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Abstract

At present, the global shortage of water resources has led to serious challenges, and
traditional water production technologies such as seawater desalination and atmospheric
water harvesting have certain limitations due to inflexible operation and environmental
conditions. This study proposes a novel water production system (called “NeWater” system
in this paper), which combines saline water desalination with atmospheric water-harvesting
technologies to simultaneously produce freshwater from brackish water or seawater and
ambient air. To evaluate its performance, an integrated thermodynamic and mathematical
model of the system was developed and validated. The NeWater system consists of a vapor
compression refrigeration unit (VRU), a direct evaporation unit (DEU), up to four heat
exchangers, some valves, and auxiliary components. The system can be applied to areas and
scenarios where traditional desalination technologies, like reverse osmosis and thermal-
based desalination, are not feasible. By switching between different operating modes,
the system can adapt to varying environmental humidity and temperature conditions
to maximize its freshwater productivity. Based on the principles of mass and energy
conservation, a performance simulation model of the NeWater system was developed, with
which the impacts of some key design and operation parameters on system performance
were studied in this paper. The results show that the performances of the VRU and DEU
had a significant influence on system performance in terms of freshwater production and
specific energy consumption. Under optimal conditions, the total freshwater yield could be
increased by up to 1.9 times, while the specific energy consumption was reduced by up to
48%. The proposed system provides a sustainable and scalable water production solution
for water-scarce regions. Optimization of the NeWater system and the selection of VRUs
are beyond the scope of this paper and will be the focus of future research.

Keywords: desalination; atmospheric water harvesting; condensation; heat and mass
transfer; cooling tower

1. Introduction

Water scarcity is one of the escalating global challenges today. According to data from
the United Nations, more than 2 billion people are living in countries with high water
stress [1,2]. At the same time, constantly changing climate patterns, rapid urbanization, and
unsustainable water resource management practices have led to a reduction in available
water resources, exacerbating freshwater shortages [3-5]. This issue puts pressure on social
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production and people’s lives in many regions, especially in arid and semi-arid areas, where
relying solely on traditional water sources cannot meet current or future water supply
demands [6]. This has created an urgent need for innovation in technologies for water
production and recycling [7]. In order to solve this problem, many researchers have studied
the development and evaluation of innovative technologies to address the global water
crisis, and two main approaches have emerged: seawater desalination and atmospheric
water harvesting [8,9].

Seawater desalination mainly uses reverse osmosis (RO) and thermal distillation
such as membrane distillation (MD) [10,11]. RO is commercialized and widely applied
because of its cost-effectiveness. RO also allows for different membrane designs and
structures, and it can reach a salt retention rate of up to 90% [12-14]. However, the
drawbacks of RO technology include the need for strict pretreatments, the inability to
stop easily during operation without the risk of damaging membrane components, and its
limited ability to remove genetic pollutants that may exist in raw water. The RO system
needs to operate under high pressure to overcome osmotic pressure [15]. Also, Shin,
Koo, and Lee [16] noted that membrane pollution and scaling reduce operational stability
and increase maintenance requirements [16]. At the same time, RO requires a relatively
complex pretreatment process before operation, and once the operation is started, it is
difficult to stop it halfway, as this can easily cause damage to membrane components. In
addition, RO membranes cannot effectively remove genetic pollutants that may exist in
raw water. The above factors lead to complex system operations and high investment
demands, making it difficult to promote RO technology in underdeveloped areas and
remote rural areas [17]. Additionally, transporting seawater to inland areas would also
introduce additional logistics and operational burdens [18].

As another efficient seawater desalination method, MD has attracted great academic
interest due to its very good recovery rate and lower energy usage [19]. However, MD also
has limitations, including its dependence on high-temperature heat sources or nearby waste
heat, relatively low membrane flux, and sensitivity to operating conditions. Lu et al. [20]
found that MD can effectively produce freshwater when a high-temperature heat source is
available. However, MD generally requires substantial supplies of steam or waste heat and
relies on specific operating conditions. Traditional MD membranes also have low water flux,
which limits their efficiency. To address this issue, Gong et al. [21] made a new membrane
that blocks almost all NaCl and microbes, which allows for very fast desalination. This
method still depends on making high-temperature, high-flux membranes. This limits
large-scale use; MD is mainly used for small-scale operations or to reduce concentrate
production [22].

Apart from seawater desalination, atmospheric water harvesting has become an effec-
tive means of decentralized water production, overcoming the challenges of long-distance
transport or delivery of drinking water in rural areas [23]. Atmospheric water harvesting
technologies can be classified according to their working principles into condensation
methods, sorption-based atmospheric water harvesting (SAWH), and other methods [24].
Condensation methods like passive radiative condensers reduce the air temperature below
the dew point to condense water vapor in the air into liquid water [25]. This method does
not require any additional energy input but is highly dependent on weather conditions
such as RH, sky emissivity, and air velocity, and the water yield is low [26].

