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A B S T R A C T

Humidification-dehumidification (HDH) processes have proved to be a promising solution for small-scale de-
salination, appropriate for water production in off-grid locations where the water demand does not justify the
installation of conventional large-scale systems. With this contribution, we investigate the design and operation
of an HDH process coupled with photovoltaic-thermal (PVT) solar modules for the simultaneous generation of
clean water and electricity. The HDH system consists of established technologies, namely a humidification
column and a heat exchanger, and is simulated through a commercial software accounting for heat and mass
transfer limitations. On the other hand, PVT modules are a relatively new technology and their performance is
determined experimentally to characterize the simultaneous generation of electricity and heat under realistic
operating conditions. Based on the maximum-efficiency ratio of water to air mass flow rates, the optimal design
of the system is determined for a wide range of ambient conditions by evaluating the impact of saline water flow
rate, PVT configuration and HDH size on the amount of clean water produced. Then, the optimal operation of the
system is characterized as function of the ambient conditions for a fixed system design. The state of the system is
represented by the maximum process temperature, at the outlet of the PVT modules, whereas the performance is
evaluated in terms of clean water and electricity generation. Finally, a techno-economic assessment is carried out
to compare the proposed technology against conventional solar-driven HDH units, which use thermal and
photovoltaic panels, for a wide range of electricity price, ambient conditions, amount of yearly water produced
and size of the HDH process.

1. Introduction

Today, about 800 million people lack access to potable water and
about 1.2 billion people have no access to electricity [1]. At the same
time, the population and economical growth of developing countries is
leading to a projected increase in water and energy demands of about
50% and 100% by 2050, respectively [2]. Saline water desalination is a
promising technology for water security; globally, 90 million cubic
meters of water is desalinated every day, with a total energy con-
sumption above 26 million tonnes of oil equivalent per year. More than
99% of this energy demand is satisfied by fossil fuels, resulting in CO2
emissions of more than 76 million tonnes per year [3]. This calls for
renewable-based, sustainable desalination systems, particularly in re-
mote locations where energy generation and transmission have high
economic and environmental impacts [4,5].

Humidification-dehumidification (HDH) systems for desalination
have not been deployed yet, due to their low energy efficiency and
water productivity with respect to conventional technologies, such as
multi-effect distillation (MED) and reverse osmosis (RO) [6]. Despite
such disadvantages, HDH systems do not require sophisticated com-
ponents and expensive maintenance, have proven to provide a pro-
mising solution for small-scale desalination, and to be appropriate for
water production in off-grid locations where the water demand does not
justify the installation of conventional large-scale systems [7,8]. Fur-
thermore, the low water productivity, generally lower than 10%, is a
potential benefit in the aforementioned contexts as it leads to low levels
of brine concentration, thus avoiding the need of expensive brine dis-
posal. HDH uses a carrier fluid to separate clean water from the saline
feed. In its simplest form, the process consists of three sub-systems:
carrier/water heater, humidifier (i.e. evaporator), and dehumidifier
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(i.e. condenser) [9]. HDH systems are classified based on (i) the type of
energy used, (ii) the cycle configuration, and (iii) whether water or
carrier is heated up. While several cycle configurations have been in-
vestigated, reviewed by Müller-Holst et al. [10] and Narayan et al. [11],
the closed-air open-water (CAOW), water-heated configuration has
been proven to be the most energy-efficient solution and it is therefore
considered in this work (see Fig. 1). A review of the design strategies for
conventional and modified CAOW processes is provided by Elmutasim
et al. [12]. Furthermore, whereas different carriers have been studied,
including hydrogen, helium, CO2 [13,14], here we consider air as car-
rier fluid, as this is in line with the considered applications, i.e. simple,
small-scale, off-grid desalination units.

Several studies have focused on reducing the energy consumption of
the HDH process, being this one of the major issues. First, Müller-Holst
showed that entropy generation, and thus energy consumption, is
minimized when the stream-to-stream temperature difference is kept
constant across the system, and tried to achieve this condition by ad-
justing the water and air flow rates along humidifier and dehumidifier
[15]. Later, Narayan et al. introduced the notion of modified heat

capacity rate ratio as the ratio of the maximum difference in enthalpy
rates of the cold and hot streams in heat and mass exchangers; they
showed that the entropy generation of an HDH process is minimized
when such heat capacity rates are equal in the dehumidifier, which
translates into an optimal ratio of water to air mass flow rates in the
dehumidifier [16–18]. In this case, the system is said to be balanced.
We have recently reached the same conclusion through an analysis
based on equilibrium theory, which shows how the optimal operating
condition is independent of heat and mass transfer limitations [19].

Based on such findings, several studies have presented optimized
multi-stage layouts with varying water-to-air mass flow rate ratios
[20–34]. Furthermore, many studies have investigated the integration
of the HDH cycle with solar modules both computationally [30,35,36]
and experimentally [32,37–41], though almost all of them have con-
sidered thermal collectors as the energy source. The coupling of cooled
photovoltaic (PV) modules with the HDH technology was first in-
vestigated by Wang et al., who analyzed the effect of the process tem-
perature and of the convection mode on the amount of clean water
produced [42]. Later, Giwa et al. studied the environmental impact of

Nomenclature

A area of solar collectors, [m2]
B geometrical factor, [m]
C total capital cost, [€]
c cost of clean water, [€/m3]
cp heat capacity at constant pressure, [kJ/(kg K)]
D diameter of heat and mass exchanger, [m]
E net electricity production, [kW]
e specific net electricity production, [kWh/kg]
F heat flux, [kW/m2]
G dry air mass flow rate, [kg/s]
H height of the humidifier, [m]
h specific enthalpy, [kJ/kg]
h specific enthalpy per unit dry air, [kJ/kgG]
I solar irradiance, [W/m2]
J mass flux, [kg/(sm )2 ]
K annual cost, [€/yr]
k specific annual cost, [€/kg]
L saline water flow rate, [kg/s]
l saline water flow rate per unit solar area, [kg/(hm )2 ]
M clean water flow rate, [kg/s]
N number of solar modules, [–]
P PVT electrical power, [kW]
p pressure, [bar] electricity price, [€/kWh]
Q heat consumption, [kW]
q specific heat consumption, [kWh/kg]
r humidifier section-to-solar area ratio, [–]
T temperature, [°C]
U moist air mass flow rate, [kg/s]
y mole fraction, [–]
W yearly water production, [kg/yr]
w clean water flow rate per unit solar area, [kg/(hm )2 ]
z spatial coordinate (independent variable), [m]

Greek letters

PVT empirical coefficient, [W/(m K)2 ]
PVT pressure drop coefficients, [(bar s2)/kg2], [(bar s)/kg]
PVT power coefficient, [%/K]
discount rate, [–]
efficiency, [–]
fraction of total cost, [–]
technology lifetime, [y]

enthalpy pinch, [kJ/kgda]
optimal saline water-to-dry air flow rate ratio in dehumi-
difier, [–]
humidity ratio, [kg /kgL G]

Subscripts

* lower range
amb ambient
avg average
cell solar cell
e electrical
G dry air
in inlet
inv inverter
inst installation
L saline water
M clean water
m solar module
maint maintenance
max maximum
o optical
out outlet
p parallel-connected solar modules
s series-connected solar modules
t thermal
U moist air

Superscripts

* upper range, per unit dry air
0 negative cost threshold, reference conditions
deh dehumidifier
hum humidifier

Acronyms

BoP balance of plant
CAOW closed-air open-water
HDH humidification-dehumidification
LMTD logarithmic mean temperature difference
PV photovoltaic panels
PVT photovoltaic-thermal panels
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the PV-HDH technology [43], whereas Elsafi evaluated the efficiency of
a cogeneration unit consisting of an air-heated HDH cycle and con-
centrated photovoltaic-thermal (CPVT) collectors and compared the
cost of water produced against that obtained with other HDH-based
desalination technologies [44]. However, neither the optimal operation
of such systems, nor their optimal design for the cogeneration of clean
water and electricity, have been investigated yet.

