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a b s t r a c t
Sun-powered desalination technologies, such as humidification–dehumidification (HDH), are an 
attractive alternative to provide freshwater in remote high-radiation climate conditions. In this 
work, an experimental and numerical study is presented for a solar HDH unit operating with a 
closed air-open water configuration with water-heated solar collectors. The numerical model shows 
a good agreement with experimental data for both temperature and distillate production. A new 
performance parameter, so-called distillate-to-irradiance ratio (DIR), is introduced, which is specifi-
cally designed to characterise solar thermal desalination systems. This parameter takes into account 
both solar collection and desalination processes and could be complemented with the conventional 
gained output ratio (GOR = Md l/Qu), which involves the distillate Md with the heat required to dis-
tillate Qu. The validated model is used to determine the relevant operational parameters and how 
they influence the DIR throughout a sensitivity analysis. Feedwater to air mass flow rate ratio (MR) 
and solar radiation are the key parameters to predict DIR and distillate production. For the specific 
conditions, a maximum of DIR = 0.44 kg/kWh for a global radiation of 1,000 W/m2 and a MR = 2 was 
found. Finally, short- and long-term correlations based on environmental conditions were devel-
oped to easily estimate the desalination potential in specific locations.
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1. Introduction

Water and energy are interdependent resources that
have become increasingly important over recent years due 
to their environmental, economic, and social implications. 
Both resources are related because producing one of them 
through any available technology requires resources of the 
other. Thus, integration between energy, water, and climate 

change has increased research efforts in recent years [1–3]. 
Today, “Clean water and sanitation” and “Affordable 
and clean energy” are two of the United Nations’ 17 
Sustainable Development Goals [4]. Currently, primary 
freshwater resources around the world are threatened 
due to overexploitation and contamination. According 
to United Nations, in 2015, 29% of the global popula-
tion has no access to drinking water services, and over 
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2 billion people are living in countries with excess water 
stress, which means a strong probability of future water 
scarcity [5]. These conditions are present in the northern 
Chilean regions, and some specific zones have also shown 
that the water requirement exceeds the water supply [6]. 
Nevertheless, Chile has developed a great advantage 
during the last years. There is an impressive growth in 
renewable energy, due to its vast solar energy potential in 
the northern zone. In 2019, 8.2% of gross power genera-
tion was produced by solar energy [7]. Consequently, the 
coupling of desalination technologies with solar energy to 
achieve a sustainable social-economic system is attractive.

On the other hand, desalination is a promising alter-
native to provide clean water in desert conditions and 
isolated areas. There are two leading families of desalina-
tion technologies, according to their energy input source 
and how they separate the solutes. These categories are 
grouped into electromechanical and thermal methods. 
The first category includes reverse osmosis and electrodi-
alysis technologies. Conventional alternatives within the 
second category include multistage flash and multi-ef-
fect distillation (MED). Novel thermal techniques are 
membrane distillation, humidification–dehumidification 
(HDH), and solar stills, among others [8]. The thermal 
methods are suitable for using solar-thermal, geother-
mal, or waste heat [3]. There are various reviews avail-
able matching renewable energy and desalination, and 
precisely, regarding solar desalination [9–11]. Among ther-
mal desalination technologies, humidification–dehumid-
ification (HDH) is a promising alternative for producing 
water in a decentralised small-scale manner. This system 
can operate autonomously, is suitable to work with solar 
energy or other low-grade heat sources, has low operation 
costs, and does not require a highly-qualified personal for its 
operation and maintenance. Besides, HDH has a low recov-
ery ratio (RR < 5%), resulting in low brine discharge impact 
and less scaling problem inside the equipment [12,13].

The literature reviews show plenty of experience using 
HDH around the world, and in multiple configurations. 
Narayan et al. [12] presented a literature review of HDH 
technology showing two major classifications between 
HDH systems. The first classification relies on the type of 
water and air loops, which can be open or closed, being 
closed-air-open-water (CAOW) and closed-water-open-air 
(CWOA) two of the most used configurations. The second 
classification is based on the energy source: water-heating, 
air-heating, or both (air and water heating) with separated 
heaters or dual-purpose collectors. Water heating is the 
preferred alternative because it is a mature technology with 
a higher efficiency. Several experimental facilities have 
been built over the last decade aiming to improve the tech-
nologies performance by testing different configurations, 
including different types of solar collectors and humidi-
fiers [12,14–20]. One of the main conclusions obtained 
is that the humidifier is a key component of the system. 
The most common solution is the packed bed humidifier 
due to its higher humidification efficiency. Many packed 
materials have been tested, including wooden materials, 
textile materials, ceramic Raschig rings, aluminium sheets, 
plastic pad, and wire mesh, among others [12,21]. The spe-
cific production with these materials ranges from 0.7 kg/

m2 d for torn trees [22], up to 6–8 kg/m2 d for plastic pads 
[23]. In addition to the previously mentioned studies, 
the humidification process has not been widely analysed 
theoretically and numerically. Kloppers and Kröger [24] 
made a theoretical analysis for a wetted-wall tower, based 
on methods derived from cooling tower models, such as 
Merkel, Popper, and ε-NTU methods. The literature that 
includes a detailed numerical model of packed-bed humid-
ifier by means of the analysis of heat and mass transfer 
phenomena and considering the vertical profiles for both 
water and air mass flow rates is scarce. In this research, 
a CAOW HDH unit with solar water heating is studied. 
A detailed numerical model of the system is developed 
including the packed bed humidifier, dehumidifier, and 
solar heating system.

