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This paper explores the desalination potential of a non-equilibrium air-seawater system. It provides calculations

Reversible transition
Seawater distribution ratio

for thermodynamics at three different precision levels and introduces new insights, including the concept of
system exergy and reversible transitions, to enhance the understanding of the evaporative cooling and desali-
nation processes. The results indicate that for an air-seawater system at 30 °C, which includes 1 kg of dry air at a
relative humidity of 45 % and 1 kg of seawater at a concentration of 3.5 %, there is a desalination potential of
0.138 kg of water product. Furthermore, a novel desalination process that utilizes an indirect evaporative cooling
(IEC) chiller is designed, modeled, and simulated to estimate its freshwater production capacity. The simulation
reveals a daily water product of 0.503 m® for specific 1 m3*s™! of air flow rate. A comprehensive sensitivity
analysis of parameters is conducted based on this model. In comparison to the thermodynamic calculations, the
simulated model exhibits a reversible efficiency of 3.6 % under typical conditions, suggesting there is ample
room to further exploit the desalination potential of the non-equilibrium air-seawater system. Additionally, by
incorporating comments on irreversible loss analysis, several optimized strategies are proposed. Considering the
exergy inherent in non-equilibrium air-seawater systems is abundant, the concept of desalination based on non-

Indirect evaporative cooling chiller
System exergy

equilibrium air-seawater system holds promise to yield economic benefits and reduce carbon emissions.

1. Introduction

Water shortage exists across each continent to varying degrees, and
around 3.42 billion people are experiencing scarcity of fresh drinkable
water [1]. Meanwhile 97 % of the water on earth is seawater [2], thus
desalination by which fresh water is obtained from seawater is a feasible
and promising way to alleviate water shortage. Conventional desalina-
tion technologies mainly include reverse osmosis (RO), multi-stage flash
(MSF), multi-effect distillation (MED) which all feature in large-scale
water supply and energy intensive, and need huge investment for
continuous operation and routine maintenance [3]. Different from the
MSF and MED processes, humidification-dehumidification (HDH)
desalination is introduced and arouses attention of researchers, in which
heat and mass transfer processes occurs in atmosphere environment
instead of vacuum environment in MED and MSF.

A typical HDH system is shown in Fig. 1. It includes a humidifier,
dehumidifier and a heater, which is usually a solar collector. The prin-
ciple of HDH is similar to evaporation and rainfall in nature. The air
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circulates between humidifier and dehumidifier, and in dehumidifier,
freshwater is condensed and collected. HDH is a thermal desalination
method, which actually utilize the heat from the sun or elsewhere and
seawater as cooling source. Unlike MSF and MED, HDH system doesn’t
need a vacuum operation condition, and the temperature could be
lower, which results in lower gain output ratio. However, it has a lower
investment and is suitable for small-scale water supply, especially with
abundant solar energy resource [4].

For HDH system, when night or other situations without heat supply,
the water product decreases significantly. For some particular HDH pro-
cesses where air is in close-cycle and there is no fresh air inlet, no heat
supply means zero exergy input and zero freshwater product. However,
for a process where seawater and air are in open-cycle, the system itself
has work potential, because non-saturated moist air and seawater are in
non-equilibrium state. Thus, a non-equilibrium air-seawater system has
desalination potential. On the other hand, a non-equilibrium air-water
system is generally utilized in cooling system, which is called evaporative
cooling. It is a simple idea that fresh water could be obtained by dehu-
midifying moist air using evaporative cooling resource.
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Nomenclature

Acronyms

DPD dew-point desalination

DWP daily water product for specific 1 m
[m3*d~1*m™3*s]

%571 of air flow rate

GOR gain output ratio

HDH humidification-dehumidification desalination

HEX heat exchanger

HMX heat and mass exchanger

IEC indirect evaporative cooling

wp ideal water product capacity for specific 1 kg of air
[kg*kg ']

MED multi-effect distillation desalination

MSF multi-stage flash desalination

NTU number of transfer units

rh relative humidity

RIEC regenerative indirect evaporative cooling

RO reverse osmosis desalination

SDR seawater distribution ratio

SEC specific energy consumption for specific 1 m® of water

product [kWh*m™3]

Greek Symbols

€ heat transfer effectiveness

u chemical potential [kJ*kgfl]

w humidity ratio [kg*kgfl]

Roman Symbols

c specific heat capacity [kJ*kg '*K ']
E exergy [kJ]

e specific exergy [kJ*kg™']

G Gibbs free energy [kJ]

g specific Gibbs free energy [kJ*kg ']
H enthalpy [kJ]

h specific enthalpy [kJ*kg™']

M molar mass [kg*kmol’l]

m mass [kg]

p pressure [kPa]

R gas constant [kJ*kgfl*Kfl] [ kJ*kmol *K 1]
S entropy [kJ*K ']

s specific entropy [kJ*kg~1*K1]
T temperature [K] [°C]

w quantity of performing work [kJ]
w specific freshwater extracting energy [kJ*kg 1]
x concentration of seawater
Subscripts

0 surroundings state or initial state
1,2,3 different calculation methods

a air

DA dry air

deh dehumidifier

E extracting energy

e equilibrium state

fw freshwater

h heat

m mass

P isobaric

s system

sat saturation state

sw seawater

v water vapor

w water

X concentration

Solar collector
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Fig. 1. Typical HDH system [4].