In this study, we consider the HDH system operating at the optimal
water-to-air mass flow rate ratio, , mentioned above. Referring to
Fig. 1, this is given by

h
h

h T h T
h T h T

( ) ( )
( ) ( )

U
max

L
max

U 6 U 1

L 6 L 1
= =

(1)

where T is the temperature, h the specific enthalpy and h the specific
enthalpy per unit dry air; the subscripts L and U refer to saline water
and moist air, respectively. When solar energy is adopted to drive the
HDH process, the optimal operating condition given by Eq. (1) depends
on the ambient conditions, namely ambient temperature and solar ir-
radiance. We take this into account by determining feasible and optimal
operating conditions, in terms of clean water and electricity generation,
of an HDH process coupled with photovoltaic-thermal (PVT) solar
modules as function of ambient conditions. Furthermore, we study the
optimal design of the system to quantify the impact of the PVT con-
figuration and of the HDH size on clean water and electricity produc-
tion for several ambient conditions. Moreover, the cogeneration of
clean water and electricity is investigated by evaluating the total cost of
clean water as a function of the electricity price. This cost is compared
to that of conventional solar-driven HDH processes, which use thermal
and PV panels, for a wide range of ambient conditions, yearly water
production, and size of the HDH process.

This paper is structured as follows. Section 2 presents the mathe-
matical models implemented to simulate the different components of

the process, namely HDH and PVT. In Section 3 the main results are
presented and discussed. Finally, in Section 4 conclusions are drawn.

2. Mathematical model

A scheme of the process, with a single-stage HDH system and PVT
solar modules as energy source, is shown in Fig. 1. The relevant streams
are characterized for an exemplary simulation in terms of temperature,
T, pressure, p, mass flow rates, L and U for saline water (or brine) and
moist air, respectively, and composition expressed in mole fractions, y.
Cold saturated air is heated-up in the humidifier, where it enters in
contact with the hot saline water, thus increasing its vapor pressure. A
fraction of the saline water stream evaporates, thus increasing the water
content of the air stream. Then, the hot saturated air enters the dehu-
midifier, where it is cooled down by cold saline water, causing some of
the water vapor to condense, thus producing a stream of pure water.
The saline water, which is pre-heated in the dehumidifier, is heated up
to the maximum temperature in the solar modules and discharged by
the humidifier in the form of a concentrated brine.

As inputs the mathematical model has (i) the flow rate and inlet
conditions of the saline water, (ii) the ambient conditions, and (iii) the
geometry and the performance coefficients of the considered compo-
nents, i.e. HDH system and PVT modules. Based on these, it determines
(i) the flow rate and temperature profiles of water and air, (ii) the
thermal and electrical energy consumption, and (iii) the electricity
production. All the input parameters assumed within the mathematical
model are summarized in Table 1. The inlet saline water is character-
ized in terms of temperature and salinity, whereas the relevant ambient
conditions are ambient temperature and solar irradiance. The time
profiles of ambient conditions implemented in this work are discussed
in Section 3. We note that while such assumptions are required to
perform calculations, they do not affect the generality of the proposed
model and the relevance of the results.

Humidifier

Brackish water
Brine

Air with low water content

Air with high water content

Pure water

PVT modules

1

2

3

4

5

6

7

Dehumidifier

Packed 
column heat exchanger

Air fan

Electricity Electricity export

Water pump

Hot saline water

T = 20 °C
p = 1.23 bar
L = 2000 kg/h
yH2O = 0.9878
yNa+ = 0.0061
yCl- = 0.0061

T = 41.5 °C
p = 1.08 bar
L = 2000 kg/h
yH2O = 0.9878
yNa+ = 0.0061
yCl- = 0.0061

T = 50 °C
p = 1.03 bar
L = 2000 kg/h
yH2O = 0.9878
yNa+ = 0.0061
yCl- = 0.0061

T = 29.6 °C
p = 1.01 bar
L = 1940 kg/h
yH2O = 0.9873
yNa+ = 0.0063
yCl- = 0.0063

T = 25 °C
p = 1.04 bar
U = 1386 kg/h
yH2O = 0.032
yN2 = 0.745
yO2 = 0.206

T = 43.9 °C
p = 1.02 bar
U = 1446 kg/h
yH2O = 0.102
yN2 = 0.690
yO2 = 0.191 efan = 2.45 kW

epump = 0.02 kW

Solar irradiance,
Ambient temperature

Fig. 1. Schematic of a closed-air, open-water, water-heated HDH system with PVT modules as energy source. The relevant streams are characterized for an exemplary
simulation in terms of temperature, T, pressure, p, mass flow rates, L and U for saline water and moist air respectively, and molar fractions, y.
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In the following, the mathematical models implemented to simulate
the HDH system and the PVT modules are presented. The numerical
procedure adopted to compute a simulation of the overall process is
discussed in Appendix A.

2.1. Humidification-dehumidification system

The HDH system is simulated using the commercial software Aspen
Plus® [50]. The system consists of a packed-bed column filled with
unstructured packing as humidifier and a counter-current heat ex-
changer as dehumidifier. As to the humidifier, structured packing was
also evaluated, but not further considered because leading to higher
costs at similar performance (the comparison between structured and
unstructured packing is discussed in detail in the Supplementary
Material). The saline water is simulated by using the electrolyte Non-
Random Two Liquid (eNRTL) model, which is suitable for electrolytes
in an aqueous solution. Sodium chloride is assumed to be completely
dissociated and always below its solubility limit. Concerning the de-
humidifier, a generic air-water heat exchanger with constant heat
transfer coefficient is considered.

The mass flow rate and temperature profiles along the HDH com-
ponents are determined by solving the steady-state energy and mass
balances for both humidifier and dehumidifier. The following as-
sumptions are made:

• Constant radial profiles of velocity, temperature and concentration
i.e. one-dimensional model along the axial direction z.
• Negligible air and water leakages.
• Negligible heat transfer resistance between condensed water and
saline water in the dehumidifier, i.e. clean water is produced at the
temperature of the saline water at the same location. This assump-
tion is discussed by McGovern et al. and results in a discrepancy
lower than 2% with respect to the actual fresh water temperature
[24].

Fig. 2 shows a schematic representation of the process and
highlights two differential control volumes within the humidifier
(blue dashed line) and within the dehumidifier (red dashed line), as
well as a control volume including a PVT module (green dashed
line).

Table 1
Parameters of the mathematical model.

Saline water inlet conditions (dehumidifier)

Temperature 20 °C
Salt mass concentration 20 g/l

Humidifier

Type Packed-bed column
Flow Counter-current (plug flow)
Packing Flexring (Koch-Glitsch) [45]
Fraction of flooding velocity 80% [46]
Height discretization 0.1 m (see Supplementary Material)
Film discretization rate 1 (see Supplementary Material)

Dehumidifier

Type Air-water heat exchanger
Flow Counter-current
Heat transfer coefficient 50W/(m2 K) [47]
Internal discretization 10 zones with LMTD (see Supplementary Material)
Heat losses 5% of total duty (see Supplementary Material)

PVT panels [48]

Reference electrical power, P0 153W/m2

Reference solar irradiance, I 0 1000W/m2

Reference cell temperature, Tcell
0 298.15 K

Power temperature coefficient, 0.42%/K
Optical efficiency, o 0.50 (see Appendix B)
Loss coefficient, 11.2W/(m2 K) (see Appendix B)
Pressure drop coefficient, 1 36.5 (bar s2)/kg2

Pressure drop coefficient, 2 2.66 (bar s)/kg
Area of PVT/PV module 1.6 m2

Area of thermal module 2.2 m2 [49]
Peak electricity production of PVT/PV module 0.25 kW

Auxiliaries

Isentropic efficiency of water pump and air fan 0.65
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The following equations are written for a control volume of length
dz within the humidifier:

• Material balances of saline water and moist air.

