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Abstract: This research presents a method for improving a conventional solar still to produce
potable water during adverse conditions where there is low or no solar radiation. Summer and winter
conditions in the