The conventional parameter used to compare differ-
ent thermal desalination systems in term of its perfor-
mance is the gained output ratio (GOR). It defines the 
effectiveness in the energy use, calculated through the 
ratio between the energy required to vaporise the distilled 
water and the actual energy absorbed by the system. In the 
case of solar desalination, the GOR may not wholly cap-
ture the performance of the system, and additional param-
eters are required to assess the whole system. Some studies 
have also widely used a relationship between daily water 
production and the specific area of the solar collection. 
However, this term does not take into account the inci-
dent solar energy and the conversion efficiency to ther-
mal energy. Researchers presented by Rajaseenivasan 
and Srithar [25,26] tested dual purpose solar collector 
using water and air coupled with a CWOA scheme with 
two different humidifiers, a packed bed and bubble col-
umn humidifiers. Their production achieved ranged from 
12.4 to 20.6 kg/m2 d (GOR = 1.8–3.3), for a dual-purpose 
collector and featuring an additional air heater. Yildirim 
and Solmuş [27] reported theoretical results where it is 
shown that water heating has a greater impact on improv-
ing the yield of an HDH system as opposed to air heat-
ing, given the higher heat capacity of water. Air heating 
has a less significant effect on the yield of the system. 
However, if water and air are heated together, the produc-
tivity of the system is improved. Regarding experimental 
tests, experimental facilities have been built to study the 
improvement methods aiming to increase the thermal per-
formance. These methods rely on additional components, 
or the use of different configurations. Gang et al. [28] 
tested the use of multiple humidifier–dehumidifiers stages, 
reaching a GOR of 2.6 for maximum temperature in the 
humidifier of 85°C. Muthusamy and Srithar [29] used tur-
bulence generators inside the humidifier, reporting a 45% 
increase in production compared to conventional humid-
ifiers. Moreover, several hybrid configurations have 
been proposed and studied with variable success, such 
as HDH-solar still [30], HDH with industrial waste heat 
recovery [31], heat pump-driven HDH [32], HDH-flash 
evaporation [33], HDH-solar dryer [34] or HDH-desiccant 
air conditioner [35]. However, all these modifications 
make the system prohibitively expensive or technically 
complex to be implemented in rural areas.

In Chile, a few investigations in solar desalination have 
been performed, which is focused on numerical simulations 
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rather than experimental studies. Directly driven solar 
energy MED systems have been analysed [8,36], and inte-
grated poly-generation systems that combine concentrating 
solar power [37,38], and PV technologies with desalination 
[39,40]. A numerical study regarding a solar thermal mem-
brane distillation system has also been studied [41,42]. 
This investigation shows an experimental and numerical 
evaluation of a solar HDH unit, which is the first facility of 
its kind in Chile.

This study presents an experimental facility, a complete 
numerical model, a sensitivity analysis, and a performance 
parameter optimization of a desalination system based on a 
one-stage solar CAOW HDH unit. Some of the novelties of 
this work are: (i) This is the first experimental facility of this 
kind located in Chile and provides valuable data to under-
stand the behavior of this technology. (ii) The validated 
numerical model is used to run a novel sensitivity analysis 
allowing to identify the main variables that influence the 
performance and define the main non-dimensional param-
eters to characterize the system. (iii) A novel index is intro-
duced, the distillate-to-irradiance ratio (DIR), to reflect 
in the proper performance of solar desalination systems, 
complementing the conventional GOR, which does not 
reflect adequately the more efficient operational point, as 
is shown in this work. Finally, correlations for short-term 
(hourly) and long-term (yearly) production were developed, 
which are useful for a quick potential assessment of HDH 
desalination in the location of interest.

2. Experimental facility

The desalination unit shown in Fig. 1 is located in the 
Renewable Energy Laboratory (LER) of the Universidad 
Técnica Federico Santa María (33°02’22.42” S 71°29’09.1” 
W) in Chile. The experimental HDH desalination unit 
has a close air loop, and an open water loop (CAOW), 
where the water is indirectly heated using solar energy. 
The experimental facility is shown in Fig. 1a and b, and 

somepreliminary results have been previously presented 
by Hernández et al. [43]. The cold feedwater enters through 
the dehumidifier (stream 1 in Fig. 1a). It cools down the 
pure water that is condensing over the fins of the dehu-
midifier. The preheated feedwater leaves the dehumidifier 
(2) and enters the heating plate heat exchanger, where the 
feedwater is heated by the solar thermal collector water 
loop (5). The hot feedwater is sprayed inside the humid-
ifier (3), mixing the water with the air while heating it. 
The heated air increases its capacity to retain moisture and 
absorbs a fraction of water. The remaining water leaves 
the desalination unit (4). At the same time, the humid air 
exits the humidifier through a duct (8) and is directed to 
the dehumidifier, where the air is cooled down, condensing 
purified water. The dry air (7) is then recirculated back to 
the humidifier.

