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Experimental and theoretical study of an integrated
thermoelectric–photovoltaic system for air
dehumidification and fresh water production
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SUMMARY

The main objective of this study is to present an integrated thermoelectric–photovoltaic renewable system to
dehumidify air and produce fresh water. The system is combined with a solar distiller humidifying ambient air to
enhance distillate output to meet the specified fresh water needs for a residential application.
A model is developed to simulate the air dehumidification process using thermoelectrically cooled TEC channels.

Experiments were performed to validate the developed model results. It is found that the model predicted well the
variation in the air temperature along the channel with a maximum relative error in air temperature less than 2.4%.
In addition, the simulation model predicted well the amount of water condensate produced by the integrated
system with a maximum relative error of 8.3%.
An optimization problem is formulated to design and set the integrated system optimal operation to produce

10L of fresh water per day meeting the fresh water needs of a typical residential. Using five TEC channels of a
length of 1.2m and an area of 0.07� .05m2 integrated with 1.2-m2 solar distiller that recirculates a constant air
mass flow rate of 0.15 kg s�1 is capable of meeting water demand when air mass flow rate through each TEC
channel is optimally set at 0.0155 kg s�1. The associated optimal electrical current input to the TEC modules varied
depending on the month and is set at 2.2A in June, 2.1A in July and 2.0A in August, September and October.
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Despite the technological and the industrial advance-

ment, the lack of fresh water resources emerges as one
of the critical problems threatening the humanity.
Recent statistics show that about 15% of the people in

the Arab World do not have access to clean and fresh
water, and this percentage is expected to increase in the
upcoming years [1]. The warm and dry climates in the
Middle East and North Africa exhibit the severest

fresh water scarcity problem due to the increase in the
salinity rate of the ground water and the sporadic
rainfall [2]. This raises the need for environmental

friendly solutions including fresh water extraction
from the atmosphere while utilizing renewable
resources. Using photovoltaic (PV)-powered thermo-

electrically cooled surfaces to extract water from the
atmosphere is one viable solution that takes advantage

of the humid climate prevailing in many areas of the
Middle East most of the year. In the days when air
humidity is, the power consumption of thermoelectric

cooling modules would drastically increase which
means that other methods are to be sought to humidify
ambient air. Integrating a solar distiller with a thermo-

electric cooling system would increase the water
content of the air into the cooling system to produce
the desired fresh water at lower electrical power
consumption.

Considerable amount of research has been conducted
in the field of thermoelectric cooling to predict and
optimize the performance of thermoelectric modules

[3–11]. Huang et al. reported that the two major factors
for enhancing the efficiency of the thermoelectric
modules are the heat sink thermal resistance and the

appropriate cooling capacity to reach optimal perfor-
mance [3]. Similar study reported by Chang et al. [12]
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who found that for a given heating load, there is a
corresponding optimal current for the module, and that
the thermoelectric modules become more effective at

lower heat loads. Cosnier et al. [13] presented an
experimental and analytical study for a thermoelectric
system for air pre-cooling and pre-heating and found

that the system could be feasible and efficient reaching a
coefficient of performance (COP) of 1.5 in the cooling
mode and about 2 in the heating mode. This can be
achieved by supplying an optimal current to the mod-

ules and maintaining a desirable temperature difference
of using a proper heat sink. Furthermore, several studies
investigated the viability of using PV solar panels to

supply the thermoelectric cooling modules. Gillot et al.
[14] used thermoelectric modules for small-scale space
conditioning and built a system prototype that consisted

of eight cooling modules to generate a cooling capacity
up to 220W with a COP of 0.46 under current input of
4.6A. They found that the use of solar PV to feed
the thermoelectric modules would be competitive and

feasible if the PV’s price is lower than £1.25W�1.
Dai et al. [15] investigated the viability of building a
thermoelectric refrigerator driven by solar PV cells to

serve people in remote and rural areas and proposed
refrigerator temperature ranges between 5 and 101C at
a COP of about 0.3.

Thermoelectric dehumidification was examined by
very few researchers. One study was conducted by Vian
et al. [16] who developed a small dehumidifier proto-

type made up of three thermoelectric cooling modules
and a computational model (AERO) was used for the
design and the optimization of the modules’ perfor-
mance. Their system consumed 100W at optimum

conditions of 271C and 82% relative humidity with
a COP, which was much lower than the vapor-
compression devices.

