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Abstract

Water scarcity is a problem affecting millions of people in the world, including northern
Chile, with several cities declared under water scarcity by the Chilean government. This
paper numerically evaluates an atmospheric water generator based on a single vapor
compression refrigeration system using R410A. The monthly water harvesting rate and
specific energy consumption are calculated for nine cities distributed throughout northern
Chile. Every component is modeled in a modular way, using semi-empirical models, and
integrated into an overall model. For the nine cities considered in this study, the monthly
water harvesting varies between a maximum of 5518 L, obtained for Huasco during January,
and a minimum of 0 L, in Combarbalá and Vicuña in some months during winter. In the
case of the specific energy consumption, it varies between 0.355 and 1.146 kWh/L. By taking
the period between December and April, the system can collect an average of 3868 L/month,
with an average specific energy consumption of 0.533 kWh/L. The working domain of the
system is strongly limited by the Chilean climate conditions, which is mainly influenced
by the Humboldt Current. This restricts the operational efficiency of the AWGs, especially
during the colder and drier months. Nonetheless, the modular modeling approach allows
for flexible adaptation and optimization of the system across different geographic locations.

Keywords: water scarcity; water harvesting; atmospheric water generator; active refrigera-
tion; mathematical model

1. Introduction
Nowadays, most of the freshwater for human consumption comes from rivers, lakes,

and groundwater reservoirs [1]. However, the availability of these sources has been affected
both by indiscriminate human use and climate change [2]. According to [3], by the end of
2021, 8.25 million people suffered from freshwater rationing. On the other hand, inadequate
sanitation is also a problem, exposing people to diseases such as cholera and typhoid fever.
In this global scenario, Chile is one of the most affected countries by the upcoming water
scarcity crisis [4], with several cities and regions located in central and northern Chile
declared under water scarcity by the Chilean government.

Sea water desalination arises as the most promising alternative water source; nev-
ertheless, brine production in the areas where these plants are installed is a threat to the
surrounding biodiversity [5]. Isolated areas without piped distribution networks or water
trucks will not be able to take advantage of this method either [6].
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In this context, atmospheric water seems to be a good alternative, having a potential
close to 12.9 × 1012 m3 [7]. This has led the scientific community to seek new methods for
harvesting water from the atmosphere. The existing atmospheric water harvesting methods
can be classified into the following four groups: passive methods, active refrigeration
methods, sorption methods, and hybrid technologies [8]. Among these, active refrigeration
systems are the most used by manufacturers [9–15], because they allow greater water
harvesting rates (WHRs) than passive methods, which can only operate in the presence of
dew or fog [16]. Nevertheless, this type of system needs electrical energy to operate [17].

On the other hand, sorption methods employ adsorption material to collect water
from the atmosphere [8,18], but these materials need thermal energy for the desorption
cycle to recover the collected water. A more innovative and complex system corresponds
to the hybrid/integrated system, combining two or more methods to increase the perfor-
mance of one of them, such as desiccant wheels [19,20], membranes [21], or a combination
of both [22].

Since it is a well-developed technology, with several experimental investigations and
a generalized use by atmospheric water generator (AWG) manufacturers, this article will
be focused on active refrigeration systems [9–15]. This technique uses either vapor compres-
sion refrigeration (VCR) or thermoelectric cooling systems [17] to condense atmospheric
water by cooling the air below its dew point temperature [23]. The first one is mostly used
by AWG manufacturers and will be analyzed in this study.

Concerning the performance of commercial AWGs, some manufacturers report the
following specific energy consumptions (SECs) under the specified ambient temperature
and relative humidity: 0.28 kWh/L at 30 ◦C and 80% (Model Thunder) [9], 0.24 kWh/L at
22.6 ◦C and 60% (Model GEN-M1) [10], 0.36 kWh/L at 28 ◦C and 80% (Model RoL50) [11],
0.4 kWh/L at 30 ◦C and 80% (Model EA60) [13], and 0.29 kWh/L at 30 ◦C and 80% (Model
ASWEA-250 Elite) [14]. It is observed that most manufacturers specify their AWG at high
ambient temperatures and high relative humidities, except Watergen [10], who specify their
AWGs at 22.6 ◦C and 60%. For the same working conditions (30 ◦C and 80%), the SEC
varies between 0.28 kWh/L and 0.4 kWh/L.

On the other hand, for the results reported in the scientific literature, Zolfagharkani et al. [24]
developed a mathematical model of an AWG, which was simulated under the climate
conditions of Iran, reaching a water production near 8.4 L/day with a SEC of 1.83 kWh/L
at 20 ◦C and 30% of relative humidity, and 27.6 L/day and 0.3 kWh/L at 30 ◦C and 80% of
relative humidity. These systems do not present a good performance under dry climate
conditions [8,22,23,25], because their efficiency decreases considerably due to the higher
sensible heat that the evaporator must remove to condense atmospheric water, reducing
its thermal capacity to remove latent heat, which is directly proportional to the amount of
collected water [26].