The humidifier is a cylindrical tank that operates in a 
similar manner to an evaporative tower, humidifying the air. 
A packing bed is installed to increase the surface area favour-
ing the heat and mass transfer processes between the air and 
water. Table 1 presents the main parameters of the humidifier.

The dehumidifier is an unmixed-crossflow-
finned heat exchanger. The water flows through the tubes 
and the humid air contacts the fins where the freshwater 
condenses. Table 2 shows the constructive parameters of the 
dehumidifier.

The heating heat exchanger is a parallel flow plate 
heat exchanger that transfers the thermal energy col-
lected by the solar thermal collector loop to the feedwater. 
Four Flate-plate type solar collectors are used. An experi-
mental test was made to determine the characteristic param-
eters of the solar collectors (FRUL and FR(τα)). Freshwater is 
circulated through the collectors to avoid scaling due to the 
salty feedwater. Table 3 presents the main parameters of the 
heating unit HX and the solar thermal collectors.

Instruments are installed in the sample points of the 
HDH facility, as indicated in Fig. 1, numbers included. 
Temperature is measured using Resistance Temperature 
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Fig. 1. HDH unit: (a) schematic design and (b) experimental facility.
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Detectors (RTD). The RTDs are installed at inlets and out-
lets of each component within the HDH system, there-
fore the temperature measurement is redundant at each 
point. The feedwater stream volume flow rate is mea-
sured, and so is the thermal solar collector flow loop. 
The volume flow rate of the air loop is determined by 
measuring the air velocity in different locations. In the air 
loop, temperature and relative humidity are measured 
before and after the humidifier and dehumidifier. A por-
table weather station measures environmental condi-
tions such as temperature, relative humidity, and wind 
speed. The solar radiation received by the solar collector is 

measured using a Pyranometer with the same inclination 
of the solar collectors. Table 4 shows the technical data of 
the instrumentation used to register the operational data of 
the HDH system.

3. Numerical model

A numerical model for the CAOW water-heated 
solar-HDH unit was developed by means of Engineering 
Equation Solver (EES) [44]. The performance of the HDH 
unit is evaluated using mass and energy balances, and 
mass and heat transfer equations, based on the prelimi-
nary numerical model presented by Hernández et al. [43]. 
Three loops are studied: feedwater, humid air, and solar 
collector loops. Individual models for the humidifier, dehu-
midifier, and solar collector water loop are developed as 
subprograms, which allows studying each component sep-
arately. The different modules are coupled in the main pro-
gram identifying the relations between inputs and outputs. 
Steady-state conditions are assumed for this model, consid-
ering that solar radiation changes slowly during the day, 
and only small variations are present in the internal energy 
of the HDH unit components.

3.1. Humidifier

The humidifier is fed by high pressure warmed water 
(4 barg), which is sprayed onto the humidifier. These small 
water drops fall over a packing bed, while at the same 
time a stream of air circulates in counterflow. The fed air is 
saturated but cold. As the air moves up, it encounters the 
falling spray of warm water, absorbing heat and increas-
ing its capacity to carry water. Consequently, the humidity 
ratio of the air is increased. Fig. 2 shows the control vol-
ume that defines this process, which has a height of dZ and 
a cross-sectional area equal to the humidifiers cross-sec-
tional area Ah. Schematically, all the water inside this vol-
ume is grouped on the left side, while all the humid air is 
grouped on the right side. The interface area is given by 
the differential active surface area represented by dA = a 
dV = a ah dZ, where a is the packing specific area per vol-
ume unit, and dV is the differential control volume. 
The water is cooled down by heat and mass transfer 
effects. Heat transfer occurs due to temperature differ-
ences between water and air. The cooling process is also 
related to the energy extracted to vaporise a fraction of the 
sprayed inlet water. Mass transfer occurs due to the dif-
ference in the concentration of water (humidity) between 
the air-water interface (saturated) and the air, which 
enters at saturated conditions but gains heat increasing 
its capacity to retain humidity.

The mass water balance, discretised along the verti-
cal axis of the humidifier, is defined by the change on the 
humidity ratio in the element [Eq. (1)], and the mass transfer 
rate from water to air is defined by Eq. (2).

dm
dZ

d
dZ
mw
a�

�  (1)

dm
dZ

h a aw
D h s= ×( ) −( )ω ω  (2)

Table 1
Main parameters of the humidifier

Parameter Value

Total diameter, Dh, mm 1,660
Total height, Hh, mm 2,100
Packing height, Hhp, mm 600
Packing diameter, Dhp, mm 1,640
Packing specific area, ah, m2/m3 226
Nozzle type PJ24
Packing material PVC type C-12

Table 2
Main parameters of the dehumidifier

Parameter Value

Number of rows, Nr 12
Number of passes, Np 4
Heat exchanger length, L, mm 330
Heat exchanger width, W, mm 1,100
Heat exchanger height, H, mm 470
Outer tube diameter, Do, mm 12
Tube thickness, ep, mm 1.24
Fin separation, bf, mm 3.00
Thickness fin, ef, mm 0.33
Tube rugosity, μ, mm 0.0015
Tube material Copper
Fin material Aluminium