The aim of this study is to design a solar-driven
thermoelectric cooling system integrated with solar
distiller for air dehumidification and fresh water pro-

duction. The study will concentrate on studying the
viability of applying thermoelectric technology in
designing a low-power dehumidifying device driven by
solar PV panels to generate fresh water in the Lebanese

coastal humid climate. A robust model will be
developed to simulate the dehumidification of the
humid air through the thermoelectrically cooled

channel surface and to predict the thermal and the
electrical performance of the modules as well as the
amount of condensate generated. A TEC channel

prototype will be built and experiments will be carried
out to validate the model predictions of the amount
of water condensate collected and the other system
performance parameters. A case study will be pre-

sented to assess the integrated dehumidification system
in achieving the objectives of meeting the desired fresh
water needs in the Lebanese humid climate.

SYSTEM DESCRIPTION AND
PROBLEM STATEMENT

Figure 1 depicts the PV-powered thermoelectric cooled
channel integrated with a solar distiller. The system is
composed of three major elements: thermoelectric

cooled channel per second, the PV solar panels and

Figure 1. General sketch for the integrated system units.
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the solar distiller humidification unit. The cooling
channel is sized such that one side of the channel is
cooled by thermoelectric modules and the other sides

are assumed well insulated. The thermoelectric cooling
modules are fed directly by a direct current (DC)
electric power supply and play the role of a heat pump;

thus extracting heat from the air flowing along the
channel at the cold side of the thermoelectric cooling
modules and rejecting this heat at the other side of the
modules. The PV panels serve as a renewable electricity

supply source. Since the equipped thermoelectric
modules need a DC electric power supply source to
operate, then the PV modules make an appropriate

renewable solution for feeding the thermoelectric
modules with the sufficient electric power needed to
pump the desired cooling capacity. Since the system is

proposed to produce fresh water in humid climates,
then a humid air source is needed to supply the
thermoelectric channel with the desired humid air inlet.
The solar distiller can play the role of increasing the

water content of the air entering the channel in order
to produce the larger amount of condensed water.
Ambient air is humidified by the solar distiller

and then dehumidified by the thermoelectric cooling
modules to extract water condensate and generate the
needed fresh water. The main parameters governing

the integrated system operation are

� Electric current feed to the thermoelectric

module (I).
� Mass flow rate of the supply air to the thermo-

electric cooling channel ( _m).

� Temperature and humidity ratio of the air
entering the thermoelectric cooling channel
(Ta�in and wa�in).

� Ambient air conditions controlling the operation
of the system (Tamb and wamb).

� Output air temperature and humidity ratio from
the solar distiller (Ta�dist and wa�dist).

In the first part of the methodology section, the
thermoelectric cooling channel air and moisture
thermal transport model is presented followed by the

description of experimental methodology to validate
the model predictions of the water condensate
collected and other system performance parameters.

MATHEMATICAL FORMULATION

The thermoelectric cooling module is characterized by
four parameters describing its maximal performance,

which are: the maximum temperature difference bet-
ween the hot side and the cold side of the thermoelectric
module DTmax, the maximal pumping cooling capacity

at the cold side corresponding to zero temperature
difference across the thermoelectric module Qmax, the
maximum voltage difference which can be applied to

the thermoelectric module with the absence of any heat
load Umax and the maximal operational input current to
the thermoelectric module at the maximum temperature

difference Imax. Each TECmodule is treated as a lumped
surface represented by uniform value for each of its
operational parameters, The basic operational charac-

teristics of a thermoelectric module include the cold side
temperature (Tc), the hot side temperature (Th), the heat
pumping capacity at the cold side (Qc), the heat
dissipated at the hot side (Qh), the electric current (I)

and the voltage difference (U). The modeling of the TEC
module will follow the derivations of Tsai et al. [17]
where the operation and the performance of the module

is governed by three main energy processes namely the
Joule’s effect, the Peltier cooling effect and the thermal
conduction.

