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A B S T R A C T

Water scarcity is one of the biggest global challenge, threatening current generation and necessitating alternative 
solutions. Among various technologies, atmospheric water harvesting systems offer a viable solution. The 
objective of this study is to present and assess an innovative geometry for Peltier-cooled atmospheric water 
harvesting system intended to improve drinkable water production through enhancing both mixing and heat 
transfer in the cold-side extended surfaces. The initial section of this study involves mathematical modeling. 
Findings of modeling section, illustrate an output of 1.97 L/day under conditions of 84.8% relative humidity and 
an ambient temperature of 32◦C. The second section involves the design, fabrication, and performance evalu
ation of the system. The experimental observations indicate a water generation of 1.97 L/day in Test 1 (84.8% 
relative humidity, 32̊C), 1.63 L/day in Test 2 (85.8% relative humidity, 24.2̊C), 1.45 L/day in Test 3 (79% 
relative humidity, 25.4̊C), 1.29 L/day in Test 4 (76% relative humidity, 30̊C), and 1.13 L/day in Test 5 (69% 
relative humidity, 22.5̊C). These findings demonstrates the significant impact of environmental factors on the 
system’s water generation performance. Moreover, novel geometry of the air inlet and exit channels improved 
the effectiveness of the water harvesting of the prototype across all test scenarios when compared with results 
reported in the literature. The outputs derived from modeling and experimental analysis, exhibit a strong cor
relation, thereby validating the model and highlighting the capability of the proposed system as a sustainable 
approach to global water scarcity problems.

1. Introduction

Access to clean and safe potable water continues to be one of the 
most critical global challenges of the 21st century. Based on the World 
Health Organization forecast, by 2025, approximately half of the 
world’s population will live in regions enduring water stress [1]. 
Existing freshwater sources-such as rivers, lakes, and aquifers-are 
increasingly threatened by climate change, pollution, urban expan
sion, and unsustainable agricultural practices [2]. In response, re
searchers and engineers are actively investigating alternative water 
generation technologies that are sustainable, decentralized, and adapt
able to diverse climatic conditions [3].

Among the emerging water generation technologies, Atmospheric 
Water Harvesting (AWH) has attracted considerable interest [4,5]. AWH 

systems are among the most innovative technologies that produce clean 
water by condensing moisture from the air. Although there is 14,000 
km3 of water in the atmosphere, considering that the amount of acces
sible water on Earth is only 1,200 km3, the moisture in the atmospheric 
air can be seen as an inexhaustible water source [6]. AWH systems 
collect moisture in the atmosphere and condense it directly to form 
liquid water [7]. This approach is particularly promising due to the vast 
and continuously replenished atmospheric water reservoir. Further
more, AWH systems can function independently of conventional water 
supplies, making them especially suitable for deployment in remote or 
off-grid regions where centralized water supply systems are unavailable 
or impractical [8–10].

AWH techniques mainly include absorption–regeneration, cooling 
air to dew point temperature [11] and, other technologies such as dew 
harvesting via passive radiative cooling [12,13]. Among these 
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techniques, cooling air to dew point temperature through thermo elec
tric cooler (TEC) represents a solid-state active cooling technique that 
operates without generating noise or vibration, making it highly ad
vantageous and particularly promising for localized cooling applications 
[14]. Additionally, TEC modules used in the AWH system are small and 
lightweight, enabling a simple installation with fewer system compo
nents and minimal maintenance requirements [15].

TEC modules or Peltier modules, based on Pletier effect consist of 
semiconductor thermoelectric element pairs (p-type, n-type) that oper
ate on the thermoelectric cooling principle (Peltier effect). When direct 
current is passed through the module formed by these semiconductor 
pairs, heat is absorbed on one surface, creating a hot surface, while heat 
is emitted on the other surface, creating a cold surface [16]. It has been 
observed in the literature that cooling this hot surface with a fluid 
(water, air) significantly increases energy efficiency [17]. Single-stage 
Peltier coolers typically operate at a temperature difference of 
23–30 ◦C, with the system’s COP value reaching 0.5–0.7 [18]. Corre
spondingly, an electric current induces a temperature gradient across a 
semiconductor within Peltier modules. This gradient enables cooling on 
one side of the module, facilitating condensation as humid air passes 
over the cooled surface [19]. In the Peltier-based AWH system, heat 
exchange fins are located on the cold side and heat dissipation fins on 
the hot side to cool the cold surface of the Peltier module below the dew 
point temperature of the ambient air, causing water vapor in the air to 
condense on the surface and turn into liquid water. In AWH systems, 
fans are typically used to circulate humid air over the cold surface to 
increase condensation efficiency. Over time, innovative approaches 
have increased energy recovery, enabling greater water conversion [20].