Table 3
Main parameters of the solar collection subsystem

Parameter Value

Heat exchanger model Alfa Laval, T2-BFG/12H
Number of plates, Nhx 12
Active heat exchanger area, Ahx, m2 0.78
Solar collector model YAZAKI, SC-V1020
Solar collector type Flat plate, double glass
Effective collector area, Ac, m2 1.91
FRUL – experimental, W/m2K 4
FR(τα) – experimental 0.62
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where m is the mass flow rate, T is temperature, and ω 
represents the humidity ratio. The subscripts are a for dry 
air and w for water. ωs is the humidity ratio at the air-wa-
ter interface, which is assumed at saturated condition and 
hD represents the mass transfer coefficient. The air and 
water energy balance at the interface, and the heat transfer 
equation are presented in Eqs. (3)–(5).

d m i
dZ

d m i
dZ

dQ
dZ

dQ
dZ

a w w m caw� �
�

� �
� �  (3)

dQ
dZ

i
dm
dZ

m
v

w� �  (4)

dQ
dZ

h a a T Tc
c h w a= ×( ) −( )  (5)

where Qc and Qm represent energy flows associated with 
convection and mass transfer, respectively, i is the specific 
enthalpy, and hc is the heat transfer coefficient between a 
film of falling water and the ascending air. The enthalpies 
are a function of temperature and pressure. The air mass 
flow rate is considered dry air and is a fixed value over all 
the humidifier. The wet air enthalpy (iaw) calculation includes 
the moisture content of the air, as presented in Eq. (6).

i i ia vaw � � �  (6)

where ia is the dry air enthalpy and iv is the enthalpy of the 
saturated vapor at air temperature. The heat transfer pro-
cess is modelled using the correlation presented by Nellis 
and Klein [45], which is shown in Eq. (7).
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The Reynolds, Prandtl, and Nusselt numbers are calcu-
lated based on the humidifier diameter and height, using 
the average temperature inside each element. The mass 
transfer coefficient is calculated using the Lewis factor as 
presented in Eq. (8) [24], which relates to mass and heat 
transfer:

Le � k
h cD p�

 (8)

a wm dmω +
wm

w wm dm−

wdm

( )w ah T T dA−

am ω

water air

dz

Fig. 2. Control volume of the humidifier. Schematically, the water 
is placed on the left side, and the air is placed on the right side.

Table 4
Instrumentation used in the experimental facility

Device Type/model Range Accuracy

Temperature sensor, °C RTD PT100 (–40)–(125) ±0.1
Volume flow meter, l/min Bopp & Reuther 0–10 ±0.1
Pressure sensor, bar Khöne 0–10 ±0.2
Hygrometer AZ 8723 (digital) 0%–100% ±0.1%
Pyranometer, W/m2 Kipp & Zonen SP Lite2 0–2,000 50
Anemometer, m/s PCE Instruments PCE-009 0.2–20 ±0.1
Hygrometer and thermometer (ambient) iButton HR: 0%–100% HR: ±0.04%

–10°C – +85°C ±0.5°C
Weather station [temperature, relative humidity (HR), 
wind speed (WS), atmospheric pressure]

PCE Instruments –40°C – +65°C ±0.1°C
PCE-FWS 20 10% – 90% (HR) 1% (HR)

0–180 km/h (WS) 0.1 m/s (WS)
700–1,100 kPa 0.1 kPa
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The Lewis factor is calculated according to Bosnjakovic 
[46] and shown in Eq. (9).
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All thermodynamic properties (including enthalpies) 
are calculated at the mean element conditions using stan-
dard correlations available in EES [44], which are based on 
Hyland and Wexler [47].

3.2. Dehumidifier

The dehumidifier (condenser) is modelled as an 
unmixed crossflow heat exchanger. The humid warmed 
air flows through the outside of the finned surface. 
Meanwhile, the cold feedwater flows through the pipes. 
Two phenomena preheat the feedwater, the air is cooled 
down, and some of the water in the air is condensed. 
Thus, the humid air transfers energy to the cold feedwa-
ter before it enters the heating HX. The main character-
istic of the dehumidifier is the variation of enthalpy and 
specific heat of the air due to the change in water content, 
which does not allow an analysis of the heat exchanger as 
a whole. Therefore, the heat exchanger is discretised as a 
function of the number of passes. The heat transfer analysis 
is made using ε-NTU method for each pass j as described 
by Nellis and Klein [45]. The incoming air enters at the first 
column (the upper one) where it transfers heat with the 
coldest feedwater. The global heat transfer coefficient (Uj) 
is obtained by applying a thermal resistance analysis that 
includes the waterside (including a fouling factor), the air-
side, the pipes, and the finned surface.

It is necessary to know the specific heat (cp) and the 
capacitance (C) for both the water and air in order to apply 
the ε-NTU method. Eq. (10) presents these properties for 
the cold water flow, and Eq. (11) presents them for the 
humid air flow.
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All the enthalpies for air are calculated considering its 
moisture content, using Eq. (6). Finally, the heat transferred 
in each discrete element may be obtained with Eq. (12), 
while the temperature increase of feedwater is calculated 
with Eq. (13).