The heat cooling capacity at the cold side and
the heat dissipated at the hot side can be obtained by
applying steady-state energy balances for both sides of
the thermoelectric cooling module [18]. As a result, the

heat pumping cooling capacity at the cold side of the
thermoelectric cooling module is given by:

Qc ¼ aITc �
1

2
I2Re � kðTh � TcÞ ð1Þ

where I is the electric current in A, Re is the electrical
resistivity of the module in ohm, a is the Seebeck
coefficient of the module in V/K, k is the thermal

conductance in W/K and Tc/h is the cold/hot side
temperature [19]. The heat dissipated at the hot side of
the thermoelectric module is given by

Qh ¼ aITh �
1

2
I2Re � kðTh � TcÞ ð2Þ

This heat dissipated is the sum of both the heat
pumping capacity at the cold side of the module and

the electric power input to the module. In addition, the
input voltage difference applied to the thermoelectric
module is given by

U ¼ a ðTh � TcÞ1I Re ð3Þ

The electric power consumption of the thermoelectric
module is given by

P ¼ U� I ¼ a I ðTh � TcÞ1I2 Re ð4Þ

The COP is defined as the cooling heat capacity
pumped by the thermoelectric module divided by the
electric power consumption of the module. The overall

characteristics of the thermoelectric modules are given
in terms of the characteristics of one thermoelectric
element as follows:

a ¼ a e�Nb� 2 ð5aÞ

Re ¼
Re e�Nb� 2

Gf
ð5bÞ

k ¼ k e�Nb� 2� Gf ð5cÞ

where Nb is the number of thermocouples in the
thermoelectric cooling module, Gf is the geometry
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factor of the thermoelectric element, a_e is the Seebeck
coefficient for one thermoelectric element in V/K, Re�e
is the electrical resistivity of a thermoelectric element in

W/K and k_e is the total thermal conductance for one
element in W/K. For bismuth telluride thermoelectric
cooling modules and using the correlations of Gillot

et al. [14], the Seebeck coefficient, the electrical
resistivity and the total thermal conductance for a
single thermoelectric element are expressed in terms of
the average thermoelectric cooling module temperature

Tm in degree Kelvin as follows:

a e¼ ð�0:4526310:01424�Tm� 2:02517� 10�5�T2
mÞ

� 10�4 ð6aÞ

Re e ¼ ð�5:5729910:06035� Tm

� 2:38881� 10�5 � T2
mÞ � 10�4 ð6bÞ

k e ¼

5:06021� 0:04244� Tm

11:96459� 10�4 � T2
m

�4:19064� 10�7 � T3
m

13:4922� 10�10 � T4
m

0
BBB@

1
CCCA� 10�2

ð6cÞ

where Tm is the average temperature of the thermo-
electric cooling module in degrees Kelvin.

The channel cooled surface by each TEC module is
assumed isothermal at the temperature of associated
module. Each module is considered independent from
the other modules. The air flow in the channel is

modeled as 1-D fully developed flow considering that
the channel width is much smaller than its length.
There will be an initial length of the channel where

sensible cooling will take place until the TE module
cold surface temperature is equal to the dew point of
the passing air flow. Once dew point is reached at the

surface, it is treated as wet over the rest of the modules
in the channel [20]. The pumping cooling capacity at
the cold module side is given by rate of enthalpy
change given by

Qc ¼ _m� ðha�in � ha�outÞ ð7Þ

where _m is the air mass flow rate, ha�in and ha�out are
the enthalpies of the air at inlet and exit of each

module part of the channel. The heat dissipated at the
hot side is given by

Qh ¼
ðTh � TambÞ

R0
ð8Þ

where Tamb is the ambient air temperature, R0 is the
overall thermal resistance on the hot side. The varia-

tion in air temperature over the dry part of the channel
for each module sector of the channel is given by

Ta�in � Tc

Ta�out � Tc
¼ exp �

AhI
_mcp

� �
ð9aÞ

The variation in the air enthalpy along each of all the
wet modules is given by

ha�in � hsurface
ha�out � hsurface

¼ exp �
Ahi
_mcp

� �
ð9bÞ

where Cp is the specific heat capacity in J kg�1K�1,
A is the cooled surface area, hi is the overall internal
convective heat coefficient inside the duct which is

calculated and updated in both dry and wet conditions,
Ta�in and Ta�out are the temperatures of inlet and
exit air flow of the ducted module while ha�in and
ha�out are the enthalpies of inlet and exit air flow of

the wet-ducted module, and hsurface is the saturation
enthalpy of the flowing air at the cold surface
temperature. The workable range of air flow in the

TEC channel for dehumidification to take place
corresponds to transitional and turbulent flow ranging
from 5000 to 20 000 based on the hydraulic diameter.