Several researchers have assessed the performance of Peltier-cooled 
AWH systems. [21] evaluated the use of TEC to condense atmospheric 
moisture and produce freshwater. Results showed that energy con
sumption accounts for over 95 % of the water production cost and 
relative humidity strongly influenced saturation temperature, energy 
use, and overall productivity. [22] conducted experimental tests and 
numerical simulations for improving the efficiency of TEC-based AWH 
under controlled and real outdoor conditions. Numerical modelling 
showed temperature reduction along the airflow path due to conden
sation, and predicted water yield closely matched experimental results. 
[23] evaluated a combined adsorption–TEC to improve atmospheric 
water generation. They showed that hybrid case significantly yield 
higher water output compared to standalone TEC or adsorption units. 
The prototype produced 1.18 L/day with a generation cost of $0.33 per 
liter.

According to the literature, geometry of the prototype related to inlet 
and outlet air channels in Peltier-Cooled AWH systems has not been 
thoroughly investigated. The novel design of these channels with 
gradually expanding cross-sectional geometry facilitates the induction 
of air by the fans toward the cold-sided extended surfaces. This inno
vative geometry enhanced both mixing and heat transfer and improved 
the effectiveness in water harvesting. For this purpose, firstly a 
comprehensive theoretical model has been developed for the system. 
Subsequently, a prototype was developed in order to validate the model 
and operated in a laboratory-controlled environment. The experimental 
unit contains several Peltier modules, fans, aluminum fins, measurement 
devices and an external housing. Tests were performed through five 
scenarios with different air temperature and relative humidity values. 
Water generation rate and Coefficient of Performance (COP) as the 
primary performance indicators of the system were recorded and 
compared to the results of theoretical model.

2. Methodology

2.1. System description

Fig. 1 shows the working mechanism of the Peltier used in the 
Peltier-cooled AWH system. The ambient moist air is drawn into the 
channel by vacuum fans and directed over the cooling fins attached to 
the cold side of the Peltier modules. As the air passes through these fins, 
its temperature decreases below the dew point, leading to the initiation 
of the condensation process. Subsequently, the cooled and dehumidified 
air is directed over the fins attached to the hot side of the Peltier modules 
through cooling fans to facilitate heat dissipation. Finally, the air exits 
the channel after contributing to the thermal regulation of the system.

2.2. Mathematical modeling

This section addresses the mathematical modeling of the Peltier- 
cooled AWH system. Through employing concepts and equations that 
determine energy and mass transfer phenomena inside these systems, 
outcomes such as the COP and water production rate are assessed. Also 
the impact of different variables on their efficiency and water produc
tivity is examined through this section. Since conducting experimental 
tests is both time-consuming and costly, mathematical modeling was 
performed as an effective approach for evaluating system performance 
under various environmental conditions, such as inlet air relative hu
midity and temperature enabling the identification of optimal operating 

Nomenclature

hm Mass transfer coefficient
Dh Hydraulic diameter
Rv Ideal gas constant
mwater Condensable water mass flux
ΔT Temperature difference
D Diffusion coefficient
h Heat transfer coefficient
I Current (A)
k Thermal Conductivity (W/(m.K))
N Numbers of fins
P Power (kW)
Q Heat transfer rate (kW)
R Thermal resistance (̊C/W)
Re Reynolds number
RH Relative humidity
S Seebeck coefficient
T Temperature (K), (̊C)

V Voltage (V)
V Water generation rate (m3/s)
α Thermal diffusivity (m2/s)
ρ Density (kg/m3)

Subscripts
a Ambient
c Cold
dp Dew point
h Hot
m Module
w Water

Abbreviations
AWH Atmospheric Water Harvesting
COP Coefficient of Performance
PLA Polylactic Acid
TEC Thermoelectric Electric Cooler
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parameters. The governing equations related to each unit of the system 
are described in following subsections.

2.2.1. Peltier modules
A Peltier cooler module, also referred to as a Thermoelectric Cooler 

(TEC), utilizes two thin ceramic wafers with a series of p- and n-doped 
bismuth telluride (Bi2Te3) semiconductor materials positioned between 
them [24]. In the proposed Peltier-cooled AWH system, condensation of 
water vapor from humid air is facilitated through Peltier modules 
operating as a dehumidifier. Moisture-laden air passes to the extended 
surfaces connected to the cold side of the Peltier modules, where its 
temperature is dropped under dew point, resulting in condensation and 
the collection of potable water. Dehumidified chilled air flows over the 
extended surfaces connected to the hot side, with the aim of improving 
heat extraction from the hot side of the modules, therefore reducing 
their temperature and boosting the module’s cooling efficiency. In this 
process, convection between air and extended surfaces, latent heat 
dissipation during condensation, and conduction through the Peltier 
modules are three pathways which result in heat transfer. Table 1 list the 
design parameters considered for the mathematical modeling of the 
Peltier modules.