Evaporative cooling is widespread used to remove heat with water
evaporation and has a variety of applications, from industrial to air
conditioning systems [5]. Evaporative cooling has been developed for a
long history. Indirect evaporative cooling (IEC), developed from con-
ventional evaporative cooling technology, could achieve lower tem-
perature, as low as the outdoor air dew point temperature, and has great
potential in reducing energy consumption [6]. IEC has been regarded as
one of the promising methods to substitute air conditioner, especially in
arid regions [7]. IEC can produce cooling capacity with the lowest
possible temperature, which is also needed for dehumidification in
HDH.

In an IEC system, there exists an air cooler, where air doesn’t contact
water directly and there is only heat transfer and no mass transfer. In
initial IEC, part of air participates evaporating and part of air is cooled
down to supply to the room [8]. Now the IEC has been improved and can
be classified into M—cycle, regenerative IEC (RIEC) and IEC chiller.
M-—cycle and RIEC are designed to obtain cooling air to the room and
have been utilized in widespread air conditioning system [7,8,9]. IEC
chiller is proposed by Jiang and Xie [10] to supply cooling water, which
could be used in data center cooling, also in some air conditioning
systems [11]. There have been a lot of literatures about comparison
among these forms [12,13]. Different configurations of these forms are
shown in Fig. 2. IEC technology could achieve lower temperature than
environment air wet bulb by pre-cooling down the inlet air, and the
theoretical limit of IEC could be the dew point, which expands the
applicable regions[14].

In fact, there have been several researches conducted to explore the
integration of HDH and IEC. Most of them focus on improving the water
product of the HDH system by adding IEC sections. Kabeel et al. [15]
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Fig. 2. Different types of IEC process [8,9,12].

designed and fabricated a hybrid system that combines a conventional
IEC cooler and an HDH system to simultaneously produce cooling air
and freshwater. Chen et al. [16] developed a hybrid system consisting of
an RIEC cooler and an HDH system, also aiming to achieve simultaneous
production of cooling air and freshwater. Tariq et al. [17] and Aziz et al.

regenerative IEC with an HDH system to enhance water production
capacity. Rocchetti and Socci [19] designed a hybrid system incorpo-
rating RIEC, compression heat pump, and HDH system to further in-
crease water production. Very few studies address the desalination
potential of the air-seawater system itself or the HDH system without a

[18] proposed similar hybrid systems combining M-—cycle or heat source. A related work, conducted by Pandelidis et al. [20]
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Fig. 3. Previous dew point desalination system [20].
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proposed a desalination system based on a regenerative IEC system with
several humidifier-dehumidifiers, as shown in Fig. 3, and conducted a
sensitivity analysis for some parameters. However, no prior research has
been conducted on the thermodynamic analysis of the work capacity
and desalination potential of the air-seawater system. Moreover, there is
a possibility for introducing new air-seawater desalination processes,
and sensitivity studies on certain parameters need to be addressed
comprehensively. Combining thermodynamic analysis with system
design is not only beneficial but also essential.

To address the gap in thermodynamic analysis of the water pro-
duction potential of air-seawater systems, this paper calculates the water
production limits of air-seawater systems and introduces two useful
thermodynamic calculation methods. Additionally, the paper presents
the design and simulation of a novel air-seawater desalination process
based on IEC chillers, which is more straightforward, and offers a
sensitivity analysis of relevant parameters. Finally, several comments
are given on economics analysis and irreversible loss. The exergy
inherent in non-equilibrium air-seawater systems can be considered as
both abundant and readily available and has been extensively utilized in
the field of evaporative cooling. Applying this concept to seawater
desalination holds promise as it has the potential to yield economic
benefits and reduce carbon emissions. This is the primary objective of
this paper, which aims to assess the desalination potential of air-water
systems from both thermodynamic limits and practical process design
perspectives.

2. Theoretical calculation of thermodynamic limit

In this section, the desalination potential of air-seawater system is
calculated based on thermodynamics. Three theoretical calculation
methods are introduced in different precision levels. Methods 2 and 3
have made significant advancements compared to conventional exergy
analysis methods and may serve as a source of inspiration for similar
problems in the field. All discussion is under environmental pressure,
101.3 kPa.

2.1. Moist air exergy and extracting energy of freshwater

The most common way to obtain the limit is to separately calculate
the moist air exergy and extracting energy of freshwater from seawater.
The exergy of moist air is depending on reference point and can be
divided into heat exergy and mass exergy. For moist air whose tem-
perature at T and humidity ratio at w, the exergy of moist air can be
divided into heat exergy e, and mass exergy e, [21] and calculated using
formula (1) ~ (3) [22].

e=ce,+e, 1)
T
e, = (Cp4DA + a)cp,v) <T - To - T01n7> (2)
0
1+ 1.608w, 0]
m = ToR, | (1 +1.608w)In{ ————F~—— 1.608wln — 3
¢ 0 {( + w)n(1+1.608w>+ a)an &)

Where Ty and wg represent the reference point. ¢, ps and ¢,y repre-
sent the specific isobaric heat capacity of dry air and vapor. R, is the
specific gas constant of air which is given by molar gas constant divided
by the molar mass of air, which is equal to 0.287 kJ*kg™1*K 1.

The reference point usually is at the saturated state related to water
in a psychrometric diagram in a conventional evaporating cooling sys-
tem. However, in our case, since the reference point depends on
seawater, it is more appropriate to select the saturated state related to
seawater as the reference point.