In the same way, under some climate conditions, the system is not able to operate
at dew point temperatures lower than 4 ◦C, because of the risk of frost formation on the
evaporator surface [17,26]. This problem was noted by Raveesh et al. [27], who carried
out several simulations by considering the climate conditions of thirty Indian cities. In
winter their system was limited by weather conditions, obtaining few operating hours,
which reduced the amount of harvested water. On the other hand, under humid climate
conditions, VCR systems present good performances; however, due to the high moisture
content of the air in those conditions, the system will not be able to cool the air down to
6 ◦C and therefore might not be able to extract all the available water circulating through
the evaporator. In a parametric analysis, the system proposed by these authors was not able
to produce water at an ambient condition of 20 ◦C and 30% of relative humidity; however,
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at 30 ◦C and 80% of relative humidity it was able to produce 34.8 L/day with a SEC of
0.5 kWh/L.

Patel et al. [25] developed a prototype that was tested under different climate condi-
tions. Under warm and dry conditions (40 ◦C and 27% of relative humidity), the system
was able to produce 6.72 L/day with a SEC of 4.71 kWh/L, and under warm and humid
conditions, (35 ◦C and 95% of relative humidity) the system was able to produce 42.7 L/day
with a SEC of 0.75 kWh/L.

According to the literature review, VCR systems are widely used as AWGs. However,
there is still a large gap for improvement in these systems, which can be addressed with a
correct selection of the system components or with new types of technologies. Furthermore,
operating limitations such as dew point temperatures below 4 ◦C and the worst perfor-
mance under dry climate conditions remain a challenge. In this paper, an AWG based
on a VCR system is mathematically modelled by using a variable speed compressor and
a variable speed axial fan. This combination has not been analyzed in previous studies
and allows us to generate more flexibility in the system operation, increasing the amount
of collected water, as long as the climate conditions allow it. The scope of this article is
to address and to contribute to the understanding of the AWG based on VCR systems,
by evaluating the performance of one of these systems using two types of modulation:
compressor speed and axial fan speed, under different Chilean climate conditions. The
model allows changing the operating conditions of the compressor and fan to maximize
the amount of harvested water and to guarantee that the system is working under safe
operating conditions (in terms of refrigerant temperature and pressure, compressor speed,
compressor input power, fan speed, and frost formation). The modular approach used in
the modeling allows for flexible adaptation and optimization of the system in different
geographic locations, by identifying certain working conditions that are limited by physical
or technical constraints.

2. Materials and Methods
2.1. Climate Conditions

Nine cities of northern Chile are selected according to their water scarcity level (Köp-
pen classification): Copiapó (BWk), Huasco (BWh), Vallenar (BWk), Vicuña (BSk), Ovalle
(BSh), Combarbalá (BWh), Salamanca (BSh), Los Vilos (BSk), and Petorca (BSh). The climate
conditions considered are the dry bulb temperature (T), the relative humidity (RH), and
atmospheric pressure (P), which are extracted from the Meteonorm Software (version 7.0)
using a time-step of 1 h [28] and considering a typical meteorological year. Figure 1 shows
a map of the selected cities with the addition of the location of the Chilean capital (Santiago)
for reference. The climatic variations between the selected cities are a result of the combi-
nation of latitude (transition from the world’s driest desert to steppe and Mediterranean
climates), topography (the Andes Mountains and the Coastal Range), sea relative altitude,
and the influence of the Humboldt Current.

As information for the readers, in this article, the following guideline will be
used to name the variables and the subscripts when multiple fluids are assessed:
Variable f luid, relative position, component. For example, hr,su,sh,cd is used for the enthalpy h of
the refrigerant r at the supply conditions su of the superheated zone sh of the condenser cd.
If one or more of the described subscripts is not necessary, it will be omitted.

The monthly moisture harvesting index (MHI), proposed by Gido et al. [26], is used
to assess the feasibility and the energy requirements of the atmospheric water harvesting
system. It is calculated with Equation (1), with a reference air condition of 4 ◦C at the
evaporator exhaust to avoid any problem of frosting formation. Figure 2 shows the monthly
MHI for the selected cities. The behavior of the indicator is similar for all cities, where
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summer and winter have the highest and lowest MHI values, respectively. Some cities, such
as Vicuña, Combarbalá, Salamanca, and Petorca, present an MHI lower than 0.1 during
winter. On the other hand, Huasco is expected to be the most suitable location for AWGs,
since it presents the highest MHI in almost all months.