The chosen Peltier model for the prototype is a commercially avail
able module. TEC2-19006 from Int-El Electronics, utilizing Al2O3 as the 
thermoelectric material, including 190 couples, and supporting a 
maximum current of 6 A. Module’s extensive availability, affordability, 
and minimal power use are three criteria for selecting it. Table 2 pre
sents the performance characteristics of modules provided by the 
manufacturer.

The performance of the unit of Peltier modules can be evaluated 
through energy balance relations applied for the cold and hot sides. This 
analysis employs Fourier’s law for heat conduction, convective heat 

transfer correlations, and latent heat calculations associated with 
condensation as outlined in the following. Accordingly, QC and QH are 
energy absorbed and dissipated from the cold side and hot side of a 
module respectively and can be calculated from below equations [25]. 

Qc = SmITc −
I2Rm

2
− kmΔT (1) 

Qh = SmITh −
I2Rm

2
− kmΔT (2) 

The terms Sm, Rm and km denotes the thermophysical properties of the 
module, namely Seebeck coefficient, thermal resistance and thermal 
conductivity. Parameter I represents electrical current, with Th and Tc 
indicating the temperatures at the hot and cold junctions. Fundamental 
equations used to characterize Peltier modules involving the parameters 
Imax, Vmax, ΔTmax and Qmax used are defined as follows (Z. [26]. 

Sm =
Vmax

Th
(3) 

Rm =
(Th − ΔTmax)Vmax

ThImax
(4) 

km =
(Th − ΔTmax)Vmax

2ThΔTmax
(5) 

The power consumption by modules (Pm) and COP can be computed 
as: 

Pm = SmIΔT+ I2Rm (6) 

COP =
Qc

Pm + Pf
(7) 

In which Pf denotes the total power consumed by the vacuum fans for 

Fig. 1. Working principle of Peltier modules.

Table 1 
Design parameters used for the mathematical modeling of the 
Peltier modules.

Parameter Value

Ambient temperature (Ta) 32̊C
Voltage (V) 15 V
Hot side temperature (Th) 27̊C
Temperature difference (TD) 7̊C
Number of Pletier modules 4

Table 2 
Performance characteristics of TEC2-19006.

Dimensions (mm) 40x40 Maximum Voltage (V) 16

Maximum Power 
Consumption (W)

57 Maximum Current (A) 6
Maximum Temperature of hot 
side (◦C)

82
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humid air intake and the cooling fans for maintaining adequate cooling 
of the hot side.

2.2.2. Condensing in cold-side extended surfaces
In order to approach condensation, the temperature of water vapor 

in the air must decrease to its saturation temperature [27]. For this 
reason, this study involved determining the dew point temperature and 
using temperature control to improve the energy required for water 
condensation. Dew point temperature is determined utilizing the 
renowned Magnus equation as below [28]: 

Tdp =

̅̅̅̅̅̅̅̅̅
RH
100

8

√

.(112+09.Ta)+0.1.Ta − 112 (8) 

Where Tdp (̊C) is the dew point temperature, RH (%) is relative humidity 
and Ta (̊C) is the ambient temperature to be condensed, i.e. the air in the 
cold chamber.

The present study estimates the rate of water generation applying the 
one-dimensional conduction of Kiliç & Onat [29] formulated for 
condensation over fully wetted rectangular fins. The extended surfaces 
were designed with a base area of 0.49 m2, same to the base area of the 
Peltier modules. Nineteen fins were chosen, each possessing a thickness 
of 1.3 mm. Aluminum (kf = 235 W/(m⋅K)) is common fin materials, was 
utilized in this research. The operating parameters employed were T∞ =

305 K, RH = 84.8%, and T0 = 295 K. The experiments duplicated these 
circumstances for comparison. Also the following assumptions were 
made to simplify the analysis which are as follows Kiliç & Onat [29]:

• The fin tips are considered isolated;
• The variation of properties of air and water vapor is neglected 

along the fin;
• Processes take place under steady-state circumstances;
• Temperature of the fins are set to be below the dew point;
• The fin base and the cold side of the module are assumed to be in 

thermal equilibrium;
• The thermal conductivity of the fins and heat transfer coefficient 

are not varied;
• Pressure drop of the air flow is neglected;
Table 3 and Fig. 2 present the information related to the geometry of 

hot and cold-side extended surfaces which were used during the calcu
lation of 1D heat conduction along the fins and the energy balance on 
the control volumes.