On the other hand, extracting energy of water from seawater is
defined as the work needed to extract 1 kg water from an infinite amount
of seawater at a given concentration x, and a certain temperature Tp.
Extracting energy can be calculated with formula (4), where g, and p,,

Applied Thermal Engineering 238 (2024) 121950

represent the specific Gibbs free energy of water and the chemical po-
tential of water in seawater solution. Since the chemical potential is also
the partial Gibbs free energy of water in seawater, which represents the
Gibbs free energy of 1 kg water in infinite seawater solution at certain
concentration, the difference of g, and u,, is equal to the minimal work
needed to extract 1 kg water from seawater.

WE = 8w — H, (4)

gy is the property of pure water and easy to get based on Refprop
database [23]. The chemical potential of water in seawater 4, can be
obtained based on seawater properties with formula (5). The enthalpy
Hg, and entropy S, of seawater can be calculated using correlations
given by Nayar, K. G, et al. [24]. The differentiation can be calculated
using formula (6) with the help of software EES [25].

— 0Gi,, O(Hy, — TSy,
w, =G, = (6 ) = <—( F) )> )
My / 7.pxg My, T.P.xo

- Tslx:#) — Mo (hxo - TSXO)

(mo +m)(hl,_

)
I
g

lim
m—0 m

(1 + ﬁ) (h"‘:p::% - TS'x:C—OV%) - (hxo - TSX&))

Hy

lim (6)

I
20 o

By dividing the moist air exergy e by the extracting energy wg, shown
in formula (7), we can determine the theoretical limit of water pro-
duction per 1 kg of dry air, which is called ideal water product capacity
(IWP) here.
wp, == %)

w,

E

2.2. Air-seawater system exergy and extracting energy

As introduced in 2.1, the exergy of moist air is depending on the
reference point related to the seawater, which also indicates there is
infinite seawater resources [26]. In most literature about the exergy
analysis of thermal systems, such as nuclear/thermal power plant or
chemical plant, the reference temperature is often selected as the tem-
perature of air or seawater, corresponding to evaporative cooling or
seawater cooling, and the selection of reference temperature also in-
dicates the infinite cooling resource at this temperature. But in our
study, the exergy is furtherly discussed under finite moist air and
seawater, which is called system exergy E; in this paper. System exergy
indicates the maximum work capacity of an adiabatic non-equilibrium
system, while it is obvious that an equilibrium system has no capacity
of performing work outwards.

System exergy is different from the exergy in the usual sense, but the
latter could be considered as the system exergy of a special system
including the infinite environment resource selected as reference point,
and therefore, the system exergy Ej is always smaller than the exergy E in
the usual sense due to the inclusion of finite resources.

According to the definition of system exergy above, the system
exergy of air-seawater system E; (for specific 1 kg of dry air) achieves
maximum e obtained in section 2.1 when there is infinite seawater. Now
assume a system includes air and finite seawater, the system exergy, or
the maximum work capacity Es; can be obtained with following ideas.
Suppose the system keep exhibits outward work reversibly and adiabatic
until it achieves an equilibrium state, the energy or the total enthalpy
this system decreases due to the First law of thermodynamics. When the
system reaches the equilibrium state, the quantity of work, which is also
the system exergy E;, is equal to the decrease in system enthalpy, rep-
resented by -AH. A flowchart illustrates these ideas in Fig. 4.

The E; can be calculated with Fig. 4 and equations (8) ~ (13). Where
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the subscript e represents the equilibrium state also the final state. The
Mps and M,, represent the molar masses of dry air and water, respec-
tively. psarx represents the partial saturation pressure of water corre-
sponding to the seawater concentration. py represents the atmosphere
pressure, which is equal to 101.3 kPa.

M, + @, Mpa = Mo + @g-Mpa Mass Conservation (8)
meX, = MoXo Solute Conservation ©
Toe =Toe Temperature Equilibrium (10)
MpA®e
Psatze = g mpiac PO Phase Equilibrium an
Moy T
AS=0 Zero Entropy Generation 12)
E, = —AH Energy Conservation 13)

The specific realization of the work process is irrelevant, because the
limit problem is more concerned here. But for ease of understanding, a
system composed of reversible turbine, water molecule semipermeable
membranes, heat engine, piston and other components can be imagined
as shown in Fig. 5. In this ideal system, the turbine between two water
molecule semipermeable membranes is driven by the water partial
pressure difference of two sides to perform work. The seawater tem-
perature decreases due to the evaporation of water, causing temperature
difference between the air and seawater. Thus, a heat engine could
exhibit outward work, which absorbs heat from the air and releases heat
to the seawater to maintain the temperature equilibrium. Besides, due to
the phase transition of water, and the temperature change of air, the
volume of this system tends to change and the piston moves, resulting in
the pressure-volume work, which is equal to 0 because the system and
the surrounding have no pressure difference. E; is aggregate of the tur-
bine work and heat engine work when the system is from initial state to
equilibrium state. The system exergy can be seen as an analogous
concept to the free energy change under adiabatic and isobaric condi-
tions, although it is discussed less frequently in this manner.

Applied Thermal Engineering 238 (2024) 121950

Once E; is obtained, divide it by the extracting energy wg calculated
in 2.1, a more accurate theoretical limit of water product IWP; could be
obtained using formula (14). This method actually describes a more
accurate system exergy, under the condition of finite seawater.