L JB zd d= (2)

G JB zd d= (3)

• Energy balances of saline water and moist air.

Lh FB zd( ) dL = (4)

G h FB zd dU = (5)

Here, L and G are the mass flow rates of saline water and dry air,
respectively; is the humidity ratio (amount of water vapor per
amount of dry air); B is a factor depending on the geometry of the
column (i.e. B D= considering a cylindrical geometry with diameter
D); J is the mass flux between water and air, determined by using the
correlations proposed by Rocha et al. to calculate the mass transfer
coefficient and interfacial area [51]; h is the specific enthalpy and h the
specific enthalpy per amount of dry air; F is the heat flux between water
and air, determined through the Chilton-Colburn analogy [52]. Note
that the mass flow rate of dry air is constant in the entire HDH process,
i.e. G zd /d =0, z, as only the water content of moist air, i.e. the hu-
midity ratio , varies. Also, note that the air conditions at the inlet of
the dehumidifier are those at the outlet of the humidifier and con-
versely.

In Aspen Plus®, a few parameters need to be chosen and calibrated
to characterize the mass and heat transfer within the packed-bed
column. These are the (i) packing type, (ii) column discretization, i.e.
height of each stage, (iii) film discretization ratio, and (iv) flow model
for liquid and vapor phases. Such parameters are derived by adopting
established techniques for the calibration of radfrac numerical para-
meters [53–59]. They are reported in Table 1 and discussed in detail in

the Supplementary Material. The diameter of the column is computed
considering a vapor velocity that allows for reaching 80% of the
flooding velocity along the column [46]. The value of the flooding
velocity is provided by Aspen Plus based on the selected packing, which
here is Flexiring by Koch-Glitsch [45]. Negligible heat losses are as-
sumed.

The following equations are written for a control volume of length
dz within the dehumidifier:

• Material balances of clean water and moist air.

M JB zd d= (6)

G JB zd d= (7)

• Energy balances of water and moist air.

L h Mh FB zd d( ) dL M+ = (8)

G h FB zd dG = (9)

Here, M is the mass flow rate of clean water; J is the mass flux of
clean water condensing, which is driven by the difference in humidity
ratio between the air stream and the saturation conditions; F is the heat
flux between the air and the clean water, which is calculated by Aspen
Plus® based on the properties of the fluid and by considering a constant
heat transfer coefficient, a fixed fraction of heat losses and a fixed
temperature pinch; the subscript M refers to clean water. Note that Eqs.
8 and 9 imply considering the thermal resistance between the moist air
and the condensing water only, whereas the resistance between the
clean and the saline water is neglected due to the high liquid-liquid heat
transfer coefficient [24,47] (following the third assumption above).
Moreover, note that the mass flow rate of saline water is constant along
the dehumidifier ( L z zd /d 0,= ) because of the indirect contact be-
tween air and water.

Similar to the humidifier, the following parameters need to be

Humidifier

Dehumidifier

Humidifier 
control volume

Dehumidifier 
control volume

( (

(

( (

( (

( (

(

(

(

(

(

(

(

i-th stage

i-th zone

PVT

Fig. 2. Schematic of the HDH-PVT process and representation of two differential control volumes for both humidifier (blue dashed line) and dehumidifier (red dashed
line), as well as the control volume including the PVT modules (green dashed line). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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calibrated in Aspen Plus® to characterize the dehumdifier: (i) tem-
perature pinch, (ii) number of zones in which the heat exchanger is
discretized, (iii) relative flow of water and air, (iv) heat losses as a
fraction of the total duty. Based on this, the area of the heat exchanger
is calculated by considering a constant heat transfer coefficient. The
adopted values are reported in Table 1 and discussed in the
Supplementary Material. Several values of the temperature pinch are
considered to investigate the system design (see Appendix A). Pressure
drops of 2 and 0.2mbar/m2 are assumed for water and air streams,
respectively, across the HDH process. While such values are based on
average values of pressure drops across the humidifier [45] and the
dehumidifier [46], they only impact the auxiliary electricity con-
sumption and do not affect the generality of the model.

While the simulation results of the HDH process are not validated
experimentally, we believe that the software we adopted to model and
simulate the HDH system – Aspen Plus®, Rate Based model – can ac-
curately describe the phenomena happening in a packed tower in the
conditions of interest. This was shown in literature for different, highly
non ideal, water solutions [53–59].

2.2. Photovoltaic-thermal solar modules

PVT modules are conventional PV panels (either based on silicon or
thin film technologies) integrated with a heat recovery system [60]. PV
modules can convert only a limited fraction of the incident solar ra-
diation into electrical power (between 10 and 20%), whereas a sig-
nificant portion of the solar energy is dissipated in the form of heat. PVT
collectors recover part of this heat, thus providing both electrical and
thermal power [60,61]. A commercially available roll-bond PVT tech-
nology [48] is selected here due to the higher thermal efficiency with
respect to the conventional sheet-and-tube technology [60,62,63]. In
this case, the cooling fluid (saline water) passes through two metal
sheets pressed against each other and forming a specific channel pat-
tern. The thermal efficiency of the PVT modules, t, is calculated by
using the following linear equation [64,65]:

T T
It o

avg amb= (10)

where o is the optical efficiency and a loss coefficient; Tavg is the
average between inlet and outlet temperature of the cooling fluid, Tamb
the ambient temperature and I the solar irradiance. Here, the value of I
is modified to account for the incidence angle between the sun and the
module. The term T T I( )/avg amb is known as reduced temperature. The
coefficients o and , which are experimentally determined as discussed
in the Appendix B by following the methodology and with the setup
described in [60], are equal to 0.50o = and 11.2= W/(m2 K). These
translate in a thermal efficiency around 26% for a reduced temperature
of 0.02 °C/(W/m2). The experimental characterization of the PVT pa-
nels in real environmental conditions is motivated by the current lack of
both standard testing procedure and data analysis for such technolo-
gies. Indeed, in authors’ experience [60] and as shown in Appendix B,
the performance provided by the manufacturer is often higher than the
actual performance measured under realistic operating conditions.

The PVT modules can be connected both in series and in parallel,
with the number of parallel- and series-connected modules being de-
noted as Np and Ns, respectively (see, e.g., the scheme in Fig. 1 with
N 5p = and N 2s = ); N N Np s= is the total number of modules. The total
water mass flow rate, L, is equally split among the modules connected
in parallel; the resulting mass flow rate L L N/m p= is the same for all
modules. The following energy balance is written for all modules con-
nected in series i N{1, }s :

L c T T IA( )p i i im out, in, t,= (11)

where A is the area of a PVT module; T iin, and T iout, the inlet and outlet
temperatures of the i-th module, respectively; cp the heat capacity at
constant pressure of the saline water. Eqs. 10 and 11 can be rearranged

to express the overall outlet temperature of the saline water as a
function of the inlet temperature and the number of series-connected
modules:

T T
1

(1 )N N
out ins s= +

(12)

where

L c A
L c A

A I T
L c A

2
2

,
2 ( )

2
p

p p

m

m

o amb

m
=

+
=

+
+

Note that while the coefficient depends on the design of the PVT
installation and on the water properties only, the coefficient varies
with the ambient conditions. Eq. (12) states that the increase of water
temperature across the PVT modules varies less than linearly with Ns
due to increasing ambient losses.

