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Theoretical and numerical assessment of an enhanced Humidification-
Dehumidification desalination system based on Indirect Evaporative Cooling and
Vapour Compression Refrigeration

Andrea Rocchetti, Luca Socci

ThermoGroup, Department of Industrial Engineering, University of Florence, Italy &

Highlights
= A novel humidification-dehumidification desalination system is proposed.
=  An Indirect Evaporative Cooler is used both as a humidifier and cooling source.
= A Vapour Compression Refrigeration cycle is used to enhance scheme performances.
= The numerical study of the scheme shows competitive results in the HDH sector.
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Humidification-Dehumidification Humidification-Dehumidification ( stem, that simultaneously

Indirect Evaporative Cooling exploits an Indirect Evaporative
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Vapour Compression Refrigeration

Performance evaluation

ition, equal to 3.2 and 4.1-10° in the best climate situation) that lead
ider this technology as very competitive among HDH desalinations systems.

Introduction
As it is widely known, abgut,9 er present on Earth is in the form of saltwater contained in oceans

and seas, making it no % e fofjlrtiman consumption [1]. Nowadays 20 % of the world population has

cumulated capacity (also considering projects to be implemented) of 114.9 million m?/d [5]. Considering a
global freshwater withdrawal of about 10'°m?®/d , desalination covers about the 1 % of global water need
[6,7]. Recurring desalination technologies can be divided into two main categories: membrane (reverse
osmosis and electrodialysis) and thermal (multi-stage and multi-flash) processes. Reverse osmosis is
nowadays the leading technology, accounting for about 85 % of existing plants and about 70 % of installed
capability [5,8].



Nomenclature

Abbreviations SEC Specific Energy Consumption [kWh/m?]
Specific heat at tant

¢ [ISI e/li;;[i] cat al consiatil pressure T Dry bulbe temperature [°C]

COMP Compressor of the VCR cycle v Volumetric flow rate of air [m?/h]

COND Condenser of the VCR cycle VCR Vapor Compression Refrigeration

E Energy [kWh] Vol Volume [m?]

e Corrective factor of rated efficiency of WE Water evaporated [L/h]
VCR

EER Energy Efficiency Ratio of VCRD WR Water recovered [kg/,

EICED Enhanced Indirect Cooling Evaporative . .
L X Humidity ratio [kg

Desalination
EVAP Evaporator of the VCR cycle Subscripts
F,G Numerical function of the IEC device 1,2,...7 State poi the @ik in the scheme
GOR Gained Output Ratio a Air
HDH Humidification Dehumidification

Desalination ¢
HE Air to air Heat Exchanger d
IEC Indirect Evaporative Cooling e
j Specific entalphy [kJ/kg/K] eff
LAM Lamination valve of the VCR cycle I
m Mass flow rate of air [kg/s]
M Mass [kg] II Secondary
max Maximum m Mean
min Minimum max Maximum
P Electric power [kW] Recovered water
Q Thermal power excahnged S Saturation condition
q Corrective factor of rat f

VCR w Water
r Latent heat of v i wb Wet Bulb
RR Recovery rati Greek
RWA Recovere € Efficiency
S Correl p Density [kg/m?]

e ing a solution for the water scarcity problem, scientific research and

are investigating emerging desalination technologies. Among the many,

the carrier for heat and mass transfer. HDH is indeed based on saltwater vaporization
s (generally ambient air) and then condensing part of the vapour content of the carrier gas

In its edsiest form, an HDH scheme requires the presence of a humidifier and a dehumidifier [9]. In the
humidifier, an air stream is put in contact with a saltwater flow, then mass and energy exchanges occur. In
particular, water evaporates increasing the humidity ratio of air. Since the vapour tension of salts dissolved
in water is much lower than water's one, only the pure water evaporates in the air. This is then cooled in
the dehumidifier by a fluid at lower temperature (often a saltwater stream). During the cooling,



dehumidification happens (as long as the temperature of the coolant is lower than air stream dew point
temperature), so it is possible to recover part of the water previously evaporated, obtaining the freshwater.
Considering the two processes of evaporation and condensation, HDH systems can be then included in the
family of thermal desalination technologies. These systems are generally very simple and involve devices
that do not need extensive maintenance as membrane-based processes. They do not have limitations
dictated by water quality (high salinity), can employ low-grade energy (industrial energy waste, solar
energy, etc.) to improve humidfication process and are generally sized for small-scale applicati

the high specific volume of air and the low values of maximum water content in the air [10