Er
IWP, = - (14

MpaWE

2.3. Reversible adiabatic transition

Method 2 cannot accurately calculate the theoretical water produc-
tion limit under finite seawater conditions, due to the variation in
extracting energy wg caused by the increase in seawater concentration at
the outlet. Besides, solution mixing heat impact is not taken into
consideration, although it is very slight in this case. However, there is a
direct method to calculate the water product limit. Like 2.2, considering
an adiabatic and reversibly process, but the air-seawater system does not
perform work on the surroundings. Instead suppose some kind of
reversible transition occurs inside the system, fresh water is directly
separated. When the air, seawater and freshwater achieve the temper-
ature equilibrium, also the air and seawater achieve phase equilibrium,
the freshwater product reaches its maximum.

Following similar principles as in Section 2.2, the calculation process
is shown in Fig. 6 and equation (15) ~ (20). It has to be mentioned that
although the equations here are similar to those in 2.2, the method 3
here actually assumes a reversible desalination process. It is different
from the method 2, which is still from the perspective of exergy, like the
method 1.

m, + W, Mpy + Mg, = My + Wg-Mpy Mass Conservation (15)
MeX, = MyX Solute Conservation ae)
Toe=Toe =The Temperature Equilibrium a7
mpawe
Dsatx, = ﬁpo Air — seawater Phase Equilibrium (18)
DA

Initial system state

Air parameters: dry air mass my,,, humidity ratio @, temperature T, ,
Seawater parameters: mass m,, concentration x,, temperature

sw,0

Adiabatic isobaric reversible transition: AS =0

System enthalpy decreases: F_ = -AH

Performing maximum work Eg outwards: final state is in equilibrium

v

Mixing around air and seawater thoroughly

I

v

Final system state

Air parameters: dry airmass my,,, humidity ©,, temperature T,
Seawater parameters: mass m,, concentration x,, temperature Ty,

Another equilibrium state: AH =0
Performing work: /£ =0

Nothing unusual happens

Solving mass conservation, energy conservation, solute conservation
and equilibrium equations, using software EES

E
Ideal system water product capacity: IWP, = ——
MpWe

Fig. 4. Adiabatic and reversible performing work process calculation flowchart.
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AS=0 Zero Entropy Generation 19)
AH =0 Energy Conservation (20)

Initial system state
Air parameters: dry air mass my,,, humidity ratio @, temperature T, ,

Seawater parameters: mass m,, concentration X, temperature T,

v

Adiabatic isobaric reversible transition: AS =0

No energy exchange with surroundings: AH =0

Freshwater with a mass of my,, separated reversibly
Air, seawater and freshwater achieve thermal equilibrium

Air and seawater also achieve mass equilibrium

Final system state
Air parameters: dry airmass my,, humidity o,, temperature T, ,
Seawater parameters: mass m,, concentration x,, temperature T,
Freshwater parameters: mass my,, temperature T,

|

Solving mass conservation, energy conservation, solute conservation
and equilibrium equations, using software EES

|

Ideal system water product capacity: [WP, =

m i
m

DA

Fig. 6. Adiabatic and reversible desalination transition process calcula-
tion flowchart.

The ideal water product capacity can be obtained with formula (21).
This method does not rely on the exergy or extracting energy and pro-
vides the most accurate thermodynamic limit of water product capacity
for an air-seawater system.

wp, =2 2D

mpa

2.4. Conclusions of three methods

The results based on three methods are calculated using software
EES. For 1 kg of dry air at a temperature of 30 °C, a relative humidity of
45 %, and varying masses of seawater at a concentration of 3.5 % and a
temperature of 30 °C, the results for exergy (or system exergy),
extracting energy and theoretical water product capacity are presented
in Table 1.

According to Table 1, the ideal water product capacity calculated
using Method 1 is significantly greater than that of Method 2, 3. And
under the same seawater and air mass ratio, the ideal water product

Table 1
Comparison of results based on three methods.

Extracting Seawater Exergy (or Ideal water
energy mass system pI‘OdllCt
exergy) capacity
Method  2.76 kJ/kg - 0.694 kJ 0.251 kg*kg ™!
1
Method  2.76 kJ/kg 0.5kg 0.344 kJ 0.125 kg*kg ™
2 1.0 kg 0.419 kJ 0.152 kg*kg ™!
2.0 kg 0.496 kJ 0.180 kg*kg ™!
5.0 kg 0.576 kJ 0.209 kg*kg !
Method - 0.5 kg - 0.107 kg*kg ™!
3 1.0 kg - 0.138 kg*kg !
2.0 kg - 0.170 kg*kg !

5.0 kg - 0.203 kg*kg !
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capacity calculated using Method 3 is slightly lower than that obtained
using Method 2. These results are as expected since, as mentioned
before, Method 2 and Method 3 respectively take into account the finite
seawater case, with Method 3 providing a more comprehensive
consideration. Theoretically, when the seawater and air mass ratio
achieve infinite, the result of three methods will achieve the same.

Since Method 3 provides the most precision level, using Method 3,
ideal water product capacity is examined under various conditions.
Under typical condition where mass ratio of seawater to dry air is 1.0,
inlet temperature of air and seawater is 30 °C, relative humidity of inlet
air is 45 %, the concentration of seawater is 3.5 %, the parameters
sensitivities are shown in Fig. 7. In each diagram of Fig. 7 (a)~(d), only
the parameter in horizontal axis is changed. The vertical axis represents
the ideal water product capacity for specific 1 kg of dry air, with a unit of
[kg*kg'1. According to Fig. 7, ideal water product capacity increases
when the mass ratio of seawater to air increases, but has a limit. Besides,
ideal water product capacity increases when inlet temperature in-
creases, relative humidity of inlet air decreases and the concentration of
seawater decreases.