The electricity generated by the PVT modules is calculated as [64]:

P ANP I
I

T T[1 ( )]0
0 cell cell

0= (13)

whereTcell is the actual cell temperature; P I,0 0 andTcell
0 are the standard

electrical power, solar irradiance, and cell temperature, respectively.
The standard electrical power is determined at standard test conditions
(I 0 =1000 TW/m ,2

cell
0 =25 °C); is the power coefficient. These

parameters are available in the module datasheet [48].
The pressure drop across the PVT modules is computed by con-

sidering a quadratic increase with the water flow rate [48]:

p L L1 m
2

2 m= + (14)

where 1 and 2 are constant coefficients provided by the manufacturer
[48]. All the aforementioned parameters are reported in Table 1.

Finally, it must be noted that all the results discussed below are
obtained by considering the aforementioned performance coefficients,
i.e. o and , which were determined experimentally for commercial
PVT modules implementing aluminium for the hydraulic circuit.
However, as the PVT-HDH system works with seawater as cooling fluid,
an anti-corrosion material such as stainless steel should be considered.
To do so, an assessment of the performance of a PVT with a stainless
steel roll-bond heat exchanger is carried out with the help of a validated
simulation tool [66]. Findings show that the thermal resistance of the
heat exchanger material is negligible due to its small thickness and to
the fact that heat transfer is limited by the contact resistance between
roll-bond and PV module.

2.3. Performance indicators

The following indicators are defined to assess the technical perfor-
mance of the desalination system:

i. Specific heat consumption, q [kWh/kg]. This is defined as the
amount of total thermal energy required, Q, per unit clean water
produced, W:

q Q
W

= (15)

Note that this is inversely proportional to the Gained-Output-Ratio
(GOR), which is the ratio of the latent heat of evaporation of the
distillate produced to the total heat input absorbed by the solar
collectors. Conventional thermal desalination systems, such as
multi-effect distillation (MED) or multi-stage flash (MSF), feature a
specific thermal energy consumption ranging from 40 to 70 kWh/
m3 [67]. It is worth mentioning that, in a first approximation, for
renewable-based technologies the specific energy consumption does
not affect the operation cost.

ii. Specific electricity production, e [kWh/kg]. This is defined as the
net amount of electrical energy generated, E, per unit clean water
produced, W:
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e E
W

= (16)

The net electricity is the difference between the electricity gener-
ated and that required by the auxiliary components, i.e. water pump
and air fan. Note that for conventional technologies based on
thermal modules the net electricity production is negative, as they
only consume electricity.

iii. Specific fresh water production, w [kg /(hm )H O
2

2 ]. This is the
amount of produced clean water per unit solar area, A:

w W
AN

= (17)

The cost of clean water quantifies the economic performance of the
desalination system. It is given by the ratio of the difference between
the total cost of the system and the revenue gained by selling electricity
to the grid to the amount of potable water produced:

c K pE
W

= (18)

Here, K is the annual cost of the system; p is the electricity price; E
and W are the net electricity generated and the clean water produced,
respectively, during one year. A constant electricity price is considered.
The total cost of the system includes the capital, installation and
maintenance contributions. More specifically, installation costs are as-
sumed to account for 50% of the capital cost of solar modules, inverter
and HDH components, whereas maintenance costs are assumed to ac-
count for 5% of the overall capital cost. Such figures derive from per-
sonal communications with industry experts. The total cost is annual-
ized by considering a discount rate of 7% and a lifetime of 25 years.
With reference to the notation in Table 2, and by considering the
standard expression of the annuity factor [68], K is expressed as

K C C C C(1 )[(1 )( ) ]
1

maint inst HDH m inv BoP 1
(1 )

= + + + + +
+

(19)

where C is the total technology cost and the subscripts m and inv refer
to the solar modules and the inverter, respectively. Note that while the
unit capital costs of the components of the solar system are constant
with the size, the nonlinear correlation proposed by Brunazzi et al. is
used to calculate the cost of the humidifier as function of the column
diameter and height [69]. All the parameters required for the calcula-
tion of the system cost are reported in Table 2, together with the re-
levant references. Whereas all economic assumptions are relatively
general, i.e. the costs of the components do not reflect any specific
geographic location, the discount rate of 7%, together with a constant
electricity price, are considered to be representative of the applications
of interest [70,71].

3. Results and discussion

A PVT-HDH process operating at ambient pressure and treating brackish
water at 20 °C with a salt mass concentration of 20 g/l is investigated, for
the range of design and operating conditions summarized in Table 3. The
results section proceeds as follows. First, the optimal design of the system is
investigated for a wide range of ambient conditions by evaluating the im-
pact of saline water flow rate, PVT configuration and HDH size on the
amount of clean water produced. Next, the optimal operation of the system
is characterized as function of the ambient conditions for a fixed system
design. Finally, a techno-economic assessment is carried out to compare the
proposed technology against conventional solar-driven HDH units.

As mentioned above, we consider a balanced HDH system, which
minimizes the energy losses by operating at the optimal water-to-air
mass flow rate ratio given by Eq. (1) [16–19]. In this case, the PVT-HDH
system is characterized by one control variable only, since the flow rate
of saline water determines that of moist air, and conversely. This im-
plies that, for fixed system design and conditions of the saline water,
fixing the flow rate of one fluid allows defining the process tempera-
tures and thus the process performance.

3.1. Design considerations

Concerning the aforementioned control variable, here we act on the
saline water flow rate and we perform a sensitivity analysis aimed at de-
termining its optimal values, which lead to the maximum amount of clean
water produced, for several ambient conditions (see Table 3). The range of
flow rate is defined by the minimum and maximum flow rates through a
single PVT module, namely 0.5 and 2 l/min, respectively [48]. Further-
more, the optimal system design is studied in terms of (i) series–parallel
configuration of the PVT modules, and (ii) size of the HDH system. The
former is studied by varying the number of series-connected modules from 1
to 4, while keeping the same value of total solar area. The latter, which
characterizes the HDH performance in terms of heat and mass transfer, can
be described by referring only to the height of the humidifier, H, since a
balanced system is considered. Indeed, the area of the dehumidifier is de-
fined by the condition of equal enthalpy losses within humidifier and de-
humidifier [16–18]. Here, H varies between 3.6 and 6.4m, which are
considered reasonable values for the scale of interest. In the following, the
state of the system is represented by the maximum process temperature, i.e.
at the outlet of the PVT modules and inlet of the humidifier.

3.1.1. Effect of saline water flow rate on clean water produced
The results obtained when varying the mass flow rate of treated saline

water are illustrated in Fig. 3-a for different values of solar irradiance, I, and
a fixed ambient temperature Tamb =30 °C. The figure shows the specific
mass flow rate of clean water, w (solid lines), and the maximum process

Table 3
Design and operation variables, with corresponding ranges of the sensitivity
analysis.

Design variables

Number of series-connected PVT modules 1–4
Height of humidifier (size of HDH system) 3.6–6.4 m
Operating pressure 1.01 bar

Operation variables

Saline water flow rate through a PVT module 0.5–2 l/min

Ambient conditions

Ambient temperature 15–45 °C
Solar irradiance 200–1000 W/m2

Table 2
Economic parameters used for techno-economic assessment.