SAWH is one of the main methods of atmospheric water harvesting [27]. This method
uses sorbents or absorbent materials to adsorb and capture water from the air and release
the water [28]. It has the advantages of being able to collect and obtain water under low
relative humidity values and can be integrated with other technologies [29]. Ying et al. [30]
designed a continuous SAWH system using different characteristic sorbents and tested
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its energy efficiency, showing that their solar-powered continuous SAWH system could
operate effectively year-round in nearly 40% of global areas. However, environmental
temperature and operating humidity had significant impacts on the system’s performance,
posing higher requirements for sorbent selection.

The above review shows that there are still multiple limitations in current water
production research. Although seawater desalination is mature, its high energy demand
and limited applicability restrict its use in water-scarce regions [31,32]. Atmospheric water
harvesting has potential, but environmental sensitivity and low technological maturity
limit its practical deployment [33]. These research deficiencies together indicate that
current water production technologies struggle to simultaneously meet the requirements
of strong adaptability, low energy consumption, flexible operation, and wide regional
applicability [34].

To develop a freshwater desalination or production system for areas or scenarios
where traditional RO and thermal-based technologies are not feasible, a NeWater system
integrated based on a direct evaporation unit and a refrigeration cycle device is proposed
in this paper. This study is motivated by the need for adaptable hybrid systems that can
produce freshwater from both saline water and atmospheric humidity. The aim of this
research is to reveal the relationships between the operating parameters of the NeWater
system and its design parameters, and the overall system performance. This study focuses
on modeling solutions for the heat and mass transfer processes in the NeWater system,
especially for the direct evaporation unit, and establishes a calculation framework suitable
for the NeWater system. This study not only promotes the development of direct evapora-
tion unit modeling methods in theory but also provides a sustainable water production
solution with engineering feasibility and scalability for water-scarce regions.

2. The NeWater System
2.1. System Description

The proposed NeWater system uses green electrical power to drive its processes for
desalinating saline water and harvesting water from ambient air. Unlike RO systems, the
NeWater system can be operated intermittently. It can operate in three modes: opened loop
(OL), closed loop (CL), and combined or hybrid loop (CHL). The detailed configuration
and valve control logic for each mode are described in the following section. The schematic
of the NeWater system is shown in Figure 1. The system is composed of valves, a vapor
compression refrigeration unit (VRU), which includes a compressor, an expansion valve, an
evaporator heat exchanger (EHE), a condenser heat exchanger (CHE), a cooling recovery
heat exchanger (HE1), an ambient air heat exchanger (HE2), and a direct evaporation unit
(DEU), i.e., cooling tower, water tanks, and a fan.

2.2. Structure and Operation Modes of the NeWater System

The system operation mode can be flexibly adjusted to the OL, CL, or CHL modes by
controlling the three valves (Val;, Valy, and Val3).

When valves Val; and Val; are fully opened and valve Val, is closed, the system
operates in the OL mode, allowing 100% ambient air to circulate through the system. When
valve Val; is fully opened, while valves Val; and Valj are closed, the system operates in the
CL mode, where the air is fully recirculated within the system, i.e., no ambient air intake.
When all three valves (Val;, Valy, and Vals) are partially opened, the system operates in the
CHL mode, allowing intake of some ambient air and recycling of part of the air.
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Figure 1. Schematic diagram of NeWater system.

In the CHL mode, ambient air with the properties (11, 71,1, RH1) enters the system
through the semi-opened valve Val; and meets recycled air from point 11 with properties
(T11, 11511, RH11). The mixed stream at state 2 (T, 71,0, RH>) travels to the condenser heat
exchanger (CHE), where it is heated by the condensing heat (Q,) of the refrigeration unit.
After leaving the CHE at state 3 (T3, 11,3, RH3), the air stream is further heated by the fan,
its state turns to state 4 (Ty, 1154, RHy), and it continues to the inlet of the DEU.

Inside the DEU, the air is in direct contact with saline water (Ty12, 1itp12) enter-
ing from water inlet 12. The water and the air flows leave the DEU as brine at state
13 (Tw13, 1i1w13) and as humid air near saturation at state 5 (T, 11,5, RHs), respectively. The
brine at state 13 is discharged from the system, and the associated sensible heat loss is
accounted for in the overall energy balance of the DEU.