 

Figure 1. Map of northern Chile showing the position of the 9 cities and Santiago.

MHI =
Wamb − Wre f

hamb − hre f
· h f g (1)

where Wamb and hamb are, respectively, the specific humidity and the specific enthalpy at
the ambient conditions, Wre f and hre f are the specific humidity and the specific enthalpy at
the reference conditions, and h f g is the specific enthalpy of condensation.

Figure 2. Monthly MHI index distribution for the evaluated cities.

Figure 3 shows the hourly distribution of the most important properties of the atmo-
spheric air in these cities: specific humidity, wet bulb temperature, relative humidity, and
dry bulb temperature. In general, Chilean ambient temperatures are lower than the ones of
other cities reported in the literature using this kind of system.
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Figure 3. Hourly distribution of (a) specific humidity, (b) wet bulb temperature, (c) relative humidity,
and (d) dry bulb temperature, in the selected cities.

2.2. System Design

The system is designed based on a single VCR cycle that considers an evaporator,
a compressor, a condenser, an expansion valve, and an axial fan. These components and the
VCR system are presented in Figure 4. The evaporator is used to remove the sensible and
latent load from the air, causing condensation of the atmospheric water on its surface. The
air exhausting the evaporator is conducted to the condenser, where it is heated, and finally it
is discharged to the ambient through an axial fan. The system is designed to collect around
150 L/day at the following ambient average conditions: dry bulb temperature of 20 ◦C,
relative humidity of 60%, and atmospheric pressure of 1 atm. This condition was selected
as a good compromise for the system size and because it is the average meteorological
condition of the Chilean northern cities during the months when the system can operate
more efficiently (higher water collection).

 

Figure 4. Schematic of the evaluated AWG.
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To maximize the harvested water and to avoid any risk of frost formation, the system
is forced to operate at an air temperature of 6 ◦C at the evaporator exhaust. When there
is no operating restriction, the system is forced to work at its highest capacity, with the
compressor running at 120 Hz. When the compressor input power is higher than 3.6 kW
(the maximum compressor input power), it is limited to this value, and the compressor
speed is determined by the mathematical model. On the other hand, when the air mass
flow rate exceeds 0.7 kg/s (the maximum air mass flow rate delivered by the axial fan), it is
fixed at this value, and the compressor speed is determined by the mathematical model. At
low air mass flow rates, it is fixed at 0.14 kg/s (the minimum air mass flow rate delivered by
the axial fan), and the air temperature at the evaporator exhaust is, in this case, determined
by the mathematical model. It guarantees that the AWG is working within its working
domain (safe conditions).

2.3. Mathematical Models

The system model is decomposed into four modular models: scroll compressor, tube-
and-fin air cooled condenser, tube-and-fin air heated evaporator, and axial fan, which are
modelled by using a semi-empirical approach. The refrigerant considered in this study
is R410A. Although it is a refrigerant that will be phased out, because of its high global
warming potential (GWP of 2088), it is very common among commercial AWGs. Thus, its
use allows us to create a good base for further studies using alternative refrigerants such as
R290 and R1234yf, with lower GWPs, 3 and lower than 1, respectively.

2.3.1. Compressor Model

The scroll compressor is modelled with a mathematical model similar to the one pro-
posed by Winandy et al. [29], but taking into account the internal leakage of the compressor
and the pressure drop introduced by the compressor discharge check valve. It is assumed
that the compressor imposes the refrigerant mass flow rate circulating through the system
and the refrigerant temperature at the compressor exhaust. The compressor model also
allows us to determine the compressor input power.

The compressor’s refrigerant mass flow rate is determined through Equations (2) and (3),
and can be considered as the sum of the refrigerant mass flow rate coming from the
evaporator

.
Mr,su1,cp, and the refrigerant mass flow rate of the compressor’s internal leakage

.
Mr,leak,cp. Finally, the refrigerant mass flow rate trapped by the compressor depends on the
compressor swept volume, the compressor speed, and the corresponding specific volume.

.
Mr,in,cp =

.
Mr,su1,cp +

.
Mr,leak,cp (2)

.
Mr,in,cp =

Vs,cp·Ncp

vr,su2,cp
(3)

where
.

Mr,in,cp,
.

Mr,su1,cp, and
.

Mr,leak,cp are the mass flow rate trapped by the compressor,
coming from the evaporator, and due to the internal leakages, respectively. Vs,cp is the
compressor swept volume, Ncp is the compressor rotational speed, and vr,su2,cp is the
refrigerant specific volume entering to the compression chamber.

The compressor input power
.

Wcp is divided into the internal compression power
.

Win,cp and the compressor electromechanical loss
.