The condensable water mass flux (mwater) per unit of area in 
kg⋅m− 2⋅s− 1 across the fin is determined using Equation 9, considering 
the latent heat of vaporization. 

mwater =
hm

RvT∞
(Pv,T∞ − Pv,T) (9) 

Establishing a correlation between heat and mass transmission was 
conducted utilizing Equation 10 [30]: 

hm

h
=

D
ka,T∞

(aa,T∞

D

)1
3 (10) 

D =
2.2611x10− 6

P∞

(
Tf

273

)1.81

(11) 

Tf =
(Tr + T∞)

2
(12) 

According to an experimental study by Coney et al. (1989), h can be 
estimated using Equation 13 which is valid for turbulent forced flow 
dehumidification over wet blunt-edge fins: 

hDh

ka,T∞

= 0.231
⌊
u∞Dh

va,T∞

⌋0.69

(13) 

Reynolds number in the present study was calculated as 6919 which lies 
above the transitional range fully turbulent flow regime. Equation (13) 
was extracted for aspect ratio of approximately 16, representing a 
moderately thick geometry. In comparison, the fins used in this study 
have an aspect ratio of 26.9 corresponding to a somewhat slimmer ge
ometry, yet both cases are within the same order of geometric slender
ness. During the calculations, the fin-tip temperature was set below the 
dew-point temperature to guarantee that the entire fin surface remained 
in a fully wetted condition.

The rate of water production can be computed as given in Equation 
(14), where the factor of 2 accounts for condensation occurring on both 
surfaces of each fin: 

V =
2NbLf mwater

ρl
(14) 

2.3. System fabrication and experimental study

The geometry of the system housing was created and manufactured 
using SolidWorks, and 3D printer utilizing 1.75 mm PLA material. 
Firstly, ten separate parts were produced and then assembled to form the 
main body. The system incorporates four TEC2-19006 modules, which 

Table 3 
Geometry of cold and hot side extended surfaces.

Cold side extended 
surfaces

Hot side extended 
surfaces

Number of fins 19 16
Shape of fins Rectangular Rectangular
Material of fins Aluminum Aluminum
Length of fins (mm) 35 49
Height of fins (mm) 180 220
Width of fins (mm) 1.3 3.5
Base area of extended 

surfaces (m2)
0.49 0.385

Fig. 2. Geometry of the cold-side extended surfaces.
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were mounted onto the back on the extended surfaces with the aid of 
thermal paste. To minimize heat loss, cotton-based insulation pads were 
placed between hot and cold side extended surfaces. Additionally, the 
housing was covered with thermal insulation materials to enhance en
ergy efficiency.

The AWH system operates with one vacuum fan to draw in the humid 
air which undergoes turbulent flow due to the gradually expanding 
geometry, slowing down beneath the cold side extended surfaces and 
facilitating dehumidification. The resulting dehumidified cold air is 
discharged at high speed and redirected over the hot side extended 
surfaces using an oval wall structure. This hot air is then drawn away by 
four cooling fans, ensuring effective cooling of the hot side, which is 
essential for the system’s efficient operation. The condensed water is 
gathered at the oval base of the device.

A control panel to allow real-time monitoring of air temperature and 
relative humidity levels was considered. Additionally, the power supply 
feeding the Peltier modules can be adjusted via a dimmer, allowing 
voltage regulation with variation of ambient temperature and relative 
humidity, ensuring optimal operating conditions.

Fig. 3 illustrates the final prototype which consists of fans, aluminum 
fins, Peltier modules and measurement devices. Also, Fig. 4 shows a 3D 
design model of the prototype of the Peltier-cooled AWH system. The 
temperatures of all relevant temperature of cold-side and hot-side 
extended surfaces, air inlet and outlet, are measured using mini digital 
thermometers.The specifications of the measuring instruments are 
detailed in Table 4.

The novel geometry of the prototype related to inlet and exit air 
channels can be described as follows; the gradually expanding cross- 
sectional geometry facilitates the induction of air by the fans toward 
the cold-sided extended surfaces. When the airflow reaches the 
condensation zone, the oval-shaped side walls induce turbulence 
beneath the extended surfaces, enhancing mixing and heat transfer.

The incoming airflow is branched into two streams and begins to 
advance toward the cold-side extended surfaces. At approximately a 30◦

incidence angle, the first stream encounters the chamber, passes through 
the cold-side extended surfaces, and proceeds into the downstream 
chamber. The second stream moves forward in contact to the chamber 
and encounters the cold-side extended surfaces from the other side and 
this change in flow direction allows the air to stay in contact with the 
extended surfaces for a longer period, thereby improving the conden
sation capacity.