The humid air at state 5 then passes through HE1 to be precooled by exhaust air
8 from valve Valj, before entering the evaporator heat exchanger (EHE) at state 6 (T, #i46,
RHg). There may be some liquid water condensed in HE1. The condensed water generated
in this process is collected in water tank 1 at state 14 (Ty14, fi1w14)-

In the EHE, the air loses heat (Q;;;) to the evaporator and its temperature is reduced.
During this process (6 — 7 and 15), freshwater can be produced and collected in the water
tank 2 at state 15 (T 15, Hiw1s)-

After losing moisture, the air leaves the EHE at a relatively low temperature, Ty, and is
divided into two streams: some air is released via valve Val; after passing through HE1; the
rest is recirculated, after HE2, to meet the ambient air intake 1. In HE2, the air is warmed
up by the ambient environment from state 10 to state 11.

3. Mathematical Modeling of NeWater System

The mathematical simulation model of the NeWater system is established to quantita-
tively describe the heat and mass transfer processes among the air, water, and refrigerant
within the system at a steady state.

3.1. Model Assumptions

To simplify the model and make it more suitable for engineering calculations, several
reasonable assumptions made in the model are as follows:
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1.  The system operates under steady-state conditions;
The apparatus and the cooling water recirculation loop are thermally insulated from
the surroundings;

3.  Heat transfer by radiation is neglected;

4. Water loss caused by drift is considered negligible;

5. Air and water are uniformly distributed at the inlets, and this uniform distribution is
maintained throughout the process;

6. The outlet air from the direct evaporation unit is assumed to have a constant
relative humidity;

7. When air passes through HE1 and HE2, its outlet temperature is predefined by the
system conditions.

While these assumptions simplify the analysis, they are recognized as sources of
uncertainty. In addition, this is a steady-state model, which is incapable of revealing and
simulating the dynamic performance of the system when input parameters change.

3.2. Process-Based Mathematical Models

In the NeWater system, several fluids interact through heat and mass transfer in
different modules. Each process between two or more thermodynamic states repre-
sents a distinct exchange of energy and mass, including mixing, cooling, condensation,
and evaporation.

Modeling these processes is essential for predicting outlet conditions and evaporation
and condensation rates, and evaluating the overall energy balance of the system. The
following subsections describe the mathematical models for each fluid process in detail.

Process 1 and 11 — 2 (air mixing): The ambient air that enters through valve Valj from
point 1 mixes with the circulating air from point 11 and flows to point 2. The total mass of
dry air and water vapor is conserved during mixing. The humidity ratio and enthalpy of
the mixed air are determined by the mass flow rates and thermodynamic properties of the
two inlet air streams. The mass and energy balances for this process are expressed by the
following governing equations, which allow for the calculation of the outlet humidity ratio
and enthalpy based on the inlet conditions and governing thermodynamic relationships;
all mathematical symbols used are defined in the Nomenclature Section following the main
text [35]:

Mgy + Myy = Mg + Myy + g1y + My 1)

Mahgr + Myrhyr + maihgn + me1henn = Mmephay 4 mypheyp 2)

Processes 2 — 3 and ¢ — d (heat exchange in CHE): The air is heated by the condensing
heat from the refrigeration unit in the CHE, and the outlet air reaches state 3. The total
mass of dry air and water vapor is conserved during heat exchange. The mass and energy
balances for this process are expressed by the following governing equations [36]:

maZ + va = maB + mvB (3)
Qout + TthhaZ + vahUZ = mu3ha3 + mvShv3 (4)
Qout = (COP+ 1) x W, 5)

Process 3 — 4 (passing fan): The heated air from the condenser exchanger is sucked
into and driven by the fan, which provides power W;. The air passes through the fan
without any heat exchange with the surroundings. The total mass of dry air and water
vapor is conserved during this process. The humidity ratio and enthalpy of the air remain

https://doi.org/10.3390/en19020468


https://doi.org/10.3390/en19020468

Energies 2026, 19, 468

6 of 18

determined by the inlet conditions and the fan operation. No condensation or evaporation
occurs in this process:
a3 + Mog = Mgy + 1lyy (6)

Wi+ titaghag + toghos = taahas + titpaliog @)

Processes 4 — 5 and 12 — 13 (air-water meeting in DEU): The air at state 4 enters the
DEU and meets the seawater entering at inlet 12. The air and water flow counter to each
other and are in direct contact. The air becomes humid and approaches saturation at state
5, while the water becomes concentrated brine at state 13. The total mass of dry air and
water vapor is conserved, while evaporation occurs from the water to the air. The humidity
ratio and enthalpy of the air and water streams are determined by the mass flow rates and
thermodynamic properties of the two inlet streams.