Q Qd j d, ,max��  (12)

T T
Q
Cw j w j
d j

w j
, , , ,

,

,
out in� �  (13)

where Qd,j is the heat transferred in the j-th pass. The outlet 
air temperature and distillate production may be obtained 
using Eqs. (14) and (15), respectively.

Q m i id j a j j, , , , ,� �� �aw out aw in  (14)

m md j a a j a j, , , , ,� �� �� �in out  (15)

3.3. Solar collector and heating heat exchanger

The collector is characterized by the well-known 
Hottel–Whillier equation, Eq. (16), the equation is used as 
presented by Duffie and Beckman [48]. The energy balance 
in the solar collector loop is shown in Eq. (17).

Q A F G U T Tu C R T L f� � � � �� �� ��� ,in amb  (16)

Q m c T Tu f p f f� �� �, ,out in  (17)

where the subscript f indicates the water flow inside the 
collector. The heat absorbed by the water (Qu) in the solar 
collector loop is transferred to the feedwater in the heat-
ing heat exchanger, which is modelled using the standard 
ε-NTU method for parallel flow heat exchangers, using simi-
lar equations described in section 3.2.

3.4. Performance parameter

The main model output is distillate production (Md), the 
inlet and outlet temperature in each component and overall 
performance parameters, such as GOR and DIR, which are 
calculated using Eqs. (18)–(19).

GOR �
M
Q
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u

�
 (18)

DIR
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M
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M
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d

T T

d
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DIR is a suggested performance parameter used to 
reflect the performance behaviour of solar desalination 
systems. GOR is the standard thermal desalination param-
eter, however, it only considers the desalination process, 
this parameter does not take into account the solar collec-
tion process. It could lead to misunderstanding conclusions 
about the operational performance of a solar desalination 
system. For example, if the heat exchanger has a high 
operational temperature, the GOR increases, but this also 
decreases the thermal collector efficiency, which means 
a lower use of the available solar incident irradiation. 
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The suggested DIR is an overall parameter that involves 
both the collection and desalination subprocesses.

Other relevant parameters to describe the HDH oper-
ation are the mass flow rate ratio (MR) and the recovery 
ratio (RR). MR is the ratio between the inlet feedwater 
mass flow rate (mfw) and the air mass flow rate, as shown 
in Eq. (20). RR presents the ratio between the distillate mass 
flow rate and the feedwater mass flow rate, as indicated in 
Eq. (21).

MR fw=
m
ma

 (20)

RR
fw

=
M
m

d  (21)

3.5. Validation

The numerical model is validated using experimental 
data collected during February and March 2020 from the 
experimental HDH facility. The operating parameters are 
shown in Table 5.

The environmental variables, including tilted solar radi-
ation, ambient temperature, and inlet feedwater tempera-
ture are shown in Fig. 3. This day was selected because it 
offered a high radiation throughout the day.

Fig. 4 shows a comparison between experimental and 
estimated temperatures for the humidifier (a), dehumidifier 
(b), heating HX (c), and solar collectors (d). Each component 

is shown separately, comparing the experimental and 
numerical results. Most of the experimental values (point) 
are close to the identity line, which indicates an accurate 
prediction, and all the values present an error margin under 
±2 K of (represented by the upper and lower dashed lines). 
Therefore, the model shows a close match to the experimen-
tal data retrieved.

Fig. 5 shows the comparison between the experimen-
tal accumulated distillate production and the simulation 
results for March. The experimental results show that 
the desalination unit produced close to 11.2 L of fresh-
water between 11:00 and 16:30 h. The measured average 
global radiation was 5.2 kWh/m2 for this operation period. 
In the desalination system, the DIR is 0.27 kg/kWh and 
represents a GOR of 0.37. The peak freshwater production 
with the actual configuration is 2.3 kg/h. The production 
rate (the curve slope) of the experimental and model output 
are in agreement.

4. Analysis and discussion

4.1. Sensitivity analysis

A sensitivity analysis using the Sobol method [49] is 
made to determine the most critical variables that affect 
the distillate production. The input data is generated with 
Saltelli’s pseudo-random sample generation method [50]. 
Ten variables are performed, and 1,000 samples are made, 
running a total of 22,000 different simulations. The two 
main output parameters of the Sobol method are first- 
order indexes S1 and ST1. S1 measures the influence of 
each individual variable i, eliminating the influence of 
inter-variable effects. The sum ∑S1,i is always lesser than 
one, being the remaining part the influence of inter- 
variable effects. ST1 shows the total effect of each variable 
(including inter-variable effects), hence it can be greater 
than one (because the effect of Sij from variables i and j is 
counted twice in weights STi and STj). Table 6 shows the 
tested variables, their range of operation, and their first 
order indexes. The indexes are calculated for distillate pro-
duction (Md), GOR, and DIR.