»  Gained Output Ratio (GOR), the ratio of the latent heat of evaporation of ghe
total energy input. This is a dimensionless parameter that accounts fog sy

energy input is generally considered as the total amount of primary .
= Specific Energy Consumption (SEC), expressed in kWh of inpufgenergy consumed divided by the
m? of distilled water, is the ratio of the total energy input to @' 1 pro
It can be regarded as the dimensional inverse of GOR.
Recovery Ratio (RR), a dimensionless parameter base

ence the sizing of the plant and are
he carrier of energy or mass.

input, reported in the literature, are quite low for simple
HDH schemes. For example, Zubair . eported a maximum value of GOR approximately equal to

Starting from the easiest fagn of HDH, many improvements could be applied: the loop of air or/and water
may be closed heat;cc anger may be used to heat air or water [12,13]. A schematization is reported

in Table 1.

Table 1. Summary of common HDH plants configuration.

1og% o H Air path Water path Air at Water at
humidifier inlet  humidifier inlet
AOWWH Closed Open Not heated Heated
W AH Closed Open Heated Not heated
CWOA WH Open Closed Not heated Heated
CWOA AH Open Closed Heated Not heated

According to Sharqawy et al. [12], for the water-heated cycle, the best performances are obtained when the
quantity of salt water is much higher than the quantity of air (mass flow ratio greater than 1), while for the
air-heated cycle it is better to maintain a mass flow ratio lower than 1. The Author reported a maximum



GOR of 1.9 and 2.5 for CAOW WH and CAOW AH under the best operative conditions. Narayan et al.
[10] obtained similar values, that could be higher under particular conditions (in the CAOW WH for high
inlet seawater temperature). According to another work of Narayan et al. [13], the CAOW WH with
multiple humidification stages configuration leads to the best results among the different schemes.

Many authors have also proposed to split the humidification process into several stages to enhance the
evaporation of water in the air stream [14, 15].

With the aim to improve the humidification process and the possibility to recover more pure wat

humidified air, a novel HDH desalination configuration is proposed by the Authors as the ¢ e of

conditioning and refrigeration applications: the Indirect Evaporative Cooling (I . apour
Compression Refrigeration Cycle (VCR).

An IEC is substantially a heat and mass exchanger, where an airstream (worki air), that is

humidified by external water, can cool another air stream (product or primary ai gh an exchange
surface. In the past, this simple scheme has been involved in sever. steps, generally to
increase its ability to provide cooled dry air. The most important in is rel@ted to the Maisotsenko-
cycle (M-Cycle). In a M-Cycle device, inlet air is cooled below b temperature, moving towards
the dew point, and part of it, exiting the device, is used as t ondary air [16]. A typical M-

Cycle configuration is based on a heat and mass exchanger Wi dry and wet channels. In Figure
1 a representation of the M-Cycle exchanger and proc i

secondary air
(saturated)

o
—
inlet . channels

1
air

Humidity Ratio

channels

s primary air

(cooled)
Figure 1. Scheme of%}e IfC device (left) and processes of air on psychrometrich chart (right)

////
/
: /&ﬁ/

Temperature

[Courtesy of Seeley International].

through the wet channels, where the air is humidified by the evaporation of the

s whefe is humidified at saturation. Reversing the cooled air in the wet channels, as source of the
one, drastically improves the cooling performance of the device. Thinking to the original
application of IEC technology, the ability to produce fresh air is the most commonly used effect, whereas
the humidified stream is rejected. Conversely, this latter stream can usefully be employed in an HDH
desalination scheme, efficiently accomplishing the humidification process.