Based on the results, for 1 kg of dry air with a relative humidity of 45
% and 1 kg of seawater in the system at 30 °C, the potential water
production capacity is 0.138 kg. This is a significant finding; however, it
can only be achieved under reversible conditions. Therefore, an air-
seawater desalination system based on IEC chiller is subsequently
designed, modeled, and simulated to evaluate the practical performance
of this concept.

3. Design, modelling and simulation of an IEC chiller
desalination system

3.1. Process design and modelling

In this section, a simple desalination system is designed and a nu-
merical model is established. This system is based on an IEC chiller
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system, with two heat exchangers (HEX) and a heat and mass exchanger
(HMX). Two heat exchangers are separately dehumidifier and pre-
cooler. The heat and mass exchanger, which is actually a padding
tower, is used as a humidifier.

The process is shown in Fig. 8. In pre-cooler, the air is cooled by one
branch of chilled seawater from padding tower firstly, and the enthalpy
or the wet bulb temperature of air decreases, which help to product
lower temperature of seawater in padding tower. Padding tower is the
place where heat and mass transfer occurs between air and seawater,
which is one of the most common type of evaporative cooling tower. In
dehumidifier, the chilled seawater from padding tower dehumidifies the
moist air from padding tower. In all three components, the heat and
mass transfer processes between air and seawater are counter-flow. The
inlet air goes through pre-cooler, padding tower and dehumidifier
sequentially, while the inlet seawater goes through padding tower first,
and then is divided into two streams which separately go into the pre-
cooler and dehumidifier.

The principle is simple as well. The pre-cooler and padding tower
constitute an IEC water chiller system, which could obtain chilled water
with a temperature limit at the dew point of the inlet air. Then use the
chilled water to dehumidify the outlet air of padding tower, and the
freshwater could be obtained.

A numerical model is established, based on the following
assumptions:

(1) Each process is considered as a whole part calculated by the
effectiveness ¢ of HEX or HMX which is given;

(2) The moist air leaves the padding tower and dehumidifier with a
relative humidity of 100 % [16];

(3) The system has achieved a steady state;

(4) The properties of seawater are calculated using correlations
developed by Nayar [24]. The air is considered as ideal gas
mixture consisting of steam and dry air;
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Fig. 7. Ideal water product capacity under different conditions.
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Fig. 8. Desalination system based on IEC chiller system.

(5) Seawater and air are countercurrent heat exchange in HEX or
HMX.

Then the model is calculated with equations (22) ~ (30), where the
subscript ideal represents the case where the minimal heat transfer
temperature difference achieves 0 K. The subscripts air, sw, fw separately
represent the air, seawater, freshwater.

Pre-cooler
Wyirin = Dair.our Mass Conservation (22)
1. aryair (airou = Mairin) = 1 s (Nswin = Powou)  Energy Conservation
23)

hair,out - hair,in hsw,aut - h:w.in

Epaddingtower = max{ } Heat Transfer Effecti

)
ha[r,outJdeal - hair,[n h:w,oul,ideal - hsw,in

hair.,nuz - hai'wiﬂ hSW=”“’ — h“'w‘i"

Eprecooler = max{

3
hair.our,ideal - hair,in h:w.uur,ideal - hsw.in

Dehumidifier
m o= m dryair (a)ai,,,-,, - a)a,-mu,) Mass Conservation (25)
1 aryair (Rairou — Pairin) + M pohse = 1 gy (R i
- hsw.,m,) Energy Conservation
(26)

} Heat Transfer Effectiveness

Bairou —airin - Mywons — ,
Edeh :max{ crod _Gnm _wwedd SR Heat Transfer Effectiveness
hair,om.ideal - hair,in hsw,om.ideal - hsw,in
(27)
Padding tower
M swour — M swin = M dryair (wair,in - wair.out) Mass Conservation (28)
m dryair (hair‘out - huir,in) =m sw.inhsw,in
— 1 g ouPswous Energy Conservation (29)

The calculation is based on iteration using Simulink and Matlab
R2021a [27].

veness (30)

(24

3.2. Simulation: Results and parameters sensitivity analysis

Unlike traditional HDH system, the IEC chiller desalination doesn’t
need extra heat source outside, thus, the gained output ratio (GOR)
wouldn’t be the evaluating parameter. The performance will be evalu-
ated with the daily water product per 1 m3*s™! of air volume flow rate
(DWP) [20]. DWP has a unit of [ms*d‘l*m‘?’*s], and DWP equals to 1
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Table 2
Inlet parameters of air and seawater.
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Serial number Mass flow rate (dry air or seawater)

Temperature (°C) Air humidity or seawater concentration

1 (air) 1.144 kg*s™! 30.0 12.0 g*kg™?
5 (seawater) 1.144 kg*s ™! 30.0 3.50 %
m>*d~1*m~3*s represents 1 m® of freshwater is condensed in 1 day or 0.050

24 h for a system with specific 1 m®*s™! or 3600 m>*h~?! of air volume
flow rate. That means the system’s capacity is determined mainly based
on the air flow rate, because in terms of specific energy consumption
(SEQ), it is expectedly almost totally depending on the fans energy
consumption to overcome the air resistance. Generally, the water pump
consumption can be ignored compare with fans consumption, and there
is no other energy consumption in this system. For typical IEC chiller
system, the resistance level is at about 300 Pa, corresponding to a 400 W
electricity consumption per 1 m3*s™! of air volume flow rate, consid-
ering a motor-mechanical efficiency of 75 %. It is worth mentioning that
the air resistance could be optimized to reduce, and according to Pan-
delidis, et al. [20], their dew point evaporative system is expected to
have a resistance of about 15 ~ 20 Pa. In our case, the gas resistance is
not taken into consideration and can be seen as constant, thus, SEC is
proportional to DWP, and the proportion is only depending on the air
resistance. Due to its proportional relationship, in the following analysis
only the DWP is selected as the evaluating parameter.