By design, almost half of the channel length will be
dry and the rest is wet. The temperature of the
modules of the dry section is almost isothermal with
difference between first module surface temperature

and last dry module temperature is less than 11C.
The wet section temperature difference between first
and last wet modules is less than 1.61C. The developing

turbulent flow correlation of average Nusselt in terms
of Reynolds and Greatz number over each section
was used to estimate the internal convection coeffi-

cient [20]. This approach has been used by Pierres
et al. [21].
The internal heat convective transfer coefficient for

the wet part of the cooling channel can be obtained by
the following equation:

hi�wet ¼ hi�dry � Cd�w ð10Þ

where hi dry is the internal heat convective transfer
coefficient for the dry part and Cd�w is given by

Cd�w ¼
dh

dT
�

1

cpm
ð11Þ

Hence, dh/dT is the change in the enthalpy with respect
to the change in temperature and it is obtained by the

following correlation based on the cold surface tem-
perature (Tc) [5]:

dh

dT
¼ 3:5625� 10�7 � T4

c13:646� 10�5 � T3
c

10:0006939� T2
c10:5472� Tc11:667 ð12Þ

Finally, the specific heat of moist air is determined by
the following equation:

Cpm ¼ Cp1w� Cpw ð13Þ

The amount of water condensate obtained during a
period of time t is given by

mcond ¼ _m� ðwa�in � wa�outÞ � t ð14Þ

where w is air humidity ratio in kg (water)/kg (air), Cpw
is the water vapor specific heat capacity in J kg�1K�1.

Experimental and theoretical studyM. Jradi, N. Ghaddar and K. Ghali

966 Int. J. Energy Res. 2012; 36:963–
DOI: 10.1002/er

974 © 2011 John Wiley & Sons, Ltd.



The channel flow model will be integrated with the
solar still humidification model developed by Alsaidi
et al. [22]. The solar distiller air flow and brakish water

basin are modeled as lumped quasi-static systems. The
distiller model predicts well the exit air temperature
and humidity from the distiller. It assumes a well-

insulated solar distiller with a lumped glass tempera-
ture. In addition to that, the solar distiller model
assumes that air is a low-capacity fluid and neglects the
spatial and transient variation in the temperature of

air. The model is based on a set of energy balances
developed for the distiller glass, the air flow, the water
in the basin and the water vapor flow. The experi-

mentally validated solar still model of Alsaidi et al. [22]
predicts the humidified air exit temperature and
humidity for an open cycle. In our study, the air input

to the solar distiller model is not the ambient air, but is
a mixture of fresh air from outside and return air from
the distiller. This will increase the water content of the
air leaving distiller to the TEC channels.

The set of energy balance equations of the three system

units of TEC modules, cooling channel and solar
distiller described in the previous section will be solved
numerically to predict the exit air conditions from

the cooling channel. Input parameters to the distiller
unit are time-dependent ambient air temperature
and humidity and intensity of solar radiation. Given

ambient and solar conditions and mixing ratio of
re-circulated air flow to ambient flow, the solar distiller
model predicts the temperature and the water content
of the air exiting the solar distiller and entering the

TEC channel.
Every TEC module is characterized by restrictions

on its operational parameters, which dictate the accu-

rate selection of the optimal cooling module for the
cooling application. Given the characteristic TEC
values as provided by manufacturer on Imax, Umax,

Qmax and DTmax at the hot side temperature (Th), we
obtain other design parameters. These include the
number of thermocouples (Nb) in the thermoelectric
cooling module, the GF of the thermoelectric element

(Gf), the width, length and thickness of the TEC
module, and its overall thermal resistance. The overall
thermal resistance is measured experimentally and a

statistical correlation for this resistance is developed
for use in our model in terms of the two main govern-
ing parameters: the input electric current and the

ambient environment temperature. In determining
the thermoelectric modules’ parameters, each TEC
module is treated as a lumped system, and its para-

meters are coupled with the next one, through the
channel airflow where the air exiting after one module
is considered as inlet air input to the next channel

section containing the following module. Therefore,
the thermal and electrical parameters will not be the
same for all the thermoelectric modules in the cooling

channel because each one is working under specifically
different conditions.
Based on the mathematical formulation presented

above, we have for each module 10 equations in 10
unknowns which are Tc, Th, Qc, Qh, P, U, ha_out, a, k
and Re. The Gauss–Seidal iterative method will be used
to solve for the 10 unknowns. Given the mass flow rate

of the air entering the thermoelectric cooling channel
and the TEC module input electric current, we assume
a cold side temperature Tc. Using Equation (9), the

temperature and the enthalpy of the air exiting
the thermoelectric cooling module Ta�out and ha out are
obtained. The cooling capacity can then be found from