W loss,cp, as indicated in Equation (4). The
internal compression considers an isentropic compression from su2 to ad and an isochoric
compression from ad to ex3, as indicated in Equation (5). Here, the electromechanical loss
is assumed to follow the law indicated in Equation (6).

.
Wcp =

.
Win,cp +

.
W loss,cp (4)
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.
Win,cp =

.
Mr,in,cp ·

[(
hr,ad,cp − hr,su2,cp

)
+ vr,ad,cp ·

(
Pr,ex3,cp − Pr,ad,cp

)]
(5)

.
W loss,cp =

.
W loss0,cp +

.
W loss2,cp·

(
Ncp

Nre f ,cp

)2

(6)

where hr,ad,cp, vr,ad,cp, and Pr,ad,cp are the specific enthalpy, the specific volume, and the
refrigerant pressure at the adapted conditions, respectively, hr,su2,cp is the specific enthalpy
at the supplied conditions su2, Pr,ex3,cp is the refrigerant pressure at the exhaust conditions

ex3,
.

W loss0,cp and
.

W loss2,cp are parameters of the compressor losses model, and Nre f ,cp is
the reference compressor rotational speed.

The parameters of the compressor model are identified from the catalogue data of
the Copeland compressor XPV0182 by considering 120 values and then validated with
1448 values. The model can predict the refrigerant mass flow rate, the refrigerant exhaust
temperature, and the compressor input power with a root mean square error of 3.2%, 8.5 ◦C,
and 6.1%, respectively.

2.3.2. Condenser Model

The condenser was modelled by using a three-zones approach: superheated,
two-phase, and subcooled, as proposed by Cuevas et al. [30]. Each zone is evaluated
through two energy balances and one fluid-to-fluid heat transfer determined with the
ε-NTU method, as indicated in Equations (7)–(9) for the superheated zone.

.
Qsh,cd =

.
Mr,cd·(hr,su,sh,cd − hr,ex,sh,cd) (7)

.
Qsh,cd =

.
Ma,cd·(ha,ex,sh,cd − ha,su,sh,cd) (8)

.
Qsh,cd = εsh,cd·

.
Cmin,sh,cd·(tr,su,sh,cd − ta,su,sh,cd) (9)

where
.

Qsh,cd is the superheated zone heat flow,
.

Mr,cd is the refrigerant mass flow rate,
hr,su,sh,cd and hr,ex,sh,cd are the refrigerant specific enthalpies at the supply and exhaust
conditions of the superheated zone, respectively.

.
Ma,cd is the air mass flow rate, ha,ex,sh,cd

and ha,su,sh,cd are the air specific enthalpies at the exhaust and supply conditions of the
superheated zone, respectively. εsh,cd is the heat exchanger effectiveness,

.
Cmin,sh,cd is the

minimum capacity rate, tr,su,sh,cd and ta,su,sh,cd are the refrigerant and air temperatures at
the supply conditions of this zone, respectively.

The heat exchanger effectiveness is determined by considering a counterflow con-
figuration. The two-phase and subcooled zones are analyzed similarly, but in the case
of the two-phase zone, the effectiveness is determined with the equation proposed for
phase change.

The air-side heat transfer coefficient is determined with a correlation identified by
Kays and London [31]. For the refrigerant side, Baehr and Stephan’s [32] single-phase cor-
relation was used for laminar regime, and Gnielinski’s correlation [33] for turbulent regime.
Two-phase refrigerant heat transfer coefficient was determined using the correlation pro-
posed by Thome et al. [34], as indicated in Equations (10)–(13). For the frictional pressure
drop on the refrigerant side, the correlation suggested by Friedel [35] was implemented.

j = 0.0962·Re−0.351 (10)

Nu =

3.657
tanh(2.264·Gz−1/3+1.7·Gz−2/3)

+ 0.0499·Gz·tanh
(

Gz−1
)

tanh
(

2.432·Pr1/6·Gz−1/6
) (11)
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Nu =
( f /8)·(Re − 1000)·Pr

1 + 12.7·( f /8)1/2·
(

Pr2/3 − 1
) (12)

Nuδ = 0.003·Re0.74
l ·Pr0.5

l · fi (13)

where j is the Colburn factor, Re is the Reynolds number, Nu is the Nusselt number, Gz is
the Graetz number, Pr is the Prandtl number, and f the friction factor.

Another variable determined by the model is the condenser air-side pressure drop,
which is calculated with the method proposed in Kays and London [31], defined in
Equation (14).

∆Pa,cd = ∆Pa,c,cd + ∆Pa, f ,cd + ∆Pa,m,cd + ∆Pa,e,cd (14)

where ∆Pa,cd is the air-side pressure drop, ∆Pa,c,cd is the contraction pressure drop, ∆Pa, f ,cd

is the frictional pressure drop, ∆Pa,m,cd is the acceleration pressure variation, and ∆Pa,e,cd is
the expansion pressure drop.