A typical condition is calculated, where the inlet air and inlet
seawater parameters are listed in Table 2. The serial numbers corre-
spond to Fig. 8.

The moist air volume flow rate is fixed at 1 m , corresponding to
the dry air mass flow rate of 1.144 kg*s*. The mass flow rate ratio of
dry air and seawater is selected as 1:1, and the temperatures are both
30 °C. Besides, the outlet seawater from padding tower splits into two
streams. The stream through the dehumidifier portion is called seawater
distribution ratio (SDR) here. The SDR in this typical case is selected as
75 %, corresponding to the common value in an IEC chiller. The HEX
(pre-cooler and dehumidifier) and HMX (padding tower) heat transfer
effectiveness are set to 0.8. In many practical cases, the effectiveness
level could achieve 0.8 [6,10], which can be seen as a validation for the
simulation.

According to the condition above, the model is simulated, and the
results are listed in Table 3. The serial numbers correspond to Fig. 8.

The result represents the water product capacity of this system as
0.00533 kg per 1 m® air, corresponding to a DWP of 0.46 m3*d~1*m~3+s
in this condition. The air points are marked in psychrometric chart in
Fig. 9. As expected, the inlet air is pre-cooled, humidified, and
dehumidified.

Based on the typical condition, keeping the humidity ratio of the
inlet air, flow rate and other parameters unchanged, only changing the
temperature, the performance is simulated and shown in Fig. 10.
Keeping the temperature, flow rate and other parameters unchanged,
only changing the air humidity ratio, the performance is simulated and
shown in Fig. 11. Keeping the temperature, humidity ratio, flow rate and

S*S—l

Table 3
Simulating results at typical condition.

0.045
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0.020
0.015
0.010
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Vi

35 40
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Fig. 9. The air process in psychrometric chart at typical condition.
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Fig. 10. DWP changing with temperature and comparison with previ-
ous results.

other parameters unchanged, only changing the heat transfer effec-
tiveness of HEX and HMX, the performance is simulated and shown in
Fig. 12.InFigs. 10, 11, the legend a and c represent previous literature 3-
stage and 2-stage Dew Point Desalination (DPD) performance [20]. The
legend b stands for the performance of the IEC chiller desalination
design in this paper, which is right between their 2-stage and 3-stage

Serial number Mass flow rate(dry air or seawater)

Temperature (°C) Air humidity or seawater concentration

1 (air) 1.144 kg*s~!
2 (air) 1.144 kg*s™!
3 (air) 1.144 kg*s™!
4 (air) 1.144 kg*s ™!
5 (seawater) 1.144 kg*s~!
6 (seawater) 0.283 kg*s !
7 (seawater) 0.848 kg*s’1
8 (seawater) 0.283 kg*s !
9 (seawater) 0.848 kg*s !

10 (freshwater) 0.00533 kg*s~!

30.0 12.0 g*kg ™!
23.4 12.0 g*kg ™!
27.9 23.6 g*kg !
24.0 18.9 g*kg ™!
30.0 3.50 %
21.4 3.54 %
21.4 3.54 %
28.3 3.54 %
26.6 3.54 %
24.0 0




H. Zhang and X. Xie

Applied Thermal Engineering 238 (2024) 121950

0.8 <
S~ \
, 06 ~__
% S
<@ o
<
£ 0.4 Water H E.X. HMX Water
- Exhaust Dehumidifier Padding tower| 2
> —=—a. Previous 3-stage DPD B} Inlet
*
2: ——b. IEC chiller desalination
g 02 — o P
; ¢. Previous 2-stage DPD - Freshwater
g Output
@]
0

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

Inlet air humidity ratio o, kg*kg~-1

Fig. 11. DWP changing with inlet air humidity ratio and comparison with
previous results.
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Fig. 12. DWP changing with heat transfer effectiveness and comparison with
previous results.

level. According to Figs. 10, 11, the water product increases when the
temperature increases and air humidity ratio decreases, which also
corresponds to the previous work. In Fig. 12, heat transfer effectiveness
is changed, indicating the NTU is changed. Greater heat effectiveness
results in greater water product, when the heat effectiveness exceeds
0.84, the performance of this system is better than previous literature 3-
stage DPD level. Performance increases 20 %~30 % by per 0.05 of heat
transfer effectiveness increase.

Results in Figs. 10 and 11 demonstrate perfectly similar sensitivity of
inlet parameters between previous study and this novel process. It is not
a coincidence although the two processes are apparently different in

)

n

\
.

o
&

DWP, m"3*d"-1*m"-3*s

0.4 s L s L L
0.7 0.75 0.8 0.85 0.9 0.95 1

Dehumidifier seawater distribution ratio (SDR)

Fig. 13. DWP changing with the dehumidifier water seawater distribution
ratio (SDR).

10

Fig. 14. The system degrades when the pre-cooler is useless.