Equation (7). By equating Equations (2) and (8) of the
heat dissipated on the hot side, and substituting a, k
and Re with their correlations given in Equations (5a)
and (5b), we can then calculate the value of the average

module temperature Tm. As a result, the hot side
temperature Th and the new updated values for the
thermoelectric cooling module characteristics a, k and

Re can be obtained in terms of the new calculated
module average temperature. We can re-calculate the
total amount of heat dissipated at the hot side Qh by

Equation (8). The final step in the iterative method is
calculating a new updated value for the thermoelectric
module cold side temperature Tc from Equation (1)

and check for convergence. Convergence is attained
when difference in temperature is less than 0.000011C
after which we calculate the electric power consump-
tion and the COP of the module. The procedure is

repeated on the following modules until exit air con-
ditions from the channel are obtained. Finally, from
the properties of the humid air entering the cooling

channel and that leaving the channel, we can evaluate
the total amount of condensate produced. A flow chart
showing the iterative method is presented in Figure 2.

The model of the solar distiller predicts the exit air
temperature and humidity from the distiller for varying
inlet conditions. The presented numerical model pre-

dicts the hourly temperature and the humidity of the
air leaving the cooling channel, the variation of the air
temperature through the channel, the thermoelectric
modules hot and cold side temperatures and their

corresponding heating and cooling capacities as well as
the electric power consumption and the amount of
collected water condensate.

This section presents the experimental setup used for

validating the developed thermoelectric cooling simu-
lation model predictions as well as for testing the
performance of the cooling system and condensed
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water output under different operational and ambient
conditions.

Figure 3 shows a schematic of the TEC channel
prototype in addition to a humid air source, a heater,
electric power supplies, 12W AC supply fan rated at a
maximum flow rate of 54 cfm, and a water collection

graded-beaker. The cooling channel is 120 cm long
with a 7 cm� 5 cm cross-sectional area. Twenty TEC1-
12714 thermoelectric cooling modules of 5 cm� 5 cm

area are mounted on one side along the length of the
channel at 1 cm gap between the modules. The three
other sides were insulated with fiberglass sheet. The

characteristics of the TEC modules are given in
Table I. The system is placed in a climatic chamber
with advanced temperature and relative humidity level
control system. The humid air source replaces the solar

still in providing supply air at high humidity content to
the thermoelectrically cooled channel, and the electric
heater is used to control the channel inlet air tem-

perature. In addition, the electric power supply (DC
voltage source) replaces the PV system and provides
the electricity needed to power the TEC modules to

pump the needed cooling capacity. The variation of the
air mass flow rate to the channel is regulated using a
damper. This climatic air is mixed with the water vapor

sprayed by the humidifier and heated using the electric
heater to reach the desirable input air conditions to the
cooling channel. The heat emitted at the hot side of the
modules is removed using aluminum heat sinks with

integrated DC cooling fans. Four electric power sup-
plies are used to feed the thermoelectric modules such

that each power supply feeds five modules connected in
series with a constant DC voltage.
The temperatures of the air and the cold and hot side

temperatures of the TEC modules were measured using
K-type thermocouples of accuracy 731C at six posi-
tions in the channel including inlet and exit tempera-
tures. A humidity sensor was used to record the

humidity of the air entering the cooling channel with
an accuracy of 71%, and a flow meter was used to
measure the air flow rate in the channel by recording

the velocity of the air with an accuracy of 70.01m s�1.
Moreover, a heat flux meter of 0.6-s response was
equipped to measure the heat flux emitted at the hot

side of the thermoelectric cooling modules. The water
condensate was collected in a beaker placed on an
accurate digital scale to monitor the weight of collected

water. The digital precision balance is a maximum
scale reading of 3500 g and an accuracy of 0.01 g.
Preliminary experiments were carried out to determine
the overall thermal resistance at the hot side of the

thermoelectric modules by recording the heat flux
released at the hot side of the modules as well as the

Figure 2. Iterative method flow chart.

Figure 3. Experimental system unit.

Table I. TEC1-12714 performance specifications.