Unit capital cost of PVT modules 1600 €/kWe (based on [72,48])
Unit capital cost of PV modules 550 €/kWe [72]
Unit capital cost of thermal modules 350 €/kWt [73]
Unit capital cost of inverter 300 /kWe [72]
Unit capital cost of humidifier packing 200 €/m3 [69,46]
Unit capital cost of humidifier tower f D H( , ) [69]
Unit capital cost of dehumidifier 0.7 €/(kg/h) of treated water [30]
Fixed balance-of-plant (BoP) costs 2500 € [74]
Installation costs, inst 50% of capital cost of solar and HDH

units [74]
Maintenance costs, maint 5% of total capital cost [74]
Lifetime of the system, 25 a [74]
Discount rate, 7% [70,71]
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temperature,Tmax (dashed lines), as function of the specificmass flow rate of
saline water, l, for a PVT configuration featuring two series-connected
modules, N 2s = . The water flow rates are expressed per unit area of solar
modules. For a fixed humidifier height, this is equivalent to expressing them
per unit area of humidifier section, as the ratio of column area to solar area
is constant; for H 3.6= m this ratio is equal to r 0.004= . One can note that
the amount of clean water produced increases with the saline water flow
rate, whereas the maximum process temperature decreases. This is because
higher water and air flow rates and lower energy losses are predominant
over the lower air humidity ratio obtained at lower process temperatures. In
other words, for given solar irradiance I the amount of fresh water produced
is maximized by working at the maximum value of saline water flow rate,
corresponding to the minimum value of maximum process temperature. At
the same time, a low value ofTmax is beneficial for the PVTmodules in terms
of electrical efficiency and therefore of electricity generation. Similar con-
siderations can be made when varying the ambient temperature Tamb (Tamb
and I within the ranges defined in Table 3). This suggests that the system is
optimally operated by working at the highest feasible value of l, which re-
sults in the lowest feasible value of Tmax.

The maximum value of saline water flow rate is determined by the PVT
modules, while the minimum value of maximum process temperature is
determined by the HDH system. For the configuration investigated in
Fig. 3-a, no clean water is produced for values of maximum process
temperature below 40 °C, as the differences between inlet and outlet
temperatures of humidifier and dehumidifier are too small. This means
that below a certain value of ambient temperature and solar irradiance the
clean water production is constrained by the minimum value of Tmax. In
this case, the saline water flow rate is set at the maximum possible value
within the feasible range so asTmax =40 °C. On the contrary, above certain
threshold values of ambient temperature and of solar irradiance the clean
water production is constrained by the maximum value of l. In this case,
the saline water flow rate through a PVT module is equal to 2 l/min and
Tmax increases with I and Tamb.

3.1.2. Effect of PVT configuration on clean water produced
The impact of the number of series-connected modules on the clean

water production is shown in Fig. 3-b. Increasing Ns translates in higher
values of temperature difference across the solar installation, but lower
values of saline water mass flow rate. On the one hand, with N 1s = the
performance of the system is maximized at high values of solar irradiance.
However, in this case the production of clean water drops drastically at low
values of solar irradiance, where a very limited energy input is provided by

the PVT. In specific, no water is produced below 400W/m2 because a
maximum process temperature of 40 °C cannot be reached even when
working at the lowest level of saline water flow rate. On the other hand, a
higher Ns allows transferring more heat to the saline water, which allows
working in a wider range of solar irradiance values. In this case, a smaller
amount of saline water is treated per unit solar area. This leads to a lower
clean water production at high values of I, but to a higher clean water
production at low values of I. For I400 500 W/m2, N 2s = max-
imizes the production of clean water, leading to a significant improvement
with respect to N 1s = . For I 600W/m2, the disadvantage of using
N 2s = is much limited compared to N 2s > . Therefore, N 2s = is selected as
the optimal trade-off between system performance and flexibility within the
range of ambient conditions of interest, and is considered hereafter. Again,
similar considerations can be made for the ambient temperature.

3.1.3. Effect of HDH geometry on clean water produced
The impact of the HDH geometry, represented by the humidifier

height, on the clean water production is presented in Fig. 4, which

Fig. 3. a) Specific mass flow rate of clean water (solid lines) and maximum process temperature (dashed lines) as function of specific mass flow rate of saline water,
for varying solar irradiance I 400, 500, 600, 800, 1000= W/m2 and for N 2s = , i.e. two series-connected modules. b) Maximum clean water production for different
PVT configurations featuring N 1 4s = and for varying solar irradiance. Tamb 30 °C, H=3.6m.

Fig. 4. Specific mass flow rate of clean water as function of humidifier height for
varying solar irradiance I 400, 500, 600, 800, 1000= W/m2. N T2,s amb= =30 °C.
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shows the specific mass flow rate of clean water as function of the
humidifier height for different values of solar irradiance, at a fixed
ambient temperature of 30 °C. A taller humidifier allows increasing the
effectiveness of heat and mass transfer (i.e. it allows reducing the en-
ergy losses across the HDH process, as shown in Appendix A, Fig. 9),
hence permitting to reduce the thermal energy consumption. Conse-
quently, the specific water production increases for higher H, with an
improvement of about 25% when going from H 3.6= m to H 6.4= m.
In the following, a humidifier height of H 3.6= m is considered to il-
lustrate the system performance, but similar considerations apply to
different values of H.

3.2. Optimal operating regions

Based on the results of the previous section, reference values are
selected for the saline water flow rate (i.e. the control variable of the
system), the PVT configuration, and the HDH size (i.e. relevant design
quantities). More specifically, the optimal value of l for each ambient
condition, N 2s = , and H 3.6= m are selected. Based on such design

features, the optimal system operation as function of ambient condi-
tions is illustrated in Fig. 5, which reports the behavior of (a) optimal
maximum temperature, (b) clean water production, (c) thermal energy
consumption, and (d) electrical energy production on a T Iamb plane,
spanning the ranges of ambient conditions of interest. In the following,
we use as reference ambient temperature and solar irradiance those
reported for Abu Dhabi (see Fig. 3 of reference [43]), where a typical
day with hour resolution is considered for each month of the year; the
ambient temperature and solar irradiance of a typical day of April are
indicated by the red dots in Fig. 5. Three distinct regions are identified
on the T Iamb plane: (i) an unfeasible region (grey-shaded) at low
ambient temperature and solar radiation, where no fresh water is
produced; (ii) a constant temperature region (blue-shaded, Fig. 5-a),
where the system is operated at 40 °C, independently of the ambient
temperature and solar radiation, and produced fresh water, consumed
heat and produced electricity vary according to the ambient conditions;
(iii) a region where all the variables vary according to the ambient
conditions, and they are constrained by the maximum value of saline
water flow rate. One can note that for ambient conditions outside the

Fig. 5. Optimal state and performance of the PVT-HDH system as functions of ambient conditions, namely ambient temperature, Tamb, and solar irradiance, I. The
optimal state of the system is represented by the maximum process temperature (a); the optimal performance is reported in terms of (b) specific mass flow rate of
produced clean water, (c) thermal energy consumption per unit clean water produced, (d) electrical energy production per unit clean water produced. Three regions
are identified: (i) unfeasible region (grey-shaded), (ii) constant temperature region (blue-shaded), where the other variables vary according to the ambient conditions
(isolines), (iii) a region where all variables vary according to the ambient conditions (isolines). Simulations are performed with a step of 5 °C for the ambient
temperature and 100W/m2 for the solar irradiance; this reflects on the shape of the unfeasible region. The reference values of hourly-resolved ambient temperature
and solar irradiance (only for I 200 W/m2> ) are indicated by red dots [43]. Ns =2, H=3.6m. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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unfeasible region the fresh water production increases with Tamb and I.
Furthermore, the specific thermal energy exhibits a behavior directly
connected to that of the maximum process temperature and to that of
produced clean water, whereas the net electricity generation depends
on the variation of the PVT electrical efficiency with Tamb and I (see Eq.
(10)) and of the produced clean water. Lower specific heat consumption
and electricity production are observed at high Tamb and I, since the
consumed and generated energy increase slower than the water pro-
duction with the ambient conditions.

3.3. Techno-economic assessment

In the following, a techno-economic assessment of the PVT-HDH
system is carried out to identify the conditions at which the proposed
system is convenient with respect to HDH processes driven by con-
ventional solar technologies. First, the yearly productions of clean
water and electricity are assessed for different solar-driven technolo-
gies, and the total cost of clean water is calculated. Then, the effects of
electricity price, ambient conditions, amount of yearly water pro-
duced and size of the HDH process on the cost of clean water are
evaluated.