The energy and mass balances are expressed through the following equations, which
account for both the heat transferred between air and water and the evaporation occurring
in the DEU, in combination with the governing thermodynamic relationships [35]:

ma4 + mv4 + ThwlZ = muS + mvS + mwl3 (8)

My1ohw1o + Maahas + Mpahpy = Myi3hyns + Meshes + myshys )

The Merkel number is used to quantify the effectiveness of heat and mass transfer.
The evaporation rate is calculated based on the Merkel number and the difference in
humidity ratio between the water surface and the air using the method described in [37,38].
The process:

Merkel Number = Ahm (10)
Myw12
0 —0.672
Merkel Number = 1.5655 x (le) (11)
ma3
. wy +w
Titeoap = Ahm <w* - 425) (12)
8.635 x (T1012+T1013)
0.611 x exp
W — 0622 (0.5 X (Tw12+Twl3)+237.3) (13)

8.635 x (Tt Tuts)
101,300 = 0.611 > exp (0-5 X (Twlz+71z42113)+12337~3)

where w* (kg/kg) is the humidity ratio of saturated air at the water surface temperature,
representing the equilibrium moisture content at the interface between the air and the
cooling water.

Processes 5 — 6 and 14, and 8 — 9 (passing HE1): Humid air from state 5 passes
through HE1, where it is precooled before entering the evaporator heat exchanger at
state 6. This process aims to recover part of the cooling capacity from the exhaust air,
thereby improving system efficiency.

The air may experience either sensible cooling only or a combination of sensible
cooling and condensation, depending on whether the outlet state reaches saturation. The
outlet temperature is preliminarily determined based on the valve control parameter, after
which the vapor pressure and relative humidity are evaluated. In this process, we assume
the following:

To = T5s —2 X OPypy, (14)

and check whether condensation occurs during the process by the following equations:

(15)

17.27 x T
Pus = RHs5 X exp( X 5),

Ts + 237.3
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We calculate RHg by assuming pys = pos:

17.27 x Ts
RHs5 x eXP(‘T5 F 7237.3)
17.27 x Té)

RH¢ =
exp ( Ts + 237.3

(16)

When the relative humidity at the outlet (RHg) remains below 100%, the process
involves only sensible cooling. Otherwise, condensation occurs, and both latent and
sensible heat transfer are considered in the energy balance. Accordingly, the mass and
energy conservation equations governing this process can be expressed as follows:

maS + mvS = ma6 + mvé (17)

maShaS + mvShUS = ma6ha6 + mvéh% + Qhel (18)

If condensation takes place, the outlet humidity ratio and temperature are iteratively
solved using the coupled heat and mass balance equations:

Mas + M5 = Mgg + Mg + Moy (19)

Mashas + Toshes = fitashas + oshos +itwiahois + Qper (20)

Processes 6 — 7 and 15, and a — b (heat exchange in EHE): Humid air from
state 6 passes through the EHE, where it is further cooled, and (if saturation is reached)
condensation may occur before the air exits at state 7; condensate is collected at state 15.
Simultaneously, the working fluid (denoted by states a — b) absorbs heat in the EHE.

The air may undergo either sensible cooling only or sensible cooling with condensation,
depending on whether the outlet state reaches saturation. The outlet temperature is
preliminarily estimated from the COP, after which vapor pressure and relative humidity
are evaluated. In this process [36]:

Q;, =COP x W, (21)

We check whether condensation occurs during the process by the following equations,
calculating py¢ as follows:

17.27 x Tg
=RH _— 22
Poo = FHe eXP<T6+237.3)’ @)
We calculate the dew-point temperature T6’ with mass balance and heat balance:
Ty = O @3)
1.005 146 + 1.85 11146
and calculate RHy as follows:
RHe x exp( 172 % Ts
RHe, — ( Tg + 237.3) 24)

17.27 x Ty,
exp ( Tor + 237.3)

When the relative humidity at the outlet (RHy) remains below 100%, the process
involves only sensible cooling. Otherwise, condensation occurs, and both latent and
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sensible heat transfer are considered in the energy balance. Accordingly, the mass and
energy conservation equations governing this process can be expressed as follows:

ma6 + mvé = mzﬂ + mv7 (25)

maéha6 + mv6hv6 = ma7ha7 + mv7hv7 + Qin (26)

If condensation takes place, the outlet humidity ratio and temperature are iteratively
solved using the coupled heat and mass balance equations:

Mae + Mg = Mgy + Mgy + Mys (27)

Maghas + ttoshos = fitazhay + grhyy +iitgishars + Qi (28)