The discharge channel is specifically designed to slow down the air in 
order to prevent escaping. Dry air is slowed down up to ten times which 
happened by gradual narrowing. At the oval section of the discharge 
channel, the flow is divided into three streams. The right and left 
channels compress a portion of the air and direct it toward the oval wall 
on the outer perimeter, thereby preventing the cold air from mixing with 

the atmosphere. It enables the cooling fans to efficiently draw in cooled 
air, thereby enhancing overall cooling performance.

This research examined five test scenarios with varying air temper
ature and relative humidity to assess water productivity and the COP of 
the system under different air conditions, as depicted in Fig. 5. The 
experiment was conducted over a duration of twenty-four hours to 
quantify the condensed water throughout this timeframe and to analyze 
the outputs. The maximum power delivered to the Peltiers modules 
considered to be around 139.6 W. Total power consumption of one 
vacuum fan and four cooling fans were 13.4 W which resulted in total 
power consumption of 153 W. The monitored outputs during tests 
incorporate inlet air temperature and humidity, average temperatures of 
the cold and hot-side extended surfaces, and the volume of condensed 
water collected.

2.3.1. Measurement uncertainty
This section analyzes uncertainties arising from instrument accuracy, 

operator errors, and parameter calculations. Primary parameters such as 
temperature, power input, and airflow carry uncertainties based on 
measurement device precision. Derived parameters, including COP, 
inherit uncertainty from variations in these primary quantities. The 
uncertainties of COP, input power, and cooling capacity are determined 
using their respective derivative-based formulations, as shown in 
Equations (14) and (15): 

UCOP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
∂COP

∂P
UP)

2
+ (

∂COP
∂Q

UQ)
2

√

(14) 

UQc =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
∂Qc

∂Tc
UTc )

2
+ (

∂Qc

∂Ta
UTa )

2

√

(15) 

As listed in Table 5, the highest relative uncertainty between all pa
rameters relates to Test 1, reaching roughly 4.89 %. Each test was 
replicated to verify the consistency of the measurements and experi
mental findings.

3. Results and discussion

The present section highlights the main findings related to the per
formance studies of the Peltier-cooled AWH system. It is categorized into 
two subsections: mathematical modeling and experimental work. The 
modeling part establishes a theoretical basis for estimating the influence 
of different key performance factors on water production rate and COP, 
while the experiments validate the model through data obtained from 
laboratory tests and delivers insights into the functional performance of 
the systems pursuant to several testing conditions.

3.1. Mathematical modelling of the Peltier-cooled AWH system

This section provides the outputs of the mathematical modelling of 
the Peltier-cooled AWH system analyzing the influence of fin length, 
ambient air temperature and ambient relative humidity on the water 
productivity and COP of the system.

3.1.1. Influence of fin length on daily water generation and COP
This study examines the influence of fins length of the fins on water 

productivity and COP under constant atmospheric conditions which is 
presented through Fig. 6. The material of the fins are selected to be 
Aluminum since it is cost effective, light and good thermal conductor. 
Findings show that the water production improves with fin length but at 
a diminishing rate until a maximum is attained. This result highlight that 
in the design of fins, both latent heat and mass transfer should be con
siederd. The water generation rate is not assessed across the whole range 
of fin lengths, as longer fins may result in higher temperatures and the 
appearance of dry regions around the fin tips. In dry regions, where Fig. 3. Peltier-cooled AWH prototype.
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temperatures surpass the dew point, water condensation fails to occur, 
markedly diminishing water output due to the decreased effective sur
face area for phase change. Maximum water production takes place at a 
fin length of 0.048 m. However, beyond this peak point of water pro
ductivity, the COP starts to decline as the fins get longer. This is 
attributed to the fact that both electricity consumption and cooling ca
pacity increase steadily with longer fin lengths; however, the rate of 
increase in electricity consumption surpasses that of the cooling ca
pacity. The system reaches its maximum COP with a fin length of 0.025 
m.

3.1.2. Influence of relative humidity on daily water generation and COP
Ambient relative humidity significantly influences the performance 

of water generating devices, especially those utilizing Peltier modules. 
Fig. 7 depicts the association between ambient relative humidity and 
daily water production in the Peltier-cooled AWH system, demon
strating a positive linear relationship. Higher relative humidity means 
higher concentration of water vapor in the surrounding air which results 
in greater condensation of water vapor, as this humid air passes the cold 
extended surfaces. The unit generates a maximum of 3.6 L of water daily 
when the air’s relative humidity attains 96%. Conversely, low relative 
humidity indicates a reduced availability of water vapor for 

Fig. 4. 3D design model of the prototype of the Peltier-cooled AWH system.