According to Table 6, the more influencing variables 
for distillate production are Global radiation (0.38), the 
number of solar collectors (0.30) and the feedwater mass 
flow rate (0.06). In the case of GOR, the main influencing 
variables are feedwater mass flow rate (0.61), packing spe-
cific area (0.13) and air mass flow rate (0.07). Finally, for 
DIR, the main variables are feedwater mass flow rate (0.37), 
packing specific area (0.20), and air mass flow rate (0.12).

Additionally, a second-order analysis is done, to deter-
mine the grade of influence between two specific input 
variables, Sij. The five variables with major indexes are 
chosen (feedwater and air mass flow rate, solar irradiation, 
packing specific area, and the number of collectors) and are 
shown in Table 7. The most substantial inter-variable influ-
ence over the distillate production is that between solar 
irradiation and the number of collectors (0.05), which is an 
expected result because both variables define the available 
energy for the solar-HDH system.

A multi-variable regression could be developed with 
the data retrieved. A linear regression is plotted using the 
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Table 5
Operating parameters of the experimental plant

Parameter Operating value

Feedwater mass flow rate mfw, kg/h 270
Dry air mass flow rate ma, kg/h 600
Collector water mass flow rate mc, kg/h 470
Water pressure in pumps, Pfw, barg 4
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five significant variables and the most critical inter- influ-
ence variables (GTNC) for Md, GOR, and DIR, which are 
shown in Fig. 6. Feedwater inlet temperature (Tfw) has a 
considerable influence over the GOR and is included in 
its correlation. Additional parameters do not significantly 
increase the quality of the regression. Eqs. (22)–(24) show 
linear regression for Md (R2 = 0.86), GOR (R2 = 0.82), and DIR 
(R2 = 0.65), respectively.
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4.2. Mass flow rate influence

The feedwater and air mass flow rates influence 
over HDH output is analysed. The geometrical and 
operational parameters are set as those of the exper-
imental facilities. Besides, the environmental param-
eters are defined as GT = 1,000 W/m2, Tfw = 20°C, and 
Tamb = 20°C. Fig. 7 shows an optimum distillate produc-
tion, which is almost independent of the air mass flow 
rate when the feedwater mass flow rate is in the range 
of 50–125 kg/h. The maximum distillate mass flow rate 
is 3.3 kg/h when the feedwater mass flow rate is 75 kg/h, 
and the air mass flow rate is 50 kg/h. Two phenomena 
may explain the optimum. On the one hand, a minimal 
feedwater mass flow rate diminishes the heat and mass 
transfer inside the humidifier and dehumidifier. On the 
other hand, a reduced feedwater mass flow rate gener-
ates a higher operating temperature in the collector HX. 
Consequently, a higher operating temperature in the solar 
collector is achieved and the collector efficiency is dimin-
ished. The air mass flow rate has a similar effect. A higher 
air mass flow rate means more capacity to transport water, 
and when the feedwater flow is small, it may not be enough 
to heat the air. Thus, the distillate production is diminished  
due to a smaller humidity ratio differences in the system.

Fig. 8 shows GOR (a) and DIR (b) as functions of feed-
water and air mass flow rates. Maximum GOR occurs 
with a feedwater mass flow rate near 50 kg/h, which is lower 
than the optimal operational range in terms of maximis-
ing freshwater production. In other words, maximising the 
GOR does not mean a maximum distillate production. DIR 
is a better performance indicator because it has a stronger 
correlation with maximum output. The maximum DIR is 
approximately 0.44 kg of distillate per kWh.

4.3. Performance parameter analysis

This section addresses an analysis of the HDH system 
behaviour based on the performance parameters defined 
in Section 3.4. The ability to produce distillate in a humid-
ification–dehumidification process in a closed air loop 
depends on the temperature difference between the hot 
air flow leaving the humidifier, and the cold air stream 
leaving the dehumidifier. As this temperature difference 
increases, the circulating air increases its capacity to trans-
port water. The higher air temperature is directly related 
to the temperature of the water flow feeding the humidi-
fier, which is conditioned on the solar collector’s efficiency 
and incident solar irradiation. The higher air temperature 
depends on the HDH system feeding water temperature. 

Table 6
Sensitivity analysis results using Sobol method for 10 HDH parameters

Parameter Symbol, 
unit

Range of 
variation

Distillate production, 
Md (kg/h)

Gained output ratio, 
GOR (–)

Distillate-to-irradiance 
ratio, DIR (kWh/kg)

S1 ST1 S1 ST1 S1 ST1

Feedwater mass flow rate mfw, kg/h 200–600 0.06 0.11 0.61 0.64 0.37 0.47
Air mass flow rate ma, kg/h 200–600 0.03 0.05 0.07 0.12 0.12 0.18
Collector water mass flow rate mc, kg/h 400–1,000 <0.01 0.01 <0.01 0.01 <0.01 <0.01
Global radiation in tilt plane GT, W/m2 100–1,000 0.38 0.53 0.02 0.06 0.06 0.01
Ambient temperature Tamb, K 5–30 <0.01 0.02 <0.01 0.01 0.06 0.07
Feedwater inlet temperature Tfw, K 5–30 <0.01 0.02 0.02 0.07 <0.01 0.06
Humidifier diameter Dh, m 0.5–3.0 <0.01 0.01 <0.01 0.03 0.01 0.02
Humidifier height Hh, m 0.3–2.0 <0.01 0.02 0.01 0.04 0.02 0.04
Packing specific area ah, m2/m3 50–400 0.04 0.07 0.13 0.19 0.20 0.25
Number of solar collector NC 1–20 0.30 0.42 0.03 0.06 0.02 0.11
Total – – 0.81 1.26 0.87 1.23 0.86 1.30

First-order indexes are presented for distillate production, gained output ratio and distillate-to-irradiance ratio.