3.3.1. Cost of clean water
The analysis starts from the calculation of the yearly water and

electricity production, which are determined by using the profiles of
ambient temperatures and solar irradiance given in [43] and reported
in Appendix C for convenience. Based on such ambient conditions, the
PVT-HDH system is operated following the optimal behavior discussed
in Section 3.2. The resulting water production is illustrated in Fig. 6,
which shows (a) the hourly profiles of clean water produced for the
average April, July, and December days, and (b) the daily clean water
production for the average day of each month of the year. As expected,
the water production always reaches its maximum during the central
hours of the day, where the highest values of ambient conditions are
registered. Moreover, whereas the fresh water production is similar
during mid-season months, the water produced in winter is only about
10% of that produced in summer. The average water production per
unit solar area over the entire year is about 0.2 kg/(h m2). The average
heat consumption and electricity production per unit clean water pro-
duced over the entire year are about q=0.34 kWh /kgt and
e=0.15 kWh /kge , respectively. It is worth mentioning that the high

heat consumption is due to the single-stage HDH configuration con-
sidered in this work [26,27]. Values closer to those typical of conven-
tional systems, in the range of q=0.05–0.1 kWh /kgt , can be obtained
by adopting multi-stage configurations. In fact, values of specific heat
consumption as low as 0.12kWh /kgt [2] can be achieved by optimizing
the process, which is beyond the scope of this work. Furthermore, it is
worth noting that the low average water production results in a large
solar area: For example, a total water production of 365 m3/y (500
people using 2 liters of clean water per day) requires a solar area of
about 210 m2. While this value can be reduced by optimizing the
process according to the reduction in energy consumption, it confirms
that HDH processes are not suited for the production of large volumes
of clean water.

The same calculation is performed for different systems that adopt
conventional solar technologies as energy source of the HDH process. In
particular, thermal collectors (Th) [49] and a combination of thermal
and PV modules (Th+PV, hybrid system) [48] are investigated. Con-
ventional flat-plate, sheet-and-tube thermal collectors are selected.
They are characterized by a higher optical efficiency and a lower
thermal loss coefficient than PVT modules, resulting into a thermal
efficiency ranging from 0.4 to 0.7 (about twice that observed for the
PVT technology). Consequently, they can operate within a larger range
of water flow rate (from 1.25 l/min to 8.3 l/min) and therefore within a
wider span of ambient conditions (e.g. solar radiation as low as 200W/
m2). Concerning the configuration with both thermal collectors and PV
panels, the area of thermal and PV modules is such that the total solar
area of the system equals that of the PVT system per unit clean water
produced. A configuration with two-series connected modules is con-
sidered for all solar modules, as this represents the optimal trade-off
between system performance and flexibility for the reference ambient
conditions. For each system, the same HDH process featuring a height
of H 3.6= m is considered. The main performance indicators for the
three configurations at the reference ambient conditions are summar-
ized in Table 4. Because of the higher performance and flexibility,
thermal collectors lead to a greater water production per unit of solar
area than PVT modules. However, simply adopting thermal collectors
does not allow to generate electricity and requires an external power
source to run the auxiliaries. Similarly, the hybrid configuration fea-
tures an electricity generation of about 50% that of the PVT-based
system per unit clean water produced.

Based on such performance and on the economic assumptions
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Fig. 6. a) Hourly profiles of specific clean water mass flow rate for an average day in April (squares), July (circles), and December (diamonds). b) Daily produced
clean water during the average day of each month of the year. Ns =2, H=3.6m.
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reported in Table 2, the cost of clean water is determined for all the
considered solar-driven HDH processes. As mentioned above, although
the economic assumptions are relatively general, a discount rate of 7%
and a constant electricity price (both for buying and selling) are con-
sistent with the selected ambient conditions for Abu Dhabi and with the
applications of interest [70,71]. Concerning the PVT-based system, the
solar modules give the major contribution to the overall installation
cost, around 35%, while the HDH contribution is of about 20%. How-
ever, while humidifier, dehumidifier and inverter are off-the-shelf units
and significant cost reductions are not expected, PVT modules con-
stitute a fairly novel technology and a learning curve leading to reduced
costs can be envisioned [75]. Similar considerations apply to thermal
and PV panels, although currently they are significantly cheaper than
the PVT modules and account for a smaller share of the cost of the
corresponding clean water.

The cost of clean water given by Eq. (18) is the difference between
two terms: the specific annual cost k K W/= and the specific annual
revenue e pE W/= . The former depends on the amount of clean water
produced because water production increases faster than the capital
cost: while water production increases linearly, installation cost in-
creases less than linearly due to the contribution of fixed costs and to
the nonlinear cost of humidifier. The latter is independent of the water
production, as E scales proportionally with W, but it depends on the
electricity price, p. Furthermore it is noted that, similar to the system
performance (see Fig. 4), the system cost increases with the height of
humidifier, with the cost of clean water being a trade-off between these
two effects.

3.3.2. Effect of electricity price on cost of clean water
First, we investigate the effect of electricity price on the cost of clean

water for a fixed yearly water production, a fixed humidifier height, and
reference ambient conditions. This is illustrated in Fig. 7-a, which shows
the cost of clean water, c, as a function of the electricity price, p, for all the
considered systems. Four different regions of electricity price are identified:

• Lower range, p p< . For an electricity price below a certain
threshold p , the most convenient solution is a system implementing
solely thermal collectors. In this case, the system is a conventional
solar-driven desalination unit, which buys from the grid the elec-
tricity needed for the auxiliaries.
• Intermediate range, p p p< < . For an electricity price varying
within p and p , the most convenient solution is a hybrid system
implementing a combination of thermal and PV modules. In this
case, the system produces both the heat and the electricity required
by the HDH process and provide electricity to an end-user.
• Higher range, p p> . For an electricity price above a certain
threshold p , the most convenient solution is a system implementing
PVT modules, which produces about twice the electricity produced
by the hybrid system per unit solar area.
• Negative cost range, p p0> . For an electricity price above a certain
threshold p k e/0 = , the cost of the PVT-based system is negative, as
the revenue made by selling electricity to an end-user is larger than
the annual cost. Note that the specific annual cost of the system, k, is
equal to the cost of clean water when the electricity price is zero. A
similar electricity price threshold, greater than p0, exists for the
hybrid system, while this does not hold for the system driven by
thermal collectors.

This makes the PVT-HDH system a very promising technology for
water desalination in remote areas (e.g. Sub-Saharan Africa), where the
price of off-grid electricity can easily go up to 0.25 €/kWh, i.e. it can be
larger than reasonable values of p and p0 [76]. Again, it is worth
mentioning that the high cost of clean water depends on the single-
stage HDH configuration adopted in this work. Optimized thermal
solar-driven HDH cycles are characterized by a water cost in the range
of 3–5.5 €/m3 (due to the reduced heat consumption) [2]. This suggests
that all the curves reported in Fig. 7 can be translated downwards when
optimizing the HDH process.

Table 4
Performance indicators for the investigated systems at the reference ambient
conditions.