Processes 7 — 8 and 10 (air splits via valves Val; and Valy): The air stream is split
into two separate paths by valves Val; and Val,. This split allows part of the airflow to be
recirculated or bypassed, depending on the operational mode, while the remaining portion
proceeds along the main circuit. During the splitting process, the total mass of dry air and
water vapor is conserved, and no condensation occurs:

figg + tiyg = OPyn X (1ig7 + tityy) (29)

malO + mle = OPvalZ X (mﬂ + mv7) (30)

Process 10 — 11 (passing heat exchanger 2): The air from point 10 flows through the
partially opened valve Val, into HE2, where it exchanges heat with the surrounding air,
resulting in an increase in the air temperature. After this ambient heating process, the air
continues to the CHE after mixing with fresh ambient air, if any comes through valve Vals.
To simplify the model, the air temperature exiting HE2 was assumed to fixed at 1 °C below
the ambient temperature:

Th=T—-1 (31)
Ma10 + My10 = Ma11 + My (32)
Ma1oha10 + Morohoro = Mar1har + mer1hont (33)

By solving Equations (1)-(33) in the mathematical model described above, the
33 variables, including 1,14 and 11,15, can be determined when key known parameters
and information (e.g., T1, RHj, tita2, Tw12, OPyg12, COP, and W,) are input.

The mathematical model described above is based on the principles of mass and
energy conservation. In addition, the thermodynamic properties of moist air calculated
from the model, such as humidity ratio, enthalpy, and temperature, were examined to
ensure consistency with actual psychrometric behavior under the specified operating
conditions and to confirm that the computed values were physically reasonable across all
conditions. Therefore, the model is considered to have been verified, although it has not
been experimentally validated yet.

3.3. Performance Evaluation Criteria

To assess the performance of the proposed system, the key evaluation criteria used
were as follows:

1.  Total water yield #i1.o,4 (kg/s), which reflects the overall production capacity of the

system, defined as follows:

Thcond = mwl4 + mwlS (34)
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2. The energy rate per unit mass of freshwater produced, ¢, which is defined as follows:
W,

Ec = 5 5
¢ 3.6 X (m14 + m15)

(35)
If fan power is considered:

s = - -
et f 3.6 X (T’I’ZM + 77’115)

(36)

3.4. The Reference Case

To provide a comparison base in subsequent analyses, a reference case was established.
The reference case represents the steady-state operation of the proposed system, with inlet
air, water, and refrigerant parameters given. The values of the input parameters and the
results of the reference case are summarized in Table 1.

Table 1. Input and output parameters for the reference case.

Input of the Model
Parameter Description Unit Value
Ty Inlet air temperature °C 35
RH; Inlet air relative humidity % 40
) Total air mass flow rate kg/s 3
Assumed air relative humidity at o
RHs outlet of DEU & 9
Tw12 Inlet water temperature (DEU) °C 28
w12 Inlet water mass flow rate (DEU) kg/s 1
The percentage of valve opening of o
OPuar2 valve Val, o 40
W Compressor power input kW 3
Wr Fan power input kW 1.5
CcoP Coefficient 9f per.formar}ce of the B 4
refrigeration unit
Results of the Reference Case
Parameter Description Unit Value
Tlevap Evaporation rate (DEU) kg/h 25.62
. Condensation water mass flow rate
) Condensation water mass flow rate
115 (EHE) kg/h 50.06
Meond The total water yield kg/h 54.60
e The energy rate per unit mass of KWh/m? 5494

freshwater produced (compressor)

The energy rate per unit mass of
Eouf freshwater produced KWh/m?3 82.41
(compressor and fan)

Table 1 shows a reference case established under steady-state conditions to provide a
baseline for subsequent analyses. The inlet air temperature (T7) and relative humidity (RH)
were 35 °C and 40%, the DEU inlet water temperature (T;12) and flow rate (ri1,,12) were 28 °C
and 1 kg/s, the total air mass flow rate (ri1,2) was 3 kg/s, the valve opening (OPy,;») was 40%,
and the compressor and fan powers (W, and W) were 3 kW and 1.5 kW, respectively. The
DEU outlet relative humidity (RHs) was assumed to be 95%, and the refrigeration unit COP
was 4. The auxiliary heat exchangers (HE1 and HE2) were modeled with predefined outlet air
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temperatures. Under these conditions, the system produced a DEU evaporation rate (ieyqp) of
25.62 kg/h and condensation water flows of 4.54 kg /h through HE1 (1i1,14) and 50.06 kg/h
through the evaporator (ri1,15), yielding a total water output (r1,,4) of 54.60 kg/h. The energy
consumption per unit mass of freshwater was 54.94 kWh/m3 for the compressor only (g;) and
82.41 kWh/m? including the fan (e;,s). These results provide a reference point for evaluating
system performance under varying conditions.