Table 7
Sensitivity analysis results using Sobol method for five HDH parameter

Parameter mfw ma GT ah NC

Feedwater mass flow rate, mfw – 0.00 0.00 0.00 0.01
Air mass flow rate, ma 0.00 – 0.01 0.00 0.01
Global radiation in tilt plane, GT 0.00 0.01 – 0.02 0.05
Packing specific area, ah 0.00 0.00 0.02 – 0.02
Number of solar collector, NC 0.00 0.01 0.05 0.02 –

Second-order indexes for five more influential variables over distillate production are presented.
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Fig. 9 shows the relation between the two main conven-
tional desalination parameters, GOR and RR, for differ-
ent water-temperature difference ΔT between ΔT = 30 to 
70 K. The ΔT is given by the difference between the tem-
perature of the water flow feeding the humidifier and 
the water temperature feeding the HDH system. As both 
GOR and RR are performance parameters for the desalina-
tion subunit, the relation between them does not depend 
on solar irradiance and solar collectors performance. As 
stated in the previous section, the DIR is proposed as a 
better performance parameter than GOR for solar desali-
nation units; consequently, the relation between DIR and 
RR is presented in Fig. 10. The DIR-RR plot shows that the 
distillate production increases as the water’s temperature 
difference also increases because of the air’s capacity to 
transport water, similar to the GOR-RR plot. The irradi-
ance intensity has some impact on the recovery ratio and, 
in consequence, in distillate production. The solar irradi-
ance has a more substantial influence on DIR and RR as the 
water’s temperature difference is higher because increasing 

 

     
Fig. 6. Correlations for distillate production (a), gained output ratio (b), and distillate-to-irradiance ratio (c). Blue dots are pre-
dicted output using the correlations (vertical axis) vs. numerical model output (horizontal axis).

 

Fig. 7. Distillate production as a function of feedwater mass flow 
rate for different air mass flow rates.
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water’s ΔT requires reducing the feedwater mass flow rate. 
Consequently, the solar collector operates at a higher tem-
perature, which implies a lower collector efficiency, as the 
cooling capacity is reduced. Therefore, as solar irradiation 
increases, a higher collector temperature is achieved, which 
gives a lower distillation production.

The DIR, and therefore the distillate production, 
depends on the water temperature difference and solar 
irradiance. Also, as it was shown in section 4.2, the pro-
duction relies on the mass ratio (MR). DIR’s isolines can 
be obtained for different irradiance and MR conditions. 
Fig. 11 presents these contour curves for four different 
HDH water temperature differences (50, 60, 70, and 80 K). 
In each plot, a red line shows the maximum production 
curve. These figures suggest that for a given irradiance, 
there is a specific MR that determines the maximum distil-
late production. The lower the water temperature difference, 
the smaller the MR, to ensure maximum output. Also, this 
suggests that the water temperature difference determines 
the maximum DIR, with a slight influence of the irradi-
ance. For 50 K, the maximum DIR is near 0.4 kg/kWh, 
increasing until a maximum of 0.45 kg/kWh for 80 K.

These charts can be used as an operation control to 
determine the optimal MR for some given environmental 
conditions. Given a solar irradiance and a temperature dif-
ference, the required MR could be obtained through these 
charts ensuring maximum production, and the estimated 
distillate production (Md) can be determined from DIR 
through Eq. (19).

4.4. Geographical influence

The geographical influence is assessed by the simu-
lation of the system in different locations of Chile, during 
a typical meteorological year (TMY). The sites are cho-
sen considering the available data for the superficial 
sea temperature (TSM) provided by the Chilean Naval 
Hydrographic Service (SHOA) [51]. The radiation and 
ambient temperature data are extracted from Sarmiento 
[52] and Universidad de Chile’s Explorador Climático 
platform [53], respectively. The environmental variables 
are processed to obtain synthetic weather data in a similar 
manner as described in Saldivia et al. [8], which is based on 
Knight et al. [54] and Duffie and Beckman [48] procedures. 
Table 8 shows geographical data and monthly average 
meteorological data for the chosen locations.
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The monthly accumulated production for four loca-
tions is presented in Fig. 12. The seasonal behaviour 
is clear, having more distillate production during the 
summer season. Besides, the annual radiation is a cru-
cial parameter in obtaining a high-performance value. 
The best location, Antofagasta, has 62% more solar radi-
ation and produces 57% more distillate than the worst 
location, Coyhaique.