PVT Th Th+PV

Average water production, [kg/(hm )2 ] 0.2 0.46 0.21
Average thermal consumption, [kWh /kgt ] 0.34 0.34 0.34
Average net electrical production, [kWh /kge ] 0.15 −0.007 0.07

Fig. 7. a) Specific cost of clean water as function of electricity price for different systems implementing PVT modules (blue solid line), thermal collectors (Th, yellow
dashed line) and a combination of thermal and PV modules (Th+PV, green dash-dotted line) for reference ambient conditions. Four different regions of electricity
prices are identified: (i) p p< , where the Th configuration is the most convenient; (ii) p p p< < , where the Th+PV configuration is the most convenient; (iii)
p p> , where the PVT configuration is the most convenient; (iv) p p0> , where the PVT configuration results in negative costs. b) Impact of variation of ambient
conditions on the thresholds of electricity price. Ns =2, H=3.6m, W=200m3/y. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.3.3. Effect of ambient conditions on cost of clean water
The impact of the ambient conditions on the electricity price

thresholds defined above is presented in Fig. 7-b. The ambient con-
ditions are varied by keeping the reference profiles of ambient tem-
perature and solar irradiance and by changing their values from 80%
to 120% of the reference values. One can note that the lower range
threshold, p , remains fairly constant independently of the ambient
conditions. On the contrary, the upper range threshold, p , decreases
significantly for higher ambient conditions. This implies that the in-
termediate range, where the hybrid system is the most convenient
solution, increases at low ambient conditions, whereas it disappears
at high ambient conditions, where the PVT modules are the most cost-
effective option in a wider region of electricity prices. Overall, the
PVT-based system is less convenient at low ambient conditions, due
to (i) a greater deterioration of the performance with respect to the
thermal collectors, and (ii) a reduced impact of electricity generation.
Similarly, the negative cost threshold, p0 decreases at high ambient
conditions. In other words, lower ambient conditions require a higher
electricity price to compensate for the capital and maintenance costs,
as a lower electricity production is obtained for the same system
size.

3.3.4. Effect of amount of water produced on cost of clean water
The impact of water production on the electricity price thresholds is

presented in Fig. 8-a. The water production is varied from 200 to
1000m3/y, which covers the range of interest for the considered ap-
plication with an installed solar area ranging from 115 to 570m2

(considering w=0.2kg/(h m2) for the reference ambient conditions).
Again, note that these values of solar area can be reduced by optimizing
the HDH process [2]. The upper price threshold, p , is independent of
W. This implies that, independently of the water production, the PVT-
based system represents the most cost effective solution above a certain
electricity price, about 0.11 €/kWh for the conditions considered in
Fig. 8. In this case, the higher electricity generation compensates the
lower thermal performance of the PVT compared to thermal modules.
On the contrary, the lower price threshold, p decreases with the water
production, which means that the hybrid system is more convenient at
higher values of W.

3.3.5. Effect of HDH size on cost of clean water
Finally, the effect of the humidifier height on the cost of clean water

produced by the PVT-based technology is studied. More specifically, the
cost of clean water is calculated as function of the water production for
three different heights of the humidifier, namely H=3.6, 5, and 6.4m
(the behavior is shown in Appendix D). Similar to the thresholds of
electricity price defining the most convenient solar-based technology,
we determine values of price that define the most convenient humidi-
fier height. These are denoted as p5 , the threshold electricity price
above which H = 5m is more convenient than H=3.6m, and p6.4, the
threshold electricity price above which H=6.4m is the most con-
venient technology. Of course, the generality of such analysis is not
affected by the selected values of H. Such thresholds as function of the
yearly water production are shown in Fig. 8-b, which indicates the most
convenient humidifier height on the (W p, ) plane. Taller humidifiers
are more convenient at higher yearly water productions and lower
electricity prices, for which the improvement in system performance is
predominant over the increase in system cost.

4. Conclusions

This work analyzes the performance of an HDH system coupled with
PVT solar modules for the simultaneous cogeneration of clean water
and electricity. The optimal design and operation of the process are
investigated, and a techno-economic assessment is carried out to eval-
uate the cost of the clean water produced.

Being constituted of established technologies, namely a packed-bed
column as humidifier and an air–water heat exchanger as dehumidifier,
the HDH system is simulated through a commercial software ac-
counting for detailed heat and mass transfer limitations. On the con-
trary, being a relatively new technology, with no established testing
procedure, PVT modules are investigated experimentally to char-
acterize the simultaneous generation of electricity and heat under
realistic operating conditions. Such characterization is then used in the
process model.

Based on the maximum-efficiency ratio of water to air mass flow
rates, the optimal design of the system is determined for a wide range of
ambient conditions by evaluating the impact of saline water flow rate,

Fig. 8. a) Impact of water production on the thresholds of electricity price. b) Impact of water production on the thresholds of electricity price defining the most
convenient height of humidifier. Reference ambient conditions, Ns =2, H=3.6m.

P. Gabrielli et al. Energy Conversion and Management: X 1 (2019) 100004

12



PVT configuration, and HDH size on the amount of clean water pro-
duced. Furthermore, the optimal operation of the system is character-
ized as function of the ambient conditions for a fixed system design. The
state of the system is represented by the maximum process temperature,
at the outlet of the PVT modules, whereas the performance is evaluated
in terms of clean water and electricity generation. The water production
is maximized when operating at the highest possible saline water flow
rate, which results in the minimum possible temperature at the outlet of
the PVT modules. Such values depend on the PVT configuration and on
the ambient conditions. A configuration with two series-connected solar
modules represents the optimal trade-off in terms of system perfor-
mance and flexibility, maximizing the water production along the year
for the selected ambient conditions.

Furthermore, the cogeneration of clean water and electricity is as-
sessed from a techno-economic perspective by evaluating the total cost
of clean water and by comparing this against that of conventional solar-
driven HDH processes, which implement thermal and photovoltaic
panels, for a wide range of electricity prices, ambient conditions, yearly
water production and HDH size. Findings show that different solar
technologies are economically convenient for different regions of
electricity price, with thermal collectors being the cost-optimal solution

at low electricity prices and PVT modules being the cost-optimal solu-
tion at high electricity prices. Furthermore, when electricity is gener-
ated, the cost of clean water becomes negative above certain values of
electricity prices. For values of electricity price typical of developing
countries, PVT-based HDH systems represent the cost-optimal solution,
and can deliver clean water at a negative cost. In fact, such price re-
gions depend on the ambient conditions, the yearly water production,
and the HDH size. Whereas the PVT technology leads to expensive clean
water at low ambient conditions, its high electricity production makes
it the cheapest solution at high ambient conditions. Similarly, higher
electricity prices are required at low ambient conditions to compensate
the investment costs and obtain a negative cost of clean water.
Moreover, taller humidifiers are more convenient at higher yearly
water productions and lower electricity prices, for which the im-
provement in system performance is predominant over the increase in
system cost.
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Appendix A. Numerical method

The numerical procedure adopted in this work to simulate the PVT-HDH process is presented in the following. The inputs to the simulation are (i)
saline water inlet temperature and salinity; (ii) maximum process temperature; (iii) height of the humidifier and parallel-series configuration of the
PVT modules; (iv) ambient conditions, namely ambient temperature and solar irradiance; (v) PVT performance characteristics. Based on these, the
model determines (i) flow rates of clean water, saline water and air; (ii) thermal energy consumption; (iii) electrical energy consumption and
production.

First, the HDH process is simulated in Aspen Plus® to investigate the effectiveness of the mass and heat transfer. This is given in terms of enthalpy
pinch , which is the difference between the specific enthalpy of the inlet fluid and that of the outlet fluid if they were at the same temperature, and
represents the minimum loss in specific enthalpy due to the finite size of the device. Here, the minimum-entropy condition given by Eq. (1) is
assumed. In this case, the system is said to be thermodynamically balanced and the enthalpy pinch is equal for humidifier and dehumidifier, i.e.

deh hum= = . For a balanced system, and for a given type of humidifier and dehumidifier (see Section 2), is a function of the height of the
humidifier H and the maximum process temperature Tmax. This is shown in Fig. 9, which reports the enthalpy pinch as a function of the maximum
process temperature (inlet temperature of the saline water in the humidifier) for three different humidifier heights. Both the Aspen Plus® simulation
points and the corresponding quadratic fitting are reported. The following quadratic fitting is determined:

H T H HT T16.9 6.22 0.20 0.09 0.15 0.01max
2

max max
2= + + + (20)

Note that for a balanced system, the enthalpy pinch also determines the size (i.e. area) of the dehumidifier.