4. Results of Sensitivity Analysis

In order to evaluate the impacts of some key design and operating parameters on sys-
tem performance, a sensitivity analysis was carried out. The parameters studied included
temperature and humidity of fresh intake air, saline water flow rate, and valve opening
ratio, i.e., recycled air ratio, etc.

4.1. Effect of Inlet Air Temperature

The inlet air temperature (T7) has a moderate influence on the condensation perfor-
mance of the system, as shown in Figure 2; the highlights are the results of the reference
case. When T increased from 15 °C to 45 °C, the total water yield (ri1.o,,4) increased from
41.0 kg/h to 66.1 kg/h, while its energy rate per unit mass of freshwater produced (e.)
decreased from 73.1 kWh/m3 to 45.4 kWh/m?3. The reason this happened was thought to be
that warmer ambient air with the same relative humidity resulted in a higher temperature
at the inlet and outlet of the DEU and thus more moisture in the air stream available for
condensation later in HE1 and the EHE.

36 — T T T T T T * T * T T T 108
75 +mcond —v—£ -1 96
< 641 184 g
3 - =
N~ 53 - 1 72 B
el
: )
,EU 42 -> - 60 oL
31 48
20 1 | 1 | 1 | 1 | 1 | 1 | 1 | L 36

15 20 25 30 35 40 45
Inlet Air Temperature T, (°C)

Figure 2. Effect of inlet air temperature on total water yield (1.,,;) and the energy rate per unit mass
of freshwater produced (e.).

4.2. Effect of Inlet Air Relative Humidity

The effect of the relative humidity of the inlet air (RH;) on the condensation perfor-
mance is negligible, as shown in Figure 3; the highlights are the results of the reference
case. When RHj increased from 25% to 55%, the 1., increased slightly from 51.5 kg/h to
57.8 kg/h, while e. decreased from 87.3 kWh/ m?3 to 77.8 kWh/m3. The result arose from
the assumption of the fixed outlet relative humidity of the DEU. Under this assumption,
variations in RH; had little influence on the condensation process. To address this limitation
or remove this assumption, a detailed DEU model would be required, which is beyond the
scope of the present study.
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31 T 48
20 ; ] ; ] ; ] : ] ; ] ; ] ; | ; 36
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Figure 3. Effect of inlet air relative humidity on total water yield (r1.,,7) and the energy rate per unit
mass of freshwater produced ().

4.3. Effect of Total Air Mass Flow Rate

The performance of the system is affected by the total mass flow rate of the inlet air
(ri142), as shown in Figure 4; the highlights are the results of the reference case. When the air
mass flow rate increased from 1.5 kg/s to 4.5 kg /s, the i1, increased from 47.8 kg/h to
57.8 kg/h, while the ¢, continued to decline from 58.2 kWh/ m3 t0 51.9 kWh/m3, indicating
that the efficiency of energy utilization had improved. This was because the increase in air
flow reduced the temperature drop caused by direct contact with heat and mass transfer
in the DEU, thus carrying more water vapor under the relative humidity conditions of
the same outlet, increasing the potential amount of water for subsequent condensation.
Based on the results, a favorable air flow rate range appeared to be between approximately
3.5kg/s and 4.5 kg/s, where a relatively high condensation rate was maintained alongside
a lower specific energy consumption.
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Figure 4. Effect of total air mass flow rate on total water yield (ri,,,47) and the energy rate per unit
mass of freshwater produced (e.).

4.4. Effect of Inlet Water Temperature

The effect of inlet water temperature (T;12) on the condensation performance of the
system is shown in Figure 5; the highlights are the results of the reference case. As Tyy1, rose
from 12 °C to 36 °C, the i1y, increased significantly from 35.3 kg/h to 65.5 kg/h, while
the €. decreased from 85.0 kWh/m?3 to 45.8 kWh/m?3. The higher inlet water temperature
improved the temperature of the cooling surface, enhanced the heat and mass transfer
process between air and water, and reduced the temperature drop in the air in the DEU,
so that the air could carry more water vapor under the same relative humidity, making
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it more easily able to precipitate condensate in the subsequent condensation stage. The
results show that under the condition of maintaining a moderately high inlet water tem-
perature, the water production capacity and overall energy efficiency of the system can be
significantly improved.
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Figure 5. Effect of inlet water temperature on total water yield (ri.y,,4) and the energy rate per unit
mass of freshwater produced ().