Table 4 
Details specifications of the measuring equipment used in experiments.

Instrument Application Accuracy/ 
Resolution

Photo

Mini Digital Thermometer To measure the temperature of cold-side and hot-side extended surfaces, air inlet 
and outlet ±1◦C/0.1◦C 

Humidity meter To measure environmental conditions e.g. humidity and temperature
±%5 RH/%1 RH

Non-contact infrared temperature 
meter

To monitor the instant temperature of all surfaces
±1.5◦C/0.1◦C

Digital multimeter To measure the current and voltage of the system
±(1 % + 2 digit) (A) 

±(1.2 % + 10 digit) 
(V)
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condensation, leading to considerably lower water production. 
Although the cooling system may continue to efficiently lower temper
atures, the water production rate will be negligible. An elevation in 
relative humidity improves water generation efficiency, as a greater 
concentration of water vapor in the atmosphere promotes condensation 
and decreases the energy necessary to cool the air to its dew point. This 
phenomenon clarifies the nearly doubling increase in COP as relative 
humidity escalates from 76% to 96%. On the other hand, low relative 

humidity leads to decreased water production and necessitates 
increased energy consumption, hence decreasing the water harvesting 
performance of the system.

3.1.3. Influence of ambient temperature on daily water generation and COP
The impact of air temperature besides relative humidity in deter

mining the water production rate of Peltier-Cooled systems, making it 
crucial in optimizing AWH systems. Fig. 8 presents that, ambient tem
perature has a substantial impact on the water productivity in Peltier- 
cooled AWH systems. When the ambient air temperature increases be
tween 26̊C and 34̊C, the capacity of the air to retain water vapor rises, 
resulting in nearly 1.4 times more water available for condensation. The 
air maintains less moisture at lower temperatures, which makes it 
difficult to condense and extract water. In other words, in conditions of 
high relative humidity, higher temperatures result in higher levels of 
water vapor production, as warmer water can take in more water vapor. 
Moreover, high temperatures can also amplify the COP of the cooling 
system, since both Qc and Pm in Equation 7 decreases but the slope of 
decrement of Pm is higher than Qc and as a result, COP rises by about 

Fig. 5. Five different test scenarios and their corresponding locations on Psychrometric diagram.

Table 5 
Relative uncertainties of COP for all five tests.

Test 
number

Value of calculated COP based on 
experiments

Relative uncertainty of 
COP

1 2.57 4.89%
2 1.23 2.56%
3 1.90 1.93%
4 1.78 2.38%
5 1.12 0.73%

Fig. 6. Influence of fin length on daily water generation and COP of the Peltier- 
cooled AWH system.

Fig. 7. Influence of air relative humidity on daily water generation and COP of 
the Peltier-cooled AWH system.
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52% as ambient air temperature increases from 26̊C to 34̊C.

3.2. Experimental study of the Peltier-cooled AWH system

The experimental studies of the Peltier-cooled AWH system were 
carried out at the College of Engineering, Istanbul Gedik University, 
located at 40.90◦ N latitude and 29.22◦ E longitude, Istanbul, Türkiye. 
Fig. 9 illustrates the average monthly temperature and relative humidity 
data for the examined site. The experimental tests are carried out to 
verify the findings of the mathematical modeling. The main aim of these 
experiments is to examine the influence of ambient temperature and 
relative humidity on the water generation rate and COP. The experi
mental system mainly functions within a temperature range of 22̊C to 
32̊C and a relative humidity range of 68% to 85% RH.

3.2.1. Comparison of mathematical modeling and experimental results
Mathematical modeling and experimental analyses of the Peltier- 

cooled AWH system were carried out under five different test condi
tions, as defined in Fig. 5. Fig. 10 clearly shows the formation of water 
droplets on the cold-side extended surfaces resulting from the conden
sation of ambient air cooled below dew point temperature during five 

mentioned test conditions. The daily water generation across all five test 
scenarios are presented in Fig. 11. As illustrated in Fig. 11, Test 1, Test 2, 

Fig. 8. Influence of ambient air temperature on daily water generation and 
COP of the Peltier-cooled AWH system.

Fig. 9. Monthly variations in the average temperature and relative humidity of the region.

Fig. 10. Condensing water on the cold-side extended surfaces.