The frictional pressure drop ∆Pa, f ,cd is determined by using the friction factor recom-
mended by Kays and London [31], defined in Equation (15).

f = 0.0993·Re−0.231 (15)

The contraction pressure drop ∆Pa,c,cd, acceleration pressure variation ∆Pa,m,cd, and
expansion pressure drop ∆Pa,e,cd are also determined as proposed by Kays and London [31].
Finally, the condenser geometry considered in this study is presented in Table 1.

Table 1. Heat exchanger dimensions.

Variable Condenser Evaporator

Tube external diameter 9.53 mm (3/8′′) 9.53 mm (3/8′′)
Tube thickness 0.81 mm 0.81 mm

Longitudinal tube pitch 21 mm 21 mm
Transverse tube pitch 25 mm 25 mm

Number of rows 3 5
Number of circuits 2 3

Number of tubes per circuit and per row 10 6
Fin thickness 0.3 mm 0.3 mm

Fin pitch 2 mm 2.5 mm
Heat exchanger height 0.500 m 0.450 m
Heat exchanger depth 0.063 m 0.105 m
Heat exchanger width 0.714 m 0.643 m
Total number of tubes 60 90

2.3.3. Evaporator Model

The evaporator is modelled similarly to the condenser. In this case it is divided into
two zones: two-phase and superheated. The main difference in this heat exchanger is
on the air side, because it is designed to condense the water from the atmospheric air.
Here, the assumptions proposed by Braun [36] and the modelling approach proposed by
Ding et al. [37] are used, assuming that the cooling coil heat flow is equal to the maximum
between the heat flow determined by assuming a completely dry regime, and the heat flow
determined by assuming a completely wet regime on the air-side.

The heat transfer in dry regime is determined as described for the condenser, but for
the wet regime a fictitious moist air is defined, which is characterized through a fictitious
heat capacity. In wet regime, the heat flow on the air-side is determined as indicated in
Equations (16) and (17).

.
Qa,wet,coil =

.
Ma,coil ·(ha,su,wet,coil − ha,ex,wet,coil)−

.
Ma,coil ·(Wa,su,wet,coil − Wa,ex,wet,coil)·hwl,coil (16)
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.
Qa,wet,coil =

.
C f a,wet,coil ·(twb,su,wet,coil − twb,ex,wet,coil) (17)

where
.

Qa,wet,coil is the heat flow in wet regime,
.

Ma,coil is the air mass flow rate circulating
through the coil, ha,su,wet,coil and ha,ex,wet,coil are the moist air specific enthalpies at the coil
supply and exhaust conditions, respectively, Wa,su,wet,coil and Wa,ex,wet,coil are the moist air
specific humidities at the coil supply and exhaust conditions, respectively, hwl,coil is the
water specific enthalpy at the water condensing conditions,

.
C f a,wet,coil is the heat capacity

ratio of the fictitious moist air, twb,su,wet,coil and twb,ex,wet,coil are the wet bulb temperatures
of the moist air at the coil supply and exhaust conditions, respectively.

The fluid-to-fluid heat transfer is also determined using the ε − NTU method and the
assumptions mentioned previously to determine the heat exchanger effectiveness.

In wet regime, the exhaust conditions of the air are determined as indicated in
ASHRAE HVAC systems and equipment [38], by considering a constant surface tempera-
ture and by assuming that the air in contact with the heat exchanger surface is saturated.
Thus, the air conditions at the evaporator exhaust are determined with Equations (18)–(21).

ha,su,wet,coil − ha,ex,wet,coil = εc,wet,coil ·(ha,su,wet,coil − hc,wet,coil) (18)

Wa,su,wet,coil − Wa,ex,wet,coil = εc,wet,coil ·(Wa,su,wet,coil − Wc,wet,coil) (19)

εc,wet,coil = 1 − exp(−NTUc,wet,coil) (20)

NTUc,wet,coil =
1

Ra,coil ·
.
Ca,dry,coil

(21)

where ha,su,wet,coil , ha,ex,wet,coil , and hc,wet,coil are the moist air specific enthalpies at the
coil supply, coil exhaust, and surface conditions, respectively, εc,wet,coil is the coil contact
effectiveness, Wa,su,wet,coil , Wa,ex,wet,coil , and Wc,wet,coil are the moist air specific humidities at
the coil supply, coil exhaust, and surface conditions, respectively, NTUc,wet,coil is the number
of transfer units at the coil surface conditions, Ra,coil is the air -ide thermal resistance, and
.
Ca,dry,coil is the air heat capacity rate under dry regime.