In literature some examples of utilization of Indirect Evaporative Cooling, in particular the M-Cycle, in the
field of water desalination/distillation have been found. Mahmood et al. [16] and Pandelidis et al. [17]
underlined that a possible application of the M-cycle is the desalination of water through humidification in
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wet channels and the following condensation employing the cooling power obtained thanks to the dry
channels. Kabeel et al. [18] tested in a small scale application a prototype in which the secondary air of an
IEC is the saltwater carrier: it is pre-humidified in the wet channels of IEC and it goes through dedicated
humidification after heating within a solar collector, while the primary air is employed as cooling medium
for a building. A very interesting RWA factor of about 0.01 L/h of distilled water to m>/h of secondary air,
under the best-operating conditions of the plant, has been obtained. Chen et al. [19] proposed a pre-
humidification and heating of carrier air in the wet channels of an IEC based on M-Cycl

secondary air continues its path in a water heated HDH cycle. The maximum RWA reported,is about0.15

et al. [20] proposed the utilization of an M-Cycle exchanger as an air saturator. It is i1y [ erline
that this publication considers in the GOR calculation the energy for air movemaent s generally

neglected and, on the contrary, is the principal energy need of this system. He afialysis of the

proposed system in different sites of the world, obtaining a maximum GOR{j de rom this work,
a key fact emerges: the higher the inlet air temperature at the IEC i 1ghet) the water recovery.
ree stages of IEC used

Pandelidis et al. [21] showed a very innovative and original solution @

both as humidifier and dehumidifier. He also conducted a cli an f the desalination scheme
obtaining very good results as SEC and RW A parameters, eve 0 who is writing, the presented
performance indices values seems to be too optimistic, being b an a compared reverse 0Smosis

configuration.

Moreover, the utilization of a Vapour Compression,Refrigeration\(VCR) cycle in an HDH scheme has been

is placed in an HDH system with two different modes
in the same time pure water and cooled air, other

ce simultaneously desalinated water and cooling power
the topic [22, 23, 24, 25]. In these works, the outside air is

aper)’a novel HDH scheme that combines the benefits of both IEC and VCR is proposed. The
aporative cooler, generally used in air conditioning applications, is here exploited as a very
saltwater evaporator-air humidifier, by the optimized mass exchange process between saltwater
and working airstream. The secondary air can be humidified by using seawater, while the primary air can
be used as a cooling medium in an air-to-air heat exchanger to dehumidify the other stream, recovering
freshwater. If a VCR cycle is coupled to the system composed by the IEC and the heat exchanger, the
desalination performances can be improved: the hot coil pre-heats the inlet air enhancing the effectiveness
of the evaporation process, while the cold coil provides the additional cooling capacity to recover

5



freshwater. The configuration has been named by the Authors Enhanced Indirect Cooling Evaporative
Desalination (EICED) system. The scheme is theoretically presented, numerically simulated and subjected
to a parametric analysis; also a performance hourly analysis in different sites of the world, according to
Koppen climate classification, has been done. The IEC has been analysed with the data provided by an
established Manufacturer that collaborates with the Authors’ Research Group. The VCR has been studied
using models from the technical literature, derived from real devices according to test standards of
important associations as ASHRAE and AHRI. To the best of the Authors' knowledge this co
with the simultaneous utilization of IEC and VCR in an HDH desalinator, is not present 1

and has never been simulated before. The results obtained are very encouraging, suggestin
scheme can well perform in almost any global climate context.

Scheme of the proposed EICED configuration

In Figure 2 a representation of the proposed EICED scheme is shown; the co entSWQf a traditional VCR
cycle are also shown. In Figure 3 the processes that air streams undergomi ED scheme are
represented in an indicative psychrometric chart.

/

COMP

mA :
water N

wet channel- Pimm S
P [—— [EC - / fresh
m m m; : / water 1
=*dry channel - L A S——

Aig e 2. Representation of the proposed EICED system.
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Figure 3. Representation of the psychrometric processes of air in_the os&l EICED system.
e VCR (1-2). It enters

The outdoor air (point 1), before entering the IEC, is heated by the ser o

water.