TEC performance parameters’ specifications

Th (hot side temperature in 1C) 27 50

DTmax (temperature difference in 1C) 68 76

Umax (voltage in Volts) 14.8 16.6

Imax (electric current in Amperes) 14 14

Qcmax (cooling capacity in Watts) 135 148

AC resistance (O) 0.95 1.06
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temperature. The heat flux is recorded in Volts where
each 1.77mV is equivalent to 1.0Wm�2 heat flux.
Several experiments were performed for different

mass flow rates of inlet air, electric current input to the
TEC modules, and different channel inlet air tem-
perature and humidity. The electric current varied

between 1 and 3.5A, channel air mass flow rate was
varied between 0.005 and 0.012 kg s�1, inlet air tem-
perature to the cooling channel varied between 25 and
341C, inlet air relative humidity varied between 70 and

90%, and ambient air varied between 25 and 341C. The
variation in the air temperature along the thermo-
electric cooling channel was recorded, and the amount

of water condensate generated was collected and
measured at intervals of 1 h during the experimentation
sessions.

MODEL VALIDATION WITH
EXPERIMENTAL RESULTS

Figure 4 shows the amount of water condensate
collected per hour as a function of (a) electric current,
(b) air mass flow rate and (c) inlet air temperature for

experimentally measured and numerically predicted
values. The simulation model predicts well the amount
of water condensate produced by the new integrated

system over hourly intervals with a maximum relative
error less than 8.3%. The water condensate increases
with channel air mass flow rate in the range of

experiments from 0.005 to 0.01 kg s�1. Figure 5
presents the variation in the air temperature through
the thermoelectric cooling channel recorded at six
different heights: at the channel inlet (T1), between the

fourth and the fifth thermoelectric cooling modules
(T2), between the eighth and the ninth modules (T3),
between the 12th and the 13th modules (T4), between

the 16th and the 17th modules (T5) and at the channel
outlet (T6), at different electric current input to the
thermoelectric modules for the case of 281C ambient

temperature, 0.01 kg s�1 air mass flow rate at 301C inlet
air temperature. Our thermoelectric cooling channel
simulation model predicted well the variation in the
air temperature through the thermoelectric cooling

module with a maximum relative error less than 2.4%
(70.551C).

To assess the viability of sizing and using the proposed

integrated thermoelectric–PV system in meeting the
fresh water needs in the Lebanese humid climate,
a case study of a typical residential space of 80m2 is

considered. The system will be sized to provide at least
10L of fresh water over a period of operation from
10:00 am to 7:00 pm during the summer months from

June till October. An optimization problem is formu-
lated such that the energy consumption of the unit is

dictated by fresh water demand and the availability
of electrical energy supplied by the PV system [23].

Figure 4. Plots of (a) water condensate versus electric

current as predicted by the model and recorded experimentally,

(b) water condensate versus mass flow rate as predicted by the

model and recorded experimentally and (c) water condensate

versus inlet air temperature as predicted by the model and

recorded experimentally.

Figure 5. Air temperature variation as measured experimen-

tally and predicted by modeling for different electric current

inputs at 0.01 kg s�1 air mass flow rate, 281C ambient

temperature and 301C inlet air temperature. The symbols T1

to T6 refer to position of TEC modules along the channel height.
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The integrated system design, operation and optimiza-
tion are performed for the Beirut local humid weather
conditions. The system is sized such that multiple TEC

channels are utilized, each with a length of 120 cm and
a cross-sectional area of 7 cm� 5 cm. Twenty thermo-
electric cooling modules are mounted per each cooling

channel as per the channel description in the previous
section. Moreover, the thermoelectric cooling modules
use solar PV modules for their electrical input. The
number of channels needed and their associated

number of thermoelectric cooling modules are dictated
by two main constraints as follows:

� The availability of 1 kW of solar PV modules
capacity.

� The amount of fresh water produced over the 10 h
of daily operation.

A solar distiller of 1.2m2 area with a constant air

mass flow rate of 0.15 kg s�1 is integrated with the
TEC-PV system to provide desired humid air flow
to the cooling channels and enhance fresh water pro-
duction. The solar distiller air flow is partially re-

circulated while only a fraction of this flow is drawn
from ambient air equal to the dehumidified air stream
supplied to the TEC channels (see Figure 1). This

modification helps in increasing the system fresh water
output by increasing further the water content in the
supply air to the dehumidifying TEC channel.