The heat transfer coefficients on the refrigerant-side in single phase and on the air-side
are determined with the same correlations presented for the condenser; however, for the
two-phase zone, the correlation proposed by Shah [39] is used.

The mass flow rate of the condensed water is determined as indicated in Equation (22).

.
Mw,cd =

.
Ma,coil ·(Wa,su,wet,coil − Wa,ex,wet,coil) (22)

.
Mw,cd can also be related to the WHR through Equation (23).

WHR =
.

Mw,cd·vw,cd (23)

where vw,cd is the water specific volume at the water condensing conditions.
Finally, the evaporator geometry considered in this study is the one presented in

Table 1.

2.3.4. Fan Model

The fan is modelled through three dimensionless factors: flow factor, pressure factor,
and power factor, which are defined in Equations (24)–(26).

ϕ f an =

.
Va, f an

A f an·U f an
(24)
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ψ f an =
∆Ptotal, f an

ρa
U2

f an
2

(25)

λ f an =
ϕ f an·ψ f an

εs, f an
(26)

where ϕ f an, ψ f an, and λ f an are the flow, pressure, and power factors,
.

Va, f an is the volume
flow rate supplied by the fan, A f an is the area of the circle defined by the impeller diameter,
U f an is the fan peripheral velocity, ∆Ptotal, f an is the fan total pressure head, ρa is the air
density, and εs, f an is the fan isentropic effectiveness.

In this case, the pressure factor was set as the independent variable, whereas the
flow and power factors were determined through polynomials laws based on the fan
catalogue data.

λ f an = a0 + a1·ψ f an + a2·ψ2
f an (27)

ϕ f an = b0 + b1·ψ f an + b2·ψ2
f an (28)

where ai and bi are constants of the polynomial models.
The constants of the polynomial laws are identified using the catalogue data of the

axial fan W3G-400 of the manufacturer ebm-papst.

2.3.5. Integrated System Model

The individual component models described previously are interconnected to define
the overall system model. Figure 5 presents the interconnections between every model by
showing the inputs and outputs of the overall model. For the system, it is assumed that
the air temperature at the evaporator exhaust is maintained at a constant value of 6 ◦C,
which defines the refrigerant mass flow rate that must be handled by the compressor, also
imposing the compressor speed. The evaporator and condenser air-side pressure drops
and the air mass flow rate define the axial fan speed.

Figure 5. Principle of the system modelling (variables colored in black are inputs of the model,
colored in red are variables that must be checked to ensure safe working conditions, while the rest
are determined by the mathematical model). CP represents the compressor model, CD the condenser
model, FAN the axial fan model, and EV the evaporator model, respectively.
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Two monthly indicators are determined with the results of the simulations: the
monthly water harvesting (MWH) and the monthly specific energy consumption (SEC), as
defined in Equations (29) and (30).

MWH =

τf inal∫
τinitial

WHR·dτ (29)

SEC =

τf inal∫
τinitial

( .
Wcp +

.
W f an

)
WHR

·dτ (30)

where τinitial and τf inal are the initial and final time considered for the integration.

2.4. Simulation Conditions

The system is simulated throughout a typical meteorological year. The monthly
data are classified by using the BIN method, with the wet bulb temperature as reference.
Firstly, the system is simulated by considering a compressor speed of 120 Hz and an air
temperature at the evaporator exhaust of 6 ◦C. The model determines the compressor speed,
the compressor input power, and the axial fan speed. The constraints in the operation
of the system are compressor speed between 15 Hz and 120 Hz, maximum compressor
input power of 3.6 kW, and air mass flow rate between 0.14 kg/s and 0.7 kg/s. When
the working conditions are outside of these limits, the system is forced to work within
these safe conditions by modifying the compressor speed or the air temperature at the
evaporator exhaust.

3. Results and Discussion, Limitations and Further Studies
3.1. Results and Discussion

As an example, Table 2 presents the results for Copiapó. Seasonal behavior in the
system performance in the water production is observed, which decreases during winter
due to a lower ambient temperature and to a lower number of operating hours. It decreases
to 24% in July. The monthly water harvesting varies between 561 L in July and 4902 L in
March, with higher water productions during summer (from December to March). For
this city, the SEC varies between 0.448 and 0.678. Concerning the operating conditions,
the average compressor speed varies between 90 and 116 Hz, and the average air mass
flow rate between 0.349 kg/s and 0.674 kg/s. It is observed that during winter, when
the ambient temperature decreases, the system modifies its working conditions by reduc-
ing the compressor speed and by increasing the air mass flow rate circulating through
the evaporator.