4.5. Effect of Inlet Water Mass Flow Rate

The effect of the inlet water mass flow rate (ri1,12) is shown in Figure 6; the highlights
are the results of the reference case. As the water flow rate increased from 0.25 kg/s to
1.75 kg /s, the 11,54 and e. only changed slightly, indicating that the system performance
is not sensitive to changes in water flow within this range. This slight increase in water
production was mainly due to the fact that, with the increase in water flow, the temperature
drop per unit mass of water caused by evaporation-related latent heat was partially offset,
and the temperature drop on the water side was slightly reduced, so the surface temperature
of the water was relatively higher, thus carrying more potentially condensable water vapor.
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Figure 6. Effect of inlet water mass flow rate on total water yield (rit,,;) and the energy rate per unit
mass of freshwater produced (e.).

In addition, this phenomenon is also related to the model hypothesis that the rela-
tive humidity of the outlet air in the DEU remains constant. Under this hypothesis, the
additional water flow rate will not significantly change the saturation state of the air or the
thermal balance of the system as a whole. Therefore, when the water mass flow exceeds
a certain level, its effect on improving the condensation water output or system energy
efficiency should be limited.
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4.6. Effect of Compressor Power Input

The compressor power input (W,) directly determines the refrigeration capacity of
the system, as shown in Figure 7; the highlights are the results of the reference case. With
the increase in W, from 1.5 kW to 4.5 kW, the 1,7 increased markedly from 30.7 kg/h to
76.5 kg/h. The reason for this significant increase is that in the NeWater system, the VRU
contributes in two ways: by providing evaporation cooling (Q;,,) to condense the moisture
in the air stream and by releasing condensing heat (Q,;¢) to pre-heat air entering the DEU.
When W, increased with fixed COP, both Q;,, and Q,,; increased.
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Figure 7. Effect of compressor power input on total water yield (#1,,,,7) and the energy rate per unit
mass of freshwater produced ().

However, the increase in condensation was accompanied by an increase in energy
consumption. The g; continued to rise with the increase in W,, increasing from 48.9 kWh/ m3
to 58.8 kWh/m?, indicating that the marginal return of the unit of additional water output
was decreasing as the electricity input increased. Under the high compressor power input,
most of the extra energy was used for sensible cooling, not condensation through latent
heat. Therefore, when the compressor power exceeded the moderate level, although
the water output continued to increase, the energy efficiency of the system showed a
decreasing trend.

4.7. Effect of Coefficient of Performance

The coefficient of performance (COP) of the VRU represents its efficiency and signifi-
cantly influences the behavior of the NeWater system, as shown in Figure 8; the highlights
are the results of the reference case. As the COP increases from 2.5 to 5.5, the condensation
rate (11.5,4) rises linearly from 37.0 to 71.0 kg /h. In contrast, the specific energy consump-
tion (g.) exhibits a different trend: it first decreases sharply and then stabilizes, dropping
from 81.1 to 42.3 kWh/m?3. This is because, with a fixed W,, an increase in COP leads to
higher Q;, and Q,,¢, enhancing both the evaporation and condensation processes within
the system. This indicates the importance of VRU design, especially its COP, in determining
system performance.
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Figure 8. Effect of coefficient of performance on total water yield (1) and the energy rate per unit
mass of freshwater produced ().

4.8. Effect of Percentage of Recirculated Air Loop

The opening of valve 2 (OP,,»), which governs the air circulation ratio, affects the
humidity and enthalpy of air in the system. As shown in Figure 9, the highlights are results
of the reference case, with the circulation ratio increasing from 0% (fully open) to 100%
(fully closed); the condensation rate (#1.,,7) decreases from 62.3 to 43.8 kg/h. Conversely,
the specific energy consumption (g;) shows an opposite trend, increasing from 48.2 to
68.5 kWh/m?3. In the open system, the continuous inflow of fresh ambient air provides
new moisture for condensation. In contrast, at a higher circulation ratio, the temperature of
the reflux air is lower, and the amount of water vapor carried by the air coming out of the
DEU is reduced, which reduces the condensation potential, thus limiting the water output.
This effect is further influenced by the assumption of a fixed outlet relative humidity at the
DEU, which constrains the variation in air moisture content.
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Figure 9. Effect of percentage of recirculated air loop on total water yield (ri.y,4) and the energy rate
per unit mass of freshwater produced (). OP values of 100% mean closed loop (CL) operation, while
OP values of 0% mean fully open loop (OL) operation.