The optimization problem is controlled by the air
mass flow rate of the TEC channels and the electric
current input to the TEC modules. A minimum of five

TEC channels is needed to produce the 10L of water
over 10 h of operation. Many simulations were per-
formed at different air mass flow rates from 0.005 to
0.02 kg s�1 to find the optimal mass flow rate to be

introduced to the TEC channels from the solar distiller
with respect to the electrical energy consumption of the
system. Figure 6 shows the variation of water con-

densate produced with the variation in the air mass
flow rate in the TEC channels for different electric
current input in the month of August. The amount of

water produced increases with the increase in the air
mass flow rate until the air mass flow rate reaches
0.0155 kg s�1 per channel. For air mass flow rates
higher than 0.0155 kg s�1, a decrease is exhibited in the

amount of fresh water produced by the system. Based
on these results, an air mass flow rate of 0.0155 kg s�1

will be adopted per cooling channel.

The optimal electric current input to the thermo-
electric cooling modules is selected such that a
minimum of 10L of fresh water is obtained at the

maximum electrical energy available from the PV sys-
tem. The first step in solving for the optimal settings is
to calculate the maximal electrical energy generated by

the 1-kW PV system in the Lebanese summer humid
climate. This is governed by the solar irradiation
intensity and the ambient air properties that vary

significantly from one month to another. As a result,
this maximal energy is calculated for each of the five
summer months from June till October. Simulations

were performed while varying the electrical current
input to the TEC modules with a step of 0.1A in the
range of 1.0–3.0A. Based on the electrical energy

consumption results and the amount of fresh water
collected, we can determine the optimal electrical cur-
rent input to the system for each month. Figure 7(a, b)
shows the amount of fresh water produced and the PV

Figure 6. Variation in water condensate with the variation in air

mass flow rate under different electric current supply to the

system in August.

Figure 7. (a, b) The amount of fresh water produced and the PV

power consumption as a function of electric current input to the

TEC modules for (a) August and (b) September.
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power consumption as a function of electric current
input to the TEC modules for (a) August and (b)
September. On the same plots, the constraint values for

minimum water production and maximum power
consumption are indicated. It is clear that the month of
August provides wider operating range (shown by the

shade rectangle borders in the figures) for the system to
produce more than 10L per day, while in September,
the operating margin for current input is small (1.95 to
2.05A). Owing to the constraint by design of a max-

imum of 1 kW available PV power, the optimal current
value is not necessarily at the maximum COP of the
module since it has to meet the 10-L water production

constraint.
Performing the simulations over all the summer

months leads to optimal electric current input values of

2.2Amodule�1 for the month of June, 2.1Amodule�1

in July, and 2.0Amodule�1 for August, September and
October. The selected current input values provide the
needed cooling capacity, produce the desired fresh

water, and meet the constraints at acceptable thermo-
electric cooling system COP over the 10 h of system
operation per day.

The hourly and overall performance of the proposed
PV-powered TEC channel integrated with solar
distiller to produce at least 10L of fresh water per
day are presented in this section.

Table II presents the hourly amount of fresh water
produced during the summer months showing how
the system met its goal of producing at least 10L of

fresh water during the 10 h of operation per day. The

maximum amount of fresh water produced is attained
between 3:00 and 6:00 pm for 5 months and the
amount of fresh water produced ranged from about

14.09 Lday�1 in August to about 10.06 L day�1 in
October. This is mainly due to the humid ambient air
conditions and the higher solar radiation intensity,

which vary significantly from one month to another.
Figure 8 compares the total amount of fresh water
collected for the PV-powered TEC system operation
with and without integration with the solar distiller.

The requirement for producing 10L of water cannot be
met for all the months without the humidification
process through the solar distiller. The solar distiller

enhances the water condensate yield by increasing the
water content of the air introduced to the TEC chan-
nels. The amount of water condensate produced due to

the integration of the solar distiller in the process has
increased from 4.72 to 14.09L in August and from 2.31
to 10.06L in October.
Figure 9 shows (a) the cooling capacity pumped by

the thermoelectric cooling modules per day and (b) the

Table II. Hourly and total amount of condensed water over 5 months.