Regarding the operating costs, these can be determined using the SEC and the monthly
energy consumption. The first one allows us to determine the operating costs to produce 1 L
of freshwater and the second one the monthly costs. The Chilean cost of 1 kWh of electricity
is of the order of 255 pesos/kWh, i.e., approximately 0.264 USD/kWh (in September 2025).
Thus, the cost to produce 1 L of water varies between 0.118 USD/L and 0.170 USD/L,
and the monthly costs vary between 90 USD and 727 USD. Firstly, compared with reverse
osmosis technology, with SECs as low as 0.002 kWh/L [40], AWGs are not competitive. On
the other hand, the monthly costs are too high for a family having problems with water
scarcity, because these families are mainly located in the countryside. Thus, there is still
a challenge to improve the performance of AWG systems to reduce its energy consumption
and to combine them with renewables technologies such as photovoltaic panels.
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For the other cities the results have a similar trend, with Huasco being the city with the
highest water harvesting, as shown in Figure 6. This city is located in the coastal zone and
in northern Chile. On the other hand, the city with a lower water harvesting is Combarbalá,
which is located in the central Chilean valley and also in northern Chile. Combarbalá and
Vicuña have meteorological conditions that do not allow us to harvest water during June
and August, respectively. By considering the results of the nine cities, the water harvesting
varies between a maximum of 5518 L, obtained in Huasco during the month of January,
and a minimum 0 L, as indicated previously in Combarbalá and Vicuña. The average
water harvesting for the nine cities between December and April is 3868 L/month, almost
129 L/day, with an average SEC of 0.533 kWh/L.

Table 2. Results obtained for Copiapó.

Month %ON Pamb
[kPa]

tamb
[◦C]

RHamb
[%]

Ncp
[Hz]

.
Ma

[kg/s]
MWH

[L]
SEC

[kWh/L]
Econs

[kWh]

January 100% 94.8 22.4 66.3 106 0.349 4456 0.616 2756
February 100% 94.8 21.6 68.4 108 0.369 4199 0.589 2480
March 100% 94.8 19.7 69.3 105 0.443 4902 0.529 2655
April 100% 94.8 18.1 73.8 96 0.483 4790 0.474 2155
May 90% 94.7 16.0 68.4 92 0.614 3158 0.451 1336
June 67% 94.6 15.1 70.7 90 0.645 1575 0.448 708
July 24% 94.6 17.5 53.5 101 0.674 561 0.643 342
August 40% 94.5 18.7 53.3 108 0.612 894 0.673 620
September 43% 94.8 19.9 53.2 116 0.565 1295 0.678 875
October 99% 94.8 19.8 54.2 104 0.537 3476 0.645 2197
November 100% 94.8 21.5 57.7 106 0.438 4043 0.647 2423
December 100% 94.8 21.2 63.2 105 0.419 4597 0.604 2703

Total/Average 80% 94.7 19.3 62.7 103 0.512 3162 0.583 21,250

where %ON represents the time that the system is in operation, Pamb is the ambient pressure, tamb is the ambient
temperature, RHamb is the ambient relative humidity, Ncp is the compressor rotational speed,

.
Ma is the air mass

flow rate circulating through the AWG, MWH is the monthly water harvesting rate, SEC is the specific energy
consumption, and Econs is the total electric energy consumption.

Figure 6. Monthly water harvesting rate for the cities considered in this study.

Concerning the SEC, it varies between 0.355 and 1.146 kWh/L, with Vallenar, Ovalle,
and Huasco presenting the lowest values, and thus the most favorable conditions for this
technology. On the other hand, Combarbalá presents the highest SEC and, therefore, it is
the most unfavorable city for this technology.
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Comparing the results with the ones reported in the literature, the results obtained here
follow the same trend, with higher water production under warm and humid conditions
and lower SEC, and lower water production under cold and dry conditions, even with no
water production under these conditions. Compared to the results of SECs reported by the
AWG manufacturers, only the climate conditions used by Watergen [20] are similar to the
Chilean climate conditions. This manufacturer reports a SEC of 0.24 kWh/L at 22.6 ◦C and
60%. In this study, the lowest SEC is of the order of 0.37 kWh/L, but for a monthly value,
which takes into account different working conditions. The highest SEC obtained here is
near 1.15 kWh/L for Combarbalá, but again using a monthly base.

In Huasco, the most favorable Chilean city for water harvesting of this study, the
average monthly SEC varies between 0.37 kWh/L and 0.47 kWh/L, as shown in Figure 7. By
considering the results of Ravesh et al. [27], who use refrigerant R134a, the most favorable
cities present SECs varying between 0.51 kWh/L for Kolkata (Aw) and 0.95 kWh/L for
Bengaluru (Aw). Both Indian cities have tropical wet and dry or savanna climate conditions
(Aw), which are more favorable for AWGs than Chilean climate conditions. In spite of
that, the system evaluated in Chilean cities presents better SECs, which indicates that using
an AWG able to control the refrigerant mass flow rate, with a variable speed compressor,
and the air mass flow rate, with a variable speed fan, allows to improve the performance
of AWGs.