4.9. Effect of Air Relative Humidity at Outlet of DEU

The relative humidity of the outlet air of the DEU (i.e., the cooling tower), RHs,
indicates the humidity saturation level, which depends on the design, structure, and
operation of the DEU. In this study, the DEU was treated as a black box, and its outlet
relative humidity was assumed. As shown in Figure 10, the highlights are results of the
reference case, in which RHs increases from 85% to 100%, the 1,7 increases from 31.6 kg/h
to 64.4 kg/h, and the e; decreases rapidly at first and then levels off from 94.9 kWh/m3 to
46.6 kWh/m3, indicating that the system is close to its maximum condensation potential.
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Figure 10. Effect of air relative humidity at outlet of the DEU on total water yield (ri1.y,;) and the
energy rate per unit mass of freshwater produced ().

These results highlight the importance of DEU design: in order to maximize system
efficiency, the air-water interface must provide a large contact area, optimal water droplet
atomization, and sufficient residence time for full saturation. Appropriately enhancing
these parameters can significantly improve water production and energy utilization in
future system optimization.

5. Conclusions

This paper proposed a NeWater system to achieve freshwater production in an envi-
ronment where it is difficult to apply traditional seawater desalination technologies. The
system can flexibly switch the operation mode to adapt to different ambient temperature,
humidity, and water source conditions. The system performance is simulated by a math-
ematical model developed based on thermodynamic principles. The impacts of several
key design and operation parameters on the system performance were studied. When
compared with the performance of standalone desalination [15] or atmospheric water har-
vesting systems [27], the integrated NeWater system proposed in this work demonstrates a
competitive advantage in achieving simultaneous water production from different sources
under a wider range of conditions, although its current unit water production energy
consumption is higher than that of currently mature technologies. Based on the results of
the sensitivity study, the following conclusions can be drawn:

1.  The increase in the ambient air temperature and the relative humidity of the inlet air
can significantly improve the performance of the system (including increasing the
total water yield and reducing the energy rate per unit mass of freshwater produced),
with the effect of air temperature being the most significant, leading to an increase
in the total water yield by up to 1.6 times and a reduction in the energy rate by up
to 38%.

2. Increasing the total air mass circulated through the system can improve the per-
formance of the system, with water yield increasing by up to 21% and energy rate
decreasing by up to 38%.

3. The increase in the inlet water temperature can enhance heat transfer, reduce the
air temperature drop, and increase the moisture content of the air inside the DEU,
resulting in the water yield increasing by up to 1.8 times and the energy rate decreasing
by up to 46%, while the increase in the inlet water flow rate has less of an impact on
the performance of the system and can only slightly increase the water output.

4.  Increasing the compressor power or system COP can effectively increase the total
water yield. An improvement in COP can enhance the efficiency of the VRU and
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enhance the condensation potential, with water yield increasing by up to 1.9 times
and energy consumption per unit of freshwater reduced by up to 48%.

5. Animprovement in DEU performance, i.e., an increase in the relative humidity at the
outlet of the DEU, would improve the system performance effectively. In other words,
the design, the structure, and the operation of the DEU are key to system performance,
with water yield increasing twofold and energy rate decreasing by up to 51%.

In summary, the results show that the operating parameters—such as the recycling
ratio, the mass flow rates of air and water, and the ambient conditions (e.g., the temperatures
of air and water)—and the design parameters (e.g., compressor power and COP) jointly
affect the performance of the system.

Further improving the simulation model by eliminating the assumption about the
RHs will be the research focus of the next phase, so that optimization of the key design and
operation parameters and the system structure can be carried out, which are beyond the
scope of the present paper. A direct comparison with experimental data for a comprehensive
validation is an essential next step and is planned as immediate future work. The proposed
system demonstrates potential for practical applications in off-grid and water-scarce regions
where conventional RO and thermal-based technologies are unavailable.
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Abbreviations

Nomenclature

A Drenching water area (m?)

CHE Condenser heat exchanger

CL Closed loop

cor Coefficient of performance

DEU Direct evaporation unit

EHE Evaporator heat exchanger

h Specific enthalpy (k] /kg)

hm Convective mass-transfer coefficient (kg/ (m?-s))
HE1 Cooling recovery heat exchanger
HE2 Ambient air heat exchanger

L Latent heat of vaporization (kJ/kg)
1 Mass flow rate of fluid (kg/s)

OL Open loop

OP Valve opening, (%)
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P Pressure (Pa)

Q Heat (kW)

RH Air relative humidity (%)

T Temperature, (°C)

VRU Vapor compression refrigeration unit
Val Valve

144 Power input (kW)

Special characters

w Absolute humidity of the air (kg/kg)
€ Efficiency (kWh/m3)

Subscripts

a Air

C Compressor

cond Condensate water

evap Evaporation

f Fan

in Inlet

out Outlet

v Vapor

w Water
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