Mathematical model
In this section, the mathematical
equations are referred to the sc

€S1

Outdoor air entering the pla sibly i€ated at the condenser:
0. yeg=Ca M (T>-T)) ()
X; =X )
where m is the gum,of Mia and secondary air flow rate of the IEC:
m=my;+my 3)
Vv
" 3p200 @

6009¢expressed in [s/h].
device operates the following psychrometric transformations on the primary and the secondary

air:
Ts = Figc (T2, x2) (%)
X3 = Xy (6)
Ty= Gigc (Tr, x2) ()
Xy =815 (Ty) (8)



where Fiecand Giecare numerical functions that calculate the outlet condition of the primary and secondary
streams, according to the mass and energy balances of the IEC system. These functions are built on
operational data certified by the Manufacturer [28, 29]. S7vis a function (based on Antoine’s Law) that
relates the temperature at saturation conditions to the humidity ratio. The quantity of water evaporated in
the wet channels of IEC is expressed as:

WE gc=my - (x4-x3)

dehumidify of the secondary air at the air-to-air heat exchanger. The heat exchanged bet
streams is determined considering the Kays efficiency of the heat exchanger and eval

exchangeable heat:

Qeﬁr =épE’ Qmax (10)

Qe =min (O O i) (11)
Qg =M1 (Jsiq7J3) (12)
Opmaxtr =M1 Gy Jgid) (13)

where jsiqs 1s evaluated at 7=T4 and x=x3, while js,s 1s €yaluated at /=73 and saturation. The outlet
conditions of secondary air are:

(14)
(15)
(16)

ific enthalpy at saturation to temperature and humidity

where S;r and Sjx are the functions t

ratio. The recovered water at the air-to%air h xchanger is then:

WRE =my; - (x4 - Xg) (17)

VCR undergoes a cooling with dehumidification. The cooling power

Qever = Qea " q (18)

c conditions of evaporator outlet air can be defined:

j7:j6'Qe/mII (19)
T7=5r () (20)
X7 :*S}x07) (21)

The recovered water at the evaporator of the VCR is:

WRycr =my; - (x6 - X7) (22)



So the total recovered water is:

WR = WRHE + WRVCR (23)
During its functioning, the VCR absorbs an electric power equal to:
Pycr = Qe,vcr/EER (24)

The coefficient of performance can be written as:

EER,

EER = (25)

where the corrective factor e, also assessed by a biquadratic function similar to that of ¢, can be Used to
modulate the nominal EER (EER,) to considerer the actual operating condition of the VCR. So'#tis p le
to calculate the thermal power that the VCR device provides to the air entering the pla

Qcver = Qeyvcr + Pycr (26)

Equations that describe the VCR cycle are based on the modelling proyiqd the
thermodynamic simulation code Energy Plus [30], relying on ASHRAE (American Society of Heating,

hanual of the

Refrigerating and Air-Conditioning Engineers) and AHRI (4ir Conditioning, Heating, and Refrigeration
~

Institute) standards.
The equation (1) depends on (26), so an iterative method is ne the system of equations. A 7>
temperature is assumed, in order to evaluate the Q. ycr with gquati )Athen all the equations are solved.
The Q. vcr evaluated with equation (26) is compared with Qdycr 0 d by equation (1). Iteration on 7>
is carried out until the absolute difference between
lower than a fixed tolerance (10~ kW).

The software Matlab, version R2021a, has be ed to write and solve a numerical code that contains all

the equations that simulate the scheme.
According to the definition given in the Introdttgtion of this work, the performance indices of the plant can
be expressed as:

»  Gained Output Ratio

or Y Mr 27
3600 (Ec+Eycp) @7
where M,,, is thé @ mo frecovered water during the simulation period (the sum of recovered

water at HE and evaporator of VCR), Ejgcand Eycr are the electric energy consumption of IEC and
VCR d the }nu [ation period

s evaluated with equations (1) and (26) is

= Speci onsumption, (it can be seen as the inverse of GOR)
Eipc+ E
SEC= —IE¢ VR (28)
Vol,,,
ecaxered Water to Air factor, the ratio of the recovered water to the volumetric airflow entering
in the/plant
WR -3 600
RWA= ———— (29)
pw -V

Temperature and humidity ratio of inlet air are variable. A reference atmospheric pressure of 101 325.0 Pa
has been considered. Constant values for air specific heat at constant pressure and density have been chosen,
equal to 1 kJ/(kg'K) and 1.2 kg/m>. For saltwater, values for latent heat of vaporization and density are
constant, equal to 2 500 kJ/kg and 1 000 kg/m>. The salinity level of common seawater does not affect the
evaporation and cooling phenomena, so it is possible to consider saltwater as pure water.
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The following input parameters for [IEC and VCR devices have been used:
Table 2. Input parameters for IEC and VCR devices.