Figure 7. Monthly average SEC.

In terms of the influence of the geographical location on the collected water, there
is not a clear correlation. The cities where the AWG presents the higher water collection
are Huasco (BWh) and Ovalle (BSh), the first one located in the coastal zone and the
second one located in the central valley. Both cities present higher average relative humidi-
ties throughout the year compared to the other cities: between 76% and 83% for Huasco
and between 72% and 82% for Ovalle, and average temperatures varying between 11 ◦C
and 18 ◦C in Huasco and Ovalle. On the other hand, cities such as Combarbalá (BWh) and
Salamanca (BSh), having the worst performance and the same Köppen classification as
the previous cities, present average relative humidities varying between 44% and 67% in
Combarbalá and 45% and 68% in Salamanca, and average temperatures varying between
7.0 ◦C and 22.5 ◦C in Combarbalá and 8.5 ◦C and 24 ◦C in Salamanca. In conclusion, relative
humidity plays a more important role in the water collection than the ambient temperature.
It is mainly due to the lower sensible load that the evaporator has to manage in climates
with higher relative humidities.
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Another analysis that is not covered in this study is the effect of the projections of the
climate conditions due to climate change. There are several future scenarios to determine
the projected climate conditions, which are classified as SSP1-2.6, SSP2-4.5, SSP4-6.0, and
SSP5-8.5 [41]. In all these scenarios, precipitations and high mountain snowfall in northern
Chile will decrease, further aggravating the problem of water scarcity in this zone. In terms
of ambient temperatures and relative humidities, and considering the moderate scenario
(SSP2-4.5), an increase in the average ambient temperatures and in the evapotranspiration
is projected. Thus, it is expected that projected conditions will favor the use of AWGs
based on VCR systems, decreasing the non-operating hours due to low temperatures and
increasing the water potential in the atmospheric air.

3.2. Limitations of This Study and Further Studies

Among the limitations of this study, one of the most important is the way that the
climate data are reduced. Ideally, an hourly simulation should have been developed, but to
reduce the computation time and to avoid convergence problems, the climate data were
reduced using the bin method. In a future study, the model will be developed in a more
robust computation platform, such as python, to develop an hourly simulation accounting
the 8760 h of a year. Another limitation is the control model, which is idealized. It could be
improved using a dynamic modeling approach in a future study.

Another limitation corresponds to the validation of the overall model with experimen-
tal data. Although the model is based on conservation laws and constitutive equations, and
some of the individual models have been validated with catalogue data, there are some
physical phenomena that must be verified with experimental data, such as mass transfer,
convective heat transfer coefficient, and pressure drops.

In terms of the limitations to implement the system evaluated in this study, the main
limitation is its poor performance under dry climate conditions, which penalizes the water
collection throughout the year. It could be improved in further studies combining AWGs
based on VCR systems with other technologies that allow increasing the water content in
the air stream, such as desiccant wheels, adsorption materials, and membranes.

Another limitation of AWGs based on VCR systems is their high energy consumption,
thus the main efforts in future research must be focused to reduce it. Among the potential
improvements, the integration of hybrid systems stands out, such as the one proposed
by Cendoya et al. [22]. Other improvements include applying a hydrophobic coating
on the evaporator surface and the implementation of an adaptive control strategy to set
the AWG operating conditions according to the ambient conditions, thereby maximizing
collected water. Although AWGs based on VCR systems are not competitive in terms of
operating costs, this kind of technology can be installed even in the most remote locations,
for example, rural communities that currently receive water from tanker trucks.

4. Conclusions
An atmospheric water generator based on a vapor compression refrigeration cycle

was modeled to evaluate the potential of this kind of technology under the Chilean climate
conditions. According to the results, this kind of system presents good potential in some
northern cities, allowing to collect an average of 3868 L/month between December and
April in the nine cities analyzed in this study, i.e., an average daily collection of almost
129 L/day. The SEC varies between 0.355 and 1.146 kWh/L, which is strongly influenced
by the climate conditions. Concerning the operating conditions, during winter, when the
ambient temperature decreases, the compressor speed and the air mass flow rate must be
reduced to meet the constraints imposed on the system operation.
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The Chilean climate conditions, mainly influenced by the Humboldt Current, limit
the operation of this kind of system during winter, with some of the selected cities not
being able to operate in some months. A possible improvement for future evaluations of
atmospheric water harvesting systems is their combination with other technologies that
allow increasing the water content in the air stream, such as desiccant wheels, adsorption
materials, and membranes.
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