determined that the individual 
feed water flow across the humidifier and dehumidifier units can 
contribute to a higher Y.  

• A significant reduction in concentrations of salt, dissolved solids, and 
ions were revealed by the water quality analysis indicating the effi
cacy of the HDH technique for producing potable water using low- 
grade waste heat energy. 

Further design modifications of the dehumidifier unit can contribute 
to an improved dehumidification process and thereby, a higher Y from 
the HDH system. 

Nomenclature 

AC Air conditioner 
i Corresponding TPR (or) SPR (or) LPR (or) ISR (or) SFR 

humidifier packing 
EC Electrical conductivity (μs/cm) 
UGOR Experimental uncertainty of gained output ratio 
Uε Experimental uncertainty of humidification effectiveness 

factor 
UHPF Experimental uncertainty of humidification performance 

potential factor 
FTHE Finned tube heat exchanger 
GOR Gained output ratio 
HMT Heat and mass transfer 
HCF Heat capacity ratio factor of humidifier 
HVAC Heat, ventilation, and air conditioning 
HDH Humidification–dehumidification 
HPF Humidification performance potential factor 
LPR Large pall ring 
PV Photovoltaic 
PVT Photovoltaic thermal 
PVC Polyvinyl chloride 
RH Relative humidity (%) 
SPR Small pall ring 
SFR Snowflake ring 
ISR Super intalox saddle ring 
TDS Total dissolved solids (mg/L) 
TPR Tri-pack ring 
EPA United States Environmental Protection Agency 
WPF Waste-heat recovery potential factor 
WHO World Health Organization 
ha,preheat in Air enthalpy across preheater entry (kJ/kg) 
ha,preheat out Air enthalpy across preheater exit (kJ/kg) 
RHa,humid out Air relative humidity across humidifier exit (◦C) 
Ta,humid in Air temperature across humidifier entry (◦C) 
Ta,humid out Air temperature across humidifier exit (◦C) 
ΔḢair,max Enthalpy rate difference of air (kJ/kg) 
ΔḢfeed,max Enthalpy rate difference of feed (kJ/kg) 
Tw,humid in Feed temperature across humidifier entry (◦C) 

Table 6 
Comparative water quality analysis of seawater and freshwater.  

Parameter 
(unit) 

Seawater 
(before 
HDH) 

Freshwater 
(after HDH) 

WHO drinking 
water 
standards  
[52] 

EPA drinking 
water 
standards  
[53] 

pH 8 6 < 8.0 ≤ 9.5 
TDS (mg/L) 9030 7.05 1000 500 
EC (μs/cm) 18,120 14.15 – – 
Sodium (mg/ 

L) 
10,728.05 0.125 50 30–60 

Magnesium 
(mg/L) 

5552.50 0.006 – – 

Calcium 
(mg/L) 

5993.15 ND# 40 – 

Potassium 
(mg/L) 

4114.00 0.046 – – 

Strontium 
(mg/L) 

7.28 0.899 – – 

Boron (mg/ 
L) 

4.96 0.0032 2.4 3 

Arsenic (mg/ 
L) 

0.032 0.00006 0.01 0.01 

Selenium 
(mg/L) 

0.078 0.00432 0.04 0.05 

Chromium 
(mg/L) 

0.001881 0.000026 0.05 0.1 

Cadmium 
(mg/L) 

0.000033 0.000019 0.003 0.005 

Mercury 
(mg/L) 

0.000012 0.000009 0.006 0.002 

Lead (mg/L) 0.000139 0.000008 0.01 – 
Fluoride 

(mg/L) 
< 0.1 < 0.1 1.5 0.8 

Chloride 
(mg/L) 

25,524 0.8 250 250 

Nitrite (mg/ 
L) 

ND# ND# 3 1 

Bromide 
(mg/L) 

ND# ND# – 10 

Nitrate (mg/ 
L) 

ND# ND# 50 50 

Phosphate 
(mg/L) 

ND# ND# – – 

Sulfate (mg/ 
L) 

2669 0.2 250 250 

ND#- Non-detectable. 
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Tw,humid out Feed temperature across humidifier exit (◦C) 
Tw,preheat in Feed water temperature across preheater entry (◦C) 
Tw,preheat out Feed water temperature across preheater exit (◦C) 
ε Humidification effectiveness of humidifier 
Δωa,humid Humidity ratio increment across humidifier (g/kg) 
ωa,humid in Humidity ratio of air across humidifier entry (g/kg) 
ωa,humid out Humidity ratio of air across humidifier exit (g/kg) 
ωa,humid out,s Humidity ratio when the humidified air is saturated (g/kg) 
γ Latent heat of condensation (kJ/kg) 
L Latent heat of water (kJ/kg) 
ṁa Mass flow rate of air (kg/s) 
ṁw Mass flow rate of feed water (L/min) 
ΔRHa,humid Relative humidity increment of air across humidifier (%) 
Cpa Specific heat of the air (kJ/kgK) 
Cpw Specific heat of the feed (kJ/kgK) 
ΔTw,dehumid Temperature increment of feed across dehumidifier (◦C) 
Ta Temperature of air (◦C) 
Tw Temperature of feed water (◦C) 
ΔTa,dehumid Temperature reduction of air across dehumidifier (◦C) 
ΔTa,humid Temperature reduction of air across humidifier (◦C) 
Qin Thermal energy input to the humidifier unit (kJ/h) 
Y Yield (mL/h) 
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