mi [kg/s] 1.32
mi [kg/s] 1.08
Piec [KW] 1.8
Qe,a [KW] 17.0

The biquadratic functions that express the corrective factors ¢ and e are in the forms:
q (ore) =ko+ky-Type + ko Tips + k3 Ty + kg TE + ks Type - T )
where the coefficients of the functions are assigned as follow:

Table 3. Coefficients of biquadratic function for ¢ and ¢ VCR device co

q
ko 0.9953455
k1 -0.0118418 0.01
k2 0.0012277 ,( 682
k3 0.0030246 . 058933
Kq -0.0000702« ) "0.0004646

ks -0.000Q -0.0004072
These coefficients are based on the actual perfo ce of commercial devices [31, 32, 33].

Results and discussion
A parametric analysis of the proposed schem&y

prescnited as a general survey of the potential performance

of the system. Influencing parameter. ature and humidity ratio of air entering the plant. The

d RWA varying inlet air temperature and humidity ratio has been conducted,
of 10.0 - 40.0 °C and a humidity ratio range of 2.0 - 20.0 g/kg. This choice has

notwithstanding the additional heating produced by the VCR condenser.
. e low temperature limit is posed to prevent low efficiency at VCR, but also to respect a range
admissibility of the IEC operational maps on which Figc and Giec numerical functions are based;
* A humidity ratio greater than 20.0 g/kg is rarely observed in most climates around the world.
The effect of inlet air temperature and humidity ratio on GOR, SEC and RWA is shown in Figure 4, Figure

5 and Figure 6.
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Figure 4. Effect of inlet air temperature and humidity ratio

ya

(¢ 20¢70, EER(=3.0).

320.0
300.0 (—=
280.0 SN
N . X, =2.0g/kg
260.0 ~— x; =4.0g/ke
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Figure 5. Effect ofiinlet air temperature and humidity ratio on SEC (gng=0.70, EER=3.0).
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Figure 6. Effect of inlet air temperature and humidity ratio 0, EER4=3.0)
Improved performances of the plant (high GOR and RWA, low btained for high values of inlet
air temperature with a high humidity ratio. For lowest value 1 i idity ratio (below 6.0 g/kg),
curves of GOR (SEC) present a trend with a maximum (mini ; 80 for these levels of humidity an
optimum of functioning exists (noted at T=27.0 °C f =28.5 °C for x=4.0 g/kg, T=30.0 °C
for x=6.0 g/kg); for a humidity ratio above 8.0 g/ curves become monotonous (increasing

umidity ratio.
Figure 7 shows on the psy. ({1C7¢ the air processes that the inlet air undergoes and Table 4 presents
der to evaluate the desalinations system performance.

oint point B point C
pointA ; 0.028
4 0.036
1 0.024
@ﬁ/ 220: | 6/~ 0.020 _| 0032 _|
] 3 il 0.016 < / 0.028 B
- 0.006 3 ‘o1r & A Ej
/ZM? x| 1 0.012 =) } 0.024 x]
0.004 X // X 0.020 X
| N 5 2 < 0.008 3 1 7 |
1 0.002 \ N 5 1 Z—10.004 g7 0.016
10.000 0.000 0.012
0 2 6 10 12 14 16 18 20 10 14 18 22 26 30 34 38 42 46 50 20 24 28 32 36 40 44 48
4 Cl T[°C] T[°C]

Figure 7. Psychrometric chart representation of the processes of air at test points
(ene=0.70, EER4=3.0).

Table 4. Performance of the scheme at test points (eag=0.70, EER4=3.0).