Fig. 13a shows the correlation between solar radiation 
and distillate production, plotted for the seven selected 
locations. These results indicate a linear trend between 
these two parameters. In Chile, the solar irradiation varies 
mainly due to latitude; therefore, it is possible to obtain a 
relation between production and latitude, which is shown 
in Fig. 13b. The average ambient temperature and sea 

water temperature also have an influence, but their impact 
seems to be less critical than solar radiation. Eq. (25) shows 
a multiple linear regression to predict the yearly distillate 
production as a function of annual average ambient tem-
perature, sea water temperature, and solar radiation with a 
correlation index R2 of 0.975.

M H T Td h� � � �0 667 22 4 48 13 692 14. . . .amb sea  (25)

Eq. (25) presents a long-term (annual) distillate pro-
duction based on all the different weathers present in the 
Chilean territory. As the final equation only includes the 
main environmental parameters affecting the HDH facil-
ity, it is suggested that this correlation could be extended 
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Table 8
Geographical data, annual average mean temperature, and annual accumulated solar radiation

City Latitude, ° Longitude, ° Annual accumulated horizontal 
radiation, MJ/m2 y

Annual average mean 
temperature, °C

Annual average sea 
temperature, °C

Arica –18.47 –70.3 6,030 18.6 18.1
Iquique –20.22 –70.2 6,240 17.9 17.1
Antofagasta –23.63 –70.4 6,637 16.4 17.7
Caldera –27.04 –70.5 5,711 15.2 15.6
Valparaíso –33.07 –71.6 5,089 14.1 14.0
Talcahuano –36.72 –73.1 5,241 12.1 13.8
Coyhaique –45.63 –72.1 4,079 8.1 13.8

Data extracted from [51–53].
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to other locations around the world. Therefore, an instanta-
neous distillate production can be estimated from Eqs. (22)–
(24), and long-term production can be obtained from Eq. (25).

5. Conclusions

An autonomous experimental test facility of an HDH 
desalination system driven by solar energy was built, 
which is used to develop and validate a numerical model 
to study different operational conditions. A new perfor-
mance parameter called DIR is suggested, which is use-
ful to characterise specifically solar thermal desalination 
systems. This parameter shows to be better than the con-
ventional GOR to identify the optimal operational point 
under known environmental conditions. In addition, a 
sensitivity analysis shows that mass flow rates, solar radi-
ation, and ambient temperatures are the key operational 
parameters. For this configuration, the packed bed and size 
of the equipment are not considered a constraint if these 
are well dimensioned. Finally, a long-term correlation to 
estimate the distillate production based on yearly average 
environmental parameters (solar radiation, sea water and 

ambient temperatures) is developed with a high correla-
tion index. Therefore, through this analysis, it is possible 
to estimate the distillate production on both short-term 
[Eq. (22)] and long-term [Eq. (25)] periods, depending on 
the required analysis.

The experimental facility, the numerical model, 
and the analysis performed on in this work are power-
ful tools to support the exploration and development 
of inexpensive autonomous solutions for the provi-
sion of freshwater in small and isolated communities. 
In further studies, using the numerical model, other 
operational conditions may be explored, including 
variable flow rates and equipment size, transient anal-
ysis, and energy storage and recovery options. A simi-
lar analysis may be expanded to CAOW configuration. 
Finally, a multistage HDH system is under development, 
based on the preliminary results shown in this study.
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Symbols

ah — Packing specific area, m2/m3

A — Surface area, m2

bf — Fin separation, mm
cp — Specific heat, J/kg°C
C — Heat capacitance, J/°C
D — Diameter, m
DIR — Distillate-to-irradiance ratio, –
e — Thickness, m
FR — Heat removal factor, –
GT — Global radiation, W/m2

GOR — Gained output ratio, –
h — Heat transfer coefficient, W/m2°C
hD — Mass transfer coefficient, kg/s–m2

H — Height, m
Hh — Monthly horizontal irradiation, J/m2

i — Enthalpy, J/kg
L — Length, m
M, m — Mass flow, kg/s
MR — Mass ratio, –
N — Number, –
RR — Recovery ratio, –
Q — Heat flow, W
Si, Sij, ST — Sobol method indexes
T — Temperature, °C
t — Time, s
U — Overall heat transfer coefficient, W/m2

UL — Overall heat loss coefficient, W/m2

V — Volume, m3

W — Width, m
Z — Height, m

Greeks

r — Density, kg/m3

λ — Latent heat of vaporization, J/kg
μ — Rugosity, mm
ω — Absolute humidity, kg/kg
(τα) — Transmission-absorption coeff., –

Suffixes

a — Dry air
aw — Humid air
amb — Ambient
c — Convection, condenser
C — Collector
d — Distillate

exp — Experimental
f — Flow, collector water flow, fin
fw — Feedwater (inlet seawater)
h — Humidifier
hp — Humidifier packing
hx — Heat exchanger
i — Specific hour, index
j — Dehumidifier pass
m — Mass transfer
o, out — Out, outside, outer
p — Passes, pipe
PV — Photovoltaic panel
r — Rows
s — Saturated condition
sea — Sea
sim — Simulation
sol — Solar
st — Storage tank
T — Total
u — Useful heat (from collectors)
v — Vapor
w — Water
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