Fig. 9. Enthalpy pinch as function of the maximum process temperature for three different heights of the humidifier, namely H=3.6, 5 and 6.4m. Simulation points
and quadratic fit.
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Once is determined, it is used to quantify the mass and heat transfer within the following procedure, which is based on previous work from
Chehayeb et al. [26]:

i. The enthalpy of the air at the outlet of the dehumidifier is calculated as

h h T( )U,out U L,in= + (21)

ii. The enthalpy of the air at the inlet of the dehumidifier is computed by assuming a guess value of the specific enthalpy variation h :

h h hU,in U,out= + (22)

Since saturated air is always assumed, the specific enthalpy, hU, and the absolute humidity of the air are known at every location of the cycle.
iii. The enthalpy profiles along the HDH process are determined by solving the set of Eqs. (2)–(9), where the mass and heat fluxes are eliminated,

being the mass and heat transfer described by . In particular, the following set of dimensionless equations is solved:

d
d

d
d

=

d
d

d
d

d
d

=
(23)
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d

d
d

=

µd( )
d

d
d

=

with the following boundary conditions:

µ

( 0) 0
( 1) 1
( 0)
( 0) 1

= =
= =
= =
= = (24)

where the following dimensionless variables are introduced:
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where hL
in,deh is the specific enthalpy of saline water entering the dehumidifier and is an input to the simulation process; hL

in,hum is the specific
enthalpy of saline water entering the humidifier and is an input to the simulation process (calculated from Tmax); and h*U are known along the
whole process once h is chosen; Hdeh and Hhum are the length of the dehumidifier and humidifier, respectively. The choice of h also allows to
determine through Eq. (1).

iv. The enthalpy pinch of the humidifier is computed. If this is not equal to the starting value (i.e. the enthalpy pinch of the dehumidifier), the value
of h is updated and the steps i-iii repeated. The simulation completes when the discrepancy between the humidifier and dehumidifier pinch is
lower than a tolerance, fixed at 0.001 kJ/kgda.

v. Then, the temperatures of the saline water at the inlet and outlet of the PVT modules are used in Eq. (11), together with ambient conditions and
thermal efficiency of the modules, to determine the mass flow rate of saline water across the dehumidifier.

vi. Finally, the mass flow rates of dry air is given by

G Ldeh= (26)

and the total produced clean water W is calculated as

W G( 1)= = (27)

Appendix B. Experimental characterization of PVT panels

The electrical and thermal performance of the PVT modules are identified here by (see Eq. (13)) and t (see Eq. (10)). However, being PVT
modules a relatively new technology, no directive is set for the assessment of electric and thermal performance. For commercial modules, the electric
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and thermal performance are typically evaluated independently by means of two different tests: (i) The electric characteristic is determined through
a flash test at Standard Test Conditions (STC), namely I=1000W/m2 and Tcell =25 °C (Solar Flash Tests, or Sun Simulator Tests, measure the
performance of a PV module under standard testing procedure to ensure the conforming operability of each PV module); (ii) The thermal perfor-
mance is measured by following the same approach adopted for solar thermal panels, i.e. stationary conditions, solar simulator with irradiance above
600W/m2, controlled ambient temperature and no electricity production. When conventional PV and thermal modules are in operation, the actual
performance can be calculated from datasheet using ambient temperature, solar irradiance and fluid temperature as input. In particular, the actual
PV module temperature is calculated using Nominal Operating Cell Temperature approach and the efficiency correction is determined through the
coefficient . However, the simultaneous generation of electricity and heat under realistic environmental conditions requires dedicated experimental
campaign to assess the mutual interaction between heat and electricity generation. Therefore, an experimental analysis aimed at determining the
thermal efficiency was performed at the laboratory SolarTechLAB (Politecnico di Milano, of latitude 45° 30’ 10.588” N and longitude 9° 9’ 23.677” E),
according to the procedure and with the setup discussed earlier [60]. Four PVT modules from Solink [48], with an area of 1.63 m2 and a peak
electricity production of 153W/m2, are considered. The Solink technology adopts roll-bond as heat recovery system applied to conventional PV
modules guaranteeing reduced cost as the PV module production is not changed. The contact between the roll bond and the PV module is mechanical
(no glue) so as to prevent glue failure over time. The roll-bond is covered with insulating sheet to reduce thermal losses.

The measurements were carried out on five consecutive days, with a sampling time of 1 s, to include a wide range of ambient conditions and fluid
temperature. Examples of operation for a typical day are illustrated in Fig. 10. Then, the performance is evaluated on a minute-by-minute base,
taking the average of 60 samples, to increase the accuracy and smooth the transients. Finally, the experimental data are filtered to keep only those
within a certain operating window of the measuring devices and to eliminate those measured in transient conditions.

The resulting data, as well as the corresponding regression line, are plotted in Fig. 11, which shows the PVT thermal efficiency as function of the
reduced temperature T T I( )/avg amb , where the color code represents the difference between average fluid and ambient temperature. The linear
regression (R2=0.83) identifies the parameters introduced in Section 2.2: the optical efficiency o =0.50 and the empirical coefficient = 11.2W/
(m2K).

Contrary to the analysis carried out in [60], such parameters allow to evaluate the impact of real-time ambient temperature and solar irradiance
on the thermal efficiency. It is worth mentioning that, although such values are provided by the manufacturer, a significant difference is observed by
carrying out the experiments under realistic operating conditions (i.e. manufacturer data: o =0.58 and = 15.5).

Fig. 10. Temperatures at the inlet and outlet of the PVT modules during a sunny day at the laboratory SolarTechLAB (Politecnico di Milano, latitude 45° 30’ 10.588”
N, longitude 9° 9’ 23.677” E).

Fig. 11. Thermal efficiency of the PVT modules as function of the reduced temperature and corresponding linear regression. The color code represents the difference
between the average fluid and the ambient temperature.
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Appendix C. Reference ambient conditions

The profiles of ambient temperature and solar irradiance implemented in this work are shown in Fig. 12, on the left- and right-hand side,
respectively. Such profiles are those presented in Fig. 3 of reference [43] for Abu Dhabi; a typical day with hour resolution is considered for each
month of the year.

Appendix D. Impact of humidifier height on cost of clean water

The effects of yearly water production and of humidifier height on the cost of clean water are illustrated in Fig. 13, which shows the cost of
potable water as function of the yearly water production (proportional to the installed solar area) for three different humidifier heights and for a
fixed electricity price. The cost of potable water decreases with W. This depends on the fact that the produced water increases faster than the capital
cost due to the fixed costs and to the nonlinear contribution of the cost of the humidifier. Furthermore, one can note that a taller humidifier translates
into higher costs for small system sizes (W W5 ), where the higher costs of the humidifier is predominant over the increased performance, and
lower costs for bigger sizes (W W6.4), where the increase in system performance is the dominant factor. Here, W5 and W6.4 indicate the values of
yearly water production above which H=5m and 6.4m are the most convenient solution for the considered electricity price and ambient con-
ditions.

Fig. 12. Hourly profiles of ambient temperature (left) and solar irradiance (right) for an average day in each month the year in Abu Dhabi. Figure adapted from [43].

Fig. 13. Cost of clean water as function of yearly water produced for three different heights of the humidifier, namely H 3.6= m (black solid line), 5m (red dashed
line), and 6.4m (green dotted-dashed line). Fixed cost of electricity, p 0.1= €/kWh, Ns = 2.
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Appendix E. Supplementary data

Supplementary data associated with this article can be found, in the online version, athttps://doi.org/10.1016/j.ecmx.2019.100004.
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