Te.st T X1 IEC Water VCR GOR RWA- 106 WRue/WR
Point [°C] [g’kg] evaporated [L/h] EER [%]

A 10.0 2.0 27.3 5.2 2.2 2.2 20.7

B 35.0 2.0 81.7 34 2.9 4.4 35.6

C 35.0 16.0 63.7 4.5 34 5.0 21.9

12



When inlet air is at the lowest temperatures (and low humidity ratios, point A) the amount of water
evaporated in the air by the IEC device is small, notwithstanding the favourable effect of the heating power
provided by the high-temperature source of the VCR. If the thermodynamic conditions of the airstreams at
the HE inlet ports are quite close then the water recovery at the HE is also small. Despite the temperature
difference at the VCR thermal sources is low (T2-T7), which provides a high EER, the low value of the air
temperature at the inlet of the evaporator, below its reference values, causes a low cooling po

the GOR is also low. Inlet air stream at high temperatures and low humidity ratios (point B
inlet air conditions to obtain better IEC performance. The thermodynamic conditions of ir Streams at

achievable. On the other hand, these inlet air conditions ar not so good for the VC
difference at the VCR thermal sources results in a low EER. Nevertheless,
index parameters: RWA and GOR are both greater than at test point A. Inlet
and high humidity ratios (point C) provides an optimal performance 4 ating the'favourable effects in
test point B with an improved performance of the VCR due to thg.m erature difference at the
VCR thermal sources that produces a high EER.

Additional parametric analysis is proposed, still based on thefsa

athematical model and same three test
points, by varying the nominal values of EER4 and eng. Results are n in terms of GOR and RWA for

the three test points.

3.30 o0
%0 2.50
2.90
2.70 o 240 — —
S —230 e
8 ;ig T_ 1 g 290 i Ia
10 1 : | | | [ [ o l
150 1 ' ' B . 2.10
1.90
1.70 2.00
1.50 1.90
065 070 0.75 080 0.85 090 0.95 1.00 065 070 075 080 085 090 095 1.00
EFFHE El:‘Flll{
EER =2.5 ®EER, =30 EER, =3.5 OEER =40 EER ;= 2.5 *EER ;= 3.0 *EER =35 *EER =40
4
\%hr)& Effects of EFFur and EERgon GOR and RWA for test point A.
4.20 e Py :
4.00 | —
4.90 Z
3.80 | /
A 360 . 4.0 /_r/
< 3.40 —4.70
© 3.20 ; 460 ]
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2.80 I A‘/
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2.40 435
065 070 0.75 080 085 090 095 1.00 065 070 075 080 085 090 095 1.00
EFF"h EFFIII{
liliRd 2.5 !-'.liRd 3.0 OHERd 3.5 OliliRd 4.0 [;ERdz 25 ,;_H:Rdz 30 ’EhRd= 35 ’H:Rd= 40

Figure 9. Effects of EFFur and EERqon GOR and RWA for test point B.
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Figure 10. Effects of EFFue and EERqon GOR and RWA for test

conditionhas been investigated, the outdoor air being the inlet mass
flow rate to the system. The.é ormance of the scheme has been simulated taking into account
the local conditions of gt soastal cities in the world, belonging to the various classes of Koppen
sis has been done using the hourly climatic data extended to all hours
tic data by Energy Plus [35]). The simulations have been performed
of'the plant when the outdoor specific enthalpy is greater than 10.0 kJ/kg. The

ifferent cities in ten Koppen’s regions are shown in Table 5, when the efficiency
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Table S. Performance analysis of the propose EICED system for different sites according to Koppen

classification.
WRHE/
Region/Site Tm Xm GOR SEC RWA - 10°¢ WR
[%]

Group A: Tropical climates

Al: Tropical rainforest

Singapore (Singapore) | 27.5 | 00180 | 3.15 | 22020 | 4.10 &40

A2: Tropical monsoon
Rio de Janeiro (Brasil) | 24.0 | 00129 | 2.94 | 23608 | 3.70 :

A3: Tropical savanna

Miami (USA) | 24.5 | 00120 | 2.96 \

Group B: Dry climates

B1: Hot semi-arid

Tripoli (Libya) | 20.3 | 00068 | 2.76 \

B2: Cold semi-arid

Valencia (Spain) [ 173 ] 0.0063 N2 10 28.86
B3: Hot desert

Abu Dhabi (UAE) | 27.1 | 0.0096 4.00 22.87
Group C: Temperate climates

C1: Humid subtropical

Brisbane (Australia) | 20.0 | 0.0083 3.40 19.87
C2: Temperate oceanic

Auckland (New Zealand) | 15.3 | 0.00 ] 2.59 | 20842 | 2.90 22.14
C3: Warm Mediterranean (