Fig. 3 and Fig. 8. In fact, the thermodynamics analysis shown in Section
2.4 can explicitly explain the tendency of the parameters sensitivity and
the thermodynamics principle behind previous study and this novel
process is the same. In a sense, the previous study has become a vali-
dation of these results. The truly interesting part is, the performance of
this novel process for € equal to 0.8, which is the usual effectiveness level
in practical applications, falls right between the previous literature 2-
stage DPD and 3-stage DPD performance. In the previous work [20],
2-stage DPD includes one humidification-dehumidification section
while 3-stage DPD includes two. In this novel IEC chiller desalination
process, it actually only includes one humidification-dehumidification
section. Multi-stage humidification-dehumidification is useful to
recover the exergy of the exhaust air and seawater, and this idea can be
applied in this novel IEC chiller desalination process in future work.

Seawater distribution ratio (SDR) represents the proportion of the
seawater stream through the dehumidifier and has been fixed at 75% in
the above simulation. The system performance changes when SDR
changes at typical condition, as shown in Fig. 13.

According to Fig. 13, the DWP increases as SDR increases up to 100
%. Pre-cooler is actually useless when SDR achieves 100 %. The system
degrades into an open-cycle HDH system, but without an extra heat
resource, as shown in Fig. 14. On the other hand, IEC has dew point
cooling potential only when the air is pre-cooled. If pre-cooler is useless
in this condition, the desalination system also has nothing to do with the
dew point under these circumstances.

The crucial parameter is the inlet seawater temperature. At typical
condition, the inlet air and water temperature are both 30 °C, but if the
temperature of seawater changes while that of air remains 30 °C, new
performance changing characteristics by SDR appear as shown in Fig. 15.
Each larger marker on the curve represents the optimal SDR ratio.

According to Fig. 15, the inlet seawater temperature has a great in-
fluence on water product. The freshwater product halves when inlet
seawater temperature decreases by 4 °C. And as the inlet seawater
temperature decreases, the optimal SDR decreases. It indicates the pre-
cooler has certain effect, which is related to dew point evaporative

0.55 ]
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o
g 035 1
=
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0.1
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0
0.7 0.75 0.8 0.85 0.9 0.95 1
Dehumidifier seawater distribution ratio (SDR)
Fig. 15. DWP changing with SDR under different inlet seawater temperatures.
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cooling. In fact, the temperatures of air and seawater are different in
most time, since the air temperature fluctuates a lot by seasons and
seawater temperature fluctuates little. In the hot season, the water
temperature usually is lower than that of the air. Thus, the discussion on
inlet seawater temperature is important in desalination based on air-
seawater system. Besides, due to IEC chiller is similar to regenerative
IEC, and the previous dew point desalination system (DPD) literature is
partly based on regenerative IEC, the DPD system may face similar
problem when the inlet seawater temperature changes, since Pandelidis,
et al. [20] did not discuss much about seawater temperature effects in
the previous literature.

The influence of inlet seawater temperature and SDR highlights the
difference between HDH and IEC chiller desalination. In conventional
HDH, there is extra heat resource, and the seawater acts as cooling
resource. But in IEC chiller desalination system, the sensible heat of the
air and the seawater acts as heat resource, and the cooling resource is
provided by the air-seawater evaporative cooling. Evaporative cooling
temperature depends on the air, and the limit is the dew point for an IEC
configuration. But without air pre-cooled, the evaporative cooling
temperature is usually higher than wet bulb. Thus, when the inlet
seawater temperature decreases, on one hand the heat resource de-
creases so the water product decreases, on the other hand the temper-
ature difference between inlet seawater temperature and wet bulb
decreases resulting in that pre-cooler need to reflect its effect and the
optimal SDR decreases.

3.3. Discussion

According to the theoretical limit discussed by Section 2, under the
typical condition, the water product limit is 0.138 kg for both 1 kg of air
(@30 °C, rh = 45 %) and 1 kg of seawater (@30 °C, x = 3.5 %), cor-
responding to a DWP of 13.87 m®*d~'*m~3*s. On the other hand, the
simulated performance of our designed IEC chiller desalination system
under typical condition is 0.503 m®*d~1*m~3*s. From the perspective of
water product, the reversible efficiency is only 3.6 %. Although the air-
seawater is free in reality, considering the air resistance discussed in
Section 3.1, the DWP of 0.503 m3*d~*m~3*s corresponds to the SEC of
about 19.1 kWh*m > when the gas resistance level is 300 Pa, which still
costs a lot. Improved design of heat and mass transfer structures with
better fluid flow is possible and can effectively enhance this result. For
some regenerative IEC cases, the gas resistance is below 50 Pa, which
could lead to a reduction in energy consumption by 1/6. That could be a
level of highly efficient. Thus, reducing air resistance can significantly
improve energy efficiency.

Besides the gas resistance, there are several optimized strategies to
increase DWP based on irreversible loss distribution analysis.

Firstly, the loss occurs because the heat transfer effectiveness is lower
than 1, which has been discussed in Section 3.1. According to the
simulation, the performance improves by 20 ~ 30 % per 0.05 increase in
heat transfer effectiveness.

The loss also occurs when the heat capacity flow rates of two sides
are different, and this can’t be avoided even heat transfer effectiveness
achieves 1. Miller and Lienhard [28] proposed extraction process in
HDH system to minimize the entropy generation. McGovern, et al. [29]
and Narayan, et al. [30] furtherly discussed and demonstrate that multi-
section and extraction process in HDH system could decrease the en-
tropy generation and obtain higher gained output ratio. Xie and Jiang
[10,26] also emphasized the importance of heat capacity flow rate
match in IEC systems. Thus, it is also recommended to use these ideas in
IEC chiller desalination system.