Fig. 11. Daily water generation for different five test conditions in the Peltier- 
cooled AWH system during mathematical modeling and experimental studies.
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Test 3, Test 4, and Test 5 rank in descending order of performance based 
on the total amount of water harvested over a 24-hour period. Test 1, 
characterized by the highest ambient temperature, exhibited the 
maximum water generation, while Test 2, which featured the highest 
relative humidity, yielded the second-best performance. These results 
highlight the dominant influence of both temperature and relative hu
midity on water harvesting efficiency. An increase in temperature raises 
the absolute humidity of the air, thereby increasing the available water 
vapor for condensation. Consequently, Test 1, with the highest tem
perature, contained the greatest amount of water vapor among all tests, 
resulting in enhanced water collection. Likewise, Test 4 demonstrates 
the positive relationship between water generation rate and relative 
humidity.

Conversely, Test 5, which had the lowest temperature and relative 
humidity, showed the poorest performance in terms of water generation. 
Furthermore, Fig. 11 presents a comparison between the results of the 
mathematical model and experimental measurements across all five test 
scenarios. A strong agreement is observed between the two, confirming 
the validity of the model. In both simulation and experiment, the Peltier- 
cooled AWH system demonstrated the highest and lowest water gener
ation rates under Test 1 and Test 5 conditions, respectively.

Taking Fig. 11 into account, the agreement between the predicted 
and experimental results was quantitatively evaluated using standard 
statistical error metrics. The Mean Absolute Percentage Error was 
calculated as 4.11%, reflecting the high predictive capability of the 
proposed model. The Root Mean Square Error was obtained as 0.0761, 
indicating low dispersion between numerical and experimental data. 
Furthermore, the maximum deviation was determined to be 0.15, 
observed under Test 4 conditions. These quantitative indicators confirm 
the robustness and reliability of the developed model.

The average temperature of the heat sink approximates the cold-side 
average temperature of the thermoelectric module. The average tem
peratures of the hot-side and cold-side extended temperatures mounted 
on the hot and cold surfaces of Peltier modules are shown in Fig. 12 for 
mathematical modeling and experimental study. As expected, during 
Test 1, high ambient temperature results in high hot-side and cold-side 
temperatures. On the other hand, during Test 5, the ambient tempera
ture is the lowest at 22.5 ̊C, which results in low hot-side and cold-side 
temperatures. Clearly it is seen that the temperature of both sides is 
directly affected by the ambient temperature.

Fig. 13 expresses the COP of the Peltier modules during five exper
imental tests. As it is seen, during Test5, COP is highest. Since COP is 
defined as the ratio of cooling capacity to electricity consumption and by 
rising the ambient temperature, the temperature of the cold-side 
extended surfaces rises and as a result, both cooling capacity and 

electricity consumption drops which yields higher COP. For the same 
reason, COP related to Test 5, has the minimum value due to the 
maximum cooling capacity and maximum electricity consumption by 
Peltier modules.

3.2.2. Comparison between the effectiveness of the current prototype and 
remaining Peltier-based AWH systems

A comparison between the effectiveness of the present prototype and 
remaining Peltier-based AWH systems reported in literature was per
formed in this section. The detailed information related to the corre
sponded studies including ambient temperature, relative humidity, 
water generation rate and specific power consumption is listed in 
Table 6. Since, specific energy consumption and water generation rate 
are playing important role in determining the performance of these 
systems, these parameters were chosen for comparison. As shown in 
comparison with the data presented in Table 6, the specific energy 
consumption of 1.88–2.85 kWh/L demonstrates a favorable perfor
mance compared to the values reported in the literature (0.92–12.50 
kWh/L), although a direct comparison is limited due to differences in 
operating conditions. This improvement is likely attributed to the 
innovative geometry of the inlet and outlet air channels. These channels 
were designed with a gradually expanding cross-sectional profile, a 
feature that facilitates smoother airflow induction by the fans toward the 

Fig. 12. Temperatures of the hot-side and cold-side extended surfaces.

Fig. 13. COP related to Peltier modules during experimental tests.

Table 6 
Water generation rate and specific energy consumption of the present study with 
existing literatures.

Prototype Ambient 
Temperature 
(◦C)

Relative 
Humidity 
(%)

Water 
Generation 
Rate (mL/h)

Specific Energy 
Consumption 
(kWh/L)

Present study 32 
24.2 
25.4 
30 
22.5

84.8 
85.8 
79 
78 
69

82.1 
67.9 
60.4 
53.8 
47.1

2.52 
1.94 
2.20 
2.85 
1.88

Udomsakdigool 
et al. [31]

30.5–32 60–75 18.98 1.20

Tan & Fok [32] 29 79 17 7.29
Zhao & Tan [33] 18 60 4 12.50
S. Liu et al. [34] 24.29 67.8 11.2 4.67
Shourideh et al. 

[30]
3033 6080 3266 1.88 

0.92
Kadhim et al. 

[35]
31 
31 
31 
31

60 
65 
70 
75

8.1 
10.1 
16 
20

8.64 
6.93 
4.38 
3.50

Casallas et al. 
[36]

20.6 62.1 2.7 4.63
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cold-side extended surfaces. This optimized flow distribution not only 
enhances air mixing but also improves the overall heat transfer process. 
Consequently, the system achieves more effective condensation, leading 
to greater water harvesting efficiency while maintaining reduced energy 
consumption. This highlights the critical role of geometric optimization 
in advancing the performance of Peltier-based atmospheric water har
vesting systems.

4. Conclusions

This study examines the performance of an atmospheric water col
lecting system utilizing Peltier modules. The suggested Peltier-cooled 
AWH system is capable of operating under various humidity levels 
and may act as an independent system. The research includes mathe
matical modeling of the system alongside experimental studies. The 
mathematical modeling of the AWH system evaluates the impact of fin 
length, ambient air temperature, and ambient relative humidity on COP 
and daily water production of the system. The experimental tests 
examine the performance of the system in terms of COP and daily water 
generation during five test conditions including different ambient tem
peratures and relative humidity values. The following conclusions have 
been derived from the present research. 

(i) The influence of fin length on daily water production, with water 
generation peaking at about 2.05 L per day at a length of 0.048 m. 
Daily water generation rate improves by extending the length of 
fins until it reaches a maximum, emphasizing the necessity of 
optimizing these parameters for effective water yield in such 
systems.

(ii) COP declines with increasing fin length, with a maximum value 
of 3.43 at a fin length of 0.025 m. This occurs because both en
ergy consumption and cooling capacity increase with extended 
fin lengths; while electricity consumption increases at a more 
rapid rate than cooling capacity. This indicates that extended fin 
lengths are inappropriate from both COP and water generation 
perspectives.

(iii) Environmental conditions, especially air temperature and rela
tive humidity significantly affects the effectiveness of the Peltier- 
cooled systems in atmospheric water extraction. Both of these 
factors are crucial in influencing the water production rate, as 
they directly impact dehumidification process within these kinds 
of systems.

(iv) The experimental findings of the Peltier-cooled AWH system 
reveal that, the present system generates 1.97 L/day during Test 1 
(84.8% RH, 32̊C), 1.63 L/day during Test 2 (85.8% RH, 24.2̊C), 
1.45 L/day during Test 3 (79% RH, 25.4̊C), 1.29 L/day during 
Test 4 (76% RH, 30̊C) and 1.13 L/day during Test 5 (69 % RH, 
22.5 ̊C). These results confirm the strong effect of the ambient 
conditions on the water generation performance of the system.

(v) Results of the heat transfer analysis and experimental study 
related to hot- and cold-side extended surfaces revealed that the 
temperature of both sides is directly influenced by the ambient 
temperature.

(vi) During all five test scenarios, the results of the mathematical 
model closely match the experimental measurements in terms of 
daily water generation rates and temperatures of the hot-side and 
cold-side extended surfaces.

(vii) During Test 1, COP of the Peltier modules reach its maximum due 
to minimum cooling capacity as well as minimum electricity 
consumption as the result of highest ambient temperature among 
all five test conditions. For the same reason, Test 5 yields the 
minimum COP value due to the maximum cooling capacity and 
maximum electricity consumption by Peltier modules.

(viii) The predicted results show good agreement with the experi
mental data for all test cases, with a MAPE of 4.11 %, an RMSE of 

0.0761, and a maximum deviation of 0.15, confirming that the 
proposed model provides accurate and reliable predictions.

(ix) Even though the findings of this study suggest that the suggested 
Peltier-cooled AWH system is feasible and validated, more 
research is advised to address some of the system’s limitations 
and improve its applicability. Beyond the current mathematical 
model, future research should use computational fluid dynamics 
simulations to further optimize the fin geometry and air flow 
channels. A crucial step in guaranteeing a completely sustainable, 
off-grid operation would also be integrating the system with 
renewable energy sources, like solar photovoltaic panels. 
Comparing the cost of water production to traditional water 
supplies requires a thorough economic analysis from the stand
point of commercial viability. A thorough examination of the 
collected water quality is also necessary to make sure it satisfies 
potability requirements for human consumption, and long-term 
durability testing should be carried out to assess the system’s 
dependability over extended periods of time.
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1919B012324368 and İstanbul Gedik University Scientific Research 
Projects Coordination Unit (BAP) under Project No. GDK202308-26. The 
Authors also thank the Faculty of Engineering at İstanbul Gedik Uni
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