Month

June July August September October

Electric current input (A) 2.2 2.1 2 2 2

Hour Fresh water production (mL)

10:00 am 714.2 659.8 844.2 547.2 516.3

11:00 am 914.9 796.5 951.0 581.7 727.3

12:00 pm 1028.9 1016.6 1042.1 781.1 923.3

1:00 pm 1172.9 1136.4 1303.8 958.2 1034.3

2:00 pm 1285.3 1328.6 1404.8 1025.2 1215.7

3:00 pm 1296.4 1496.5 1528.1 1292.8 1310.5

4:00 pm 1379.9 1654.4 1546.4 1345.2 1342.2

5:00 pm 1352.0 1647.9 1937.4 1308.2 1168.6

6:00 pm 1272.1 1617.5 1861.2 1255.8 1025.3

7:00 pm 1077.2 1536.7 1672.6 1113.2 803.4

Total (mL) 11 494.1 12 891.3 14 091.6 10 208.8 10 067.4

Figure 8. Total fresh water production over 10 h of the PV-

powered TEC system with and without the solar distiller.
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associated system energy consumption from the PV
in kWhday�1 over the summer months. The cooling

capacity reaches its maximum in June with about
9.07 kWhday�1 while decreases to about 7.02 kWh
in August. The energy consumption varies from a

minimum of 5.32 kWhday�1 (October) to a maximum
value of 6.73 kWhday�1 (June). A maximum system
COP is attained in October at a COP of 1.52. Thus,

although the amount of fresh water produced in
October is the lowest among all the five months
studied, it exhibits the highest COP with minimum

electrical input. This is due to the relatively lower
ambient temperature values (sink temperature) in
October compared with the other months. This is
consistent with the TEC modules performance char-

acteristics where the cooling capacity pumped is
inversely proportional to the temperature gradient
between the two thermoelectric sides. The energy

intensity of our proposed integrated solar distiller with
PV-powered TEC channel system is found minimum
at 0.387 kWhL�1 in August and maximum in June

at 0.586kWhL�1. These values are better than the vapor-
compression atmospheric water extraction systems that
consume about 0.7kWhL�1 of fresh water [22,24].

A new integrated solar-driven thermoelectric cooling
system for air dehumidification and fresh water
production was presented and experimentally validated

in this study. The system is totally powered by renew-
able energy sources. A model of the integrated system is
developed and is validated experimentally. The air flow

rate, air inlet conditions and electric current input to the
TEC modules are the controlling parameters for optimal
system operation to meet desired need of water conden-

sate at lowest power input from the PV system.
A case study is presented demonstrating the feasi-

bility of implementing the integrated solar distiller
PV powered TEC channel system in Beirut climate

for producing at least 10L of water per day over the
summer months. The system is considered practical for
stand-alone remote areas applications in the humid

climates and in the areas where the electrical supply is
intermittent.

NOMENCLATURE

A 5 area (m2)
CCD 5 charge coupled device
COP 5 coefficient of performance

Cp 5 specific heat coefficient at constant
pressure (J kg�1K�1)

Cp w 5water vapor specific heat capacity

(J kg�1K�1)
DC 5 direct current
DNA 5 deoxyribonucleic acid

Gf 5 geometry factor (cm)
h 5 enthalpy (J kg)
hi 5 internal heat convective transfer

coefficient (Wm�2K�1)

I 5 electric current (A)
k 5 thermal conductance of the module

(WK�1)

LED 5 light emitting diode
m 5mass (kg)
_m 5mass flow rate (kg s�1)

Nb 5 number of thermocouples
P 5 electric power (W)
PV 5 photovoltaic

Q 5 thermoelectric net heat (W)
R 5 thermal resistance (KW�1)
Re 5 electrical resistivity (O)
RH 5 relative humidity, (%)

T 5 temperature (1C)
U 5 voltage difference (V)
w 5 humidity ratio (kgH2Okg�1 of air)

DT 5 temperature difference (1C)

Greek

a 5 Seebeck coefficient (VK�1)

Subscripts

a 5 air
amb 5 ambient

Figure 9. (a, b) Plots of (a) the cooling capacity pumped by the

thermoelectric cooling modules per day and (b) the associated

system energy consumption from the PV in kWh day�1 over the

summer months.
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c 5 cold
cond 5 condensate
dist 5 distiller

dry 5 dry conditions
e 5 thermoelectric element
h 5 hot

i 5 internal
in 5 input
m 5module
n 5 n-type semiconductor

out 5 output
p 5 p-type semiconductor
wet 5wet conditions
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