Barcelona (Spain) | 157 | ’6\068 2.61 | 26642 | 3.00 22.18

C4: Temperate Mediterranean
Cape Town (South Africa) | 16.5\ 0. | 266 | 20147 | 3.10 25.15

> N
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270.00 €3
O
2 é -C2
26000 5 B 4
o 2/ i Bl—=
ézso.oo 3 e T
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— X I A2
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200.00
280 300 320 340 360 380 400 420 440
RWA - 106
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Figure 11. Performances of the proposed EICED system in different climate regions of the world.
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From the Table 5 and the Figure 11, it is possible to note that the performances of the plant are considerably
high. All of these climates are characterized by middle-high temperatures, confirming the importance to
have high air temperature entering the plant, as evident from the parametrical analysis. The same
parametrical analysis shows that the best performance is obtained in a hot humid climate as Singapore one,
where it is possible to obtain a GOR of 3.15. As it has been done in the parametrical analysis, the repartition
of water recovered between the heat exchanger and the evaporator has been evaluated. With the yearly

simulations, what has been observed by the parametric analysis is confirmed:
* In humid climates (i.e. Singapore or Rio de Janeiro), the water recovery at the

primary and the secondary air streams of IEC have close temperatures, resul
transfer and dehumidification at the HE.

* In dry climates (i.e. Tripoli or Abu Dhabi), where the primary air ha much lower

than the secondary one, the heat subtracted to the secondary air is hi water recovery

at the heat exchanger increases.

It is crucial to underline that only the utilization of VCR device leaé

climates, as the next Figure 12 demonstrates. It shows the perfo

same sites of the world, when the VCR cycle is turned off (s

and not cooled by the evaporator, processes 1-2 and 6-7 of

4L
1 400.00
C2 £
C2-
1 200.00 .
Al >
A2
—1000.00 2 = -
£ Al e C3
= 80000 C3 - et
O 8? b A3
&3 A2 < - B1
v»  600.00 A3 =+ B3
= -Bl1
400.00 Ll EPN
B3~ Bl B3
200.00
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
RWA - 107
EFFy; = 0.70 EFF; = 0.80 EFFy; = 0.90

ure ZPerformances of the system without VCR cycle in different climate regions of the world.
Comp Figures 11 and 12 it is possible to note, for an efficiency of the heat exchanger of 70 %, that:
* In humid climates (as Singapore or Rio de Janeiro) the VCR is fundamental, with an increase of
RWA by a factor of 15 and a decrease of SEC of 80 %.
* In dry climates (as Tripoli or Abu Dhabi), the VCR leads to an increase of RWA by a factor of 7

and a decrease of SEC of about 50 %.
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Conclusions

In this paper, a numerical model that simulates the operational performance of a novel HDH desalination
system, based on the utilization of Indirect Evaporative Cooling (IEC) and Vapour Compression
Refrigeration (VCR) cycle, has been realised. The IEC technology has an unexplored potential for the
desalination processes: the secondary air stream can be humidified by seawater evaporation, while the
cooled primary stream can be used as source of pre-humidification of the secondary one. A VCR cycle has

been introduced in the configuration scheme, to improve the humidification process (pre-hea the air

entering the IEC device by the VCR hot coil) and to increase freshwater recover
dehumidyifing the secondary stream of the IEC device by the VCR cold coil). This nove

simulation code developed in Matlab can solve the equations that rule the fu
EICED scheme. The governing equations take into account the different op
that vary as a function of inlet air conditions. Some significant test p
investigate and discuss the performance of the systems in real operati

* The highest performance can be reached when inlet
with temperature and humidity ratio equal to
of 5.0-10° has been calculated.

* The VCR cycle greatly improves the

are respectively achievable.
It is essential to highlight that, in this

rk, fficiency parameters account for the energy consumed for
of the IEC device) that, in general, is neglected in the HDH
proposed EICED scheme still shows very promising performance
ology, even if they are worse respect to reverse osmosis (SEC of

The ors would like to thank Seeley International (https://www.seeleyinternational.com/eu/corporate/emea/), for

all the precious support in the realisation of this work.
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