Besides, there still remains some work potential for outlet air and
seawater, so adding another stage of humidification-dehumidification of
the outlet air and seawater could increase fresh water product. Ac-
cording to Section 3.2, the performance of this novel process at typical
condition falls right between the 2-stage DPD and 3-stage DPD perfor-
mance in the study of Pandelidis, et al. [20]. In fact, the 3-stage DPD
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system is based on the multi-stage principle and one more
humidification-dehumidification section is added to increase fresh
water product. This multi-stage method can also be used for IEC chiller
desalination system in this paper to achieve higher performance.

For applications, another crucial point to consider is the climate
conditions. Particularly, air temperature is usually independent of
seawater temperature, and according to the simulation results obtained in
this paper, the two factors both influence system performance. This im-
plies that, even within the same region, the performance in different
seasons cannot be predicted solely using the air temperature index; it also
needs to take into account the seawater temperature. These two param-
eters typically vary independently with the changing seasons. Generally, a
dry and hot climate is more favorable for this water production system,
typically found in low-latitude regions where monsoons blow from land to
the sea. Despite these limitations, the concept of water production from
air-sea systems holds significant potential for improvement. Particularly,
the exergy of non-equilibrium air-seawater system is abundant and
virtually limitless, and theoretical calculations in the Section 2 demon-
strate substantial energy under specific circumstances. If effectively
applied in the field of seawater desalination, it could lead to substantial
economic benefits and a reduction in carbon emissions.

4. Conclusion

This paper explores the feasibility of seawater desalination using a
non-equilibrium air-seawater system and presents the design of an IEC
chiller desalination system. The key findings and conclusions of this
study can be summarized as follows:

(1) The paper calculate the theoretical air-seawater system work
capacity and desalination potential based on thermodynamics.
For a system include 1 kg of air (@30 °C, rh = 45 %) and 1 kg of
seawater (@30 °C, x = 3.5 %), it can be determined that this
system could perform a maximum work of 0.419 kJ, and has a
water product potential of 0.138 kg. The work capacity and
desalination potential increase while the relative humidity de-
creases or the temperature of air and water increases.
To conduct the thermodynamics calculations, the concepts of
system exergy and reversible transition are introduced to analyze
the work capacity and water product capacity of the air-seawater
system. Moist air exergy is generally used to describe the work
capacity of air-water system and is written in textbook, however,
the calculation of moist air exergy is based on the reference,
which implies infinite amount of water at reference point. The
concepts of system exergy and reversible transition are proposed
to handle situations where the flow rate ratio of seawater to air is
finite. System exergy represents the maximum work capacity of a
non-equilibrium system for an adiabatic and isobaric process.
Reversible transition of a non-equilibrium air-seawater system is
proposed to calculate its maximum desalination capacity by
assuming a thermal equilibrium air-seawater-freshwater final
state. These two concepts could not only help to understand IEC
and HDH processes which include air-water systems, but also
provide insights into the field of thermodynamic analysis.

(3) An IEC chiller desalination system is designed, modeled, and
simulated. The system only includes common padding towers,
pre-coolers, and dehumidifiers. At typical condition, where the
temperature of air and seawater is 30 °C; the relative humidity
ratio 45 %; the concentration of seawater is 3.5 %; the mass flow
rate ratio of air to seawater is 1:1 and the heat transfer effec-
tiveness is set to a practical value of 0.8, the system performance
is simulated, and a daily water product capacity (DWP) of 0.503
m>®*d~1*m3*s is obtained, which means 0.503 m® of freshwater
is condensed in 1 day or 24 h for a system with specific 1 m3*s~!
or 3600 m>*h ! of air volume flow rate. The sensitivity analysis
of parameters such as inlet temperature and air humidity shows
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consistent trends with previous findings. The influence of the
inlet seawater temperature, which has not been discussed previ-
ously, is investigated. It is simulated that a decrease in the inlet
seawater temperature significantly reduces the water product
capacity and affects the optimal seawater distribution ratio (SDR)
in the IEC chiller desalination system. This effect is attributed to
the fact that seawater serves as a heat source in this system rather
than as a cooling source in a common HDH system. This effect
implies that the performance in different seasons is determined
not only by the air temperature index but also the seawater
temperature. These two parameters typically vary independently
with the changing seasons.

It is expected that the energy consumption of the IEC chiller
desalination system is nearly all from the gas resistance, or air fan
consumption. Although the typical gas resistance level of an IEC
chiller is about 300 Pa, if the gas resistance of this system is
reduced to below 50 Pa, the specific water product energy con-
sumption could achieve 3.2 kWh*m . Besides, comments of
irreversible loss in the system are given, and several optimization
strategies are proposed. These strategies include improving heat
transfer effectiveness, incorporating multi-section and extraction
processes, and adding additional stages of humidification-
dehumidification to enhance the freshwater production. These
strategies may improve the performance in further study.

(€))

In summary, this paper explores the seawater desalination potential
of the air-seawater system and presents the design of an IEC chiller
desalination system based on this concept. The results show that there is
still significant room for improvement, since the simulated practical
water product capacity is equal to only 3.6 % of the theoretical revers-
ible limit. How to reduce gas resistance and how to optimize the process
to reduce entropy production need to be considered to further investi-
gate the feasibility. Overall, considering the exergy inherent in non-
equilibrium air-seawater systems is abundant, the concept of desalina-
tion based on non-equilibrium air-seawater system still holds promise as
it has great potential to yield economic benefits and reduce carbon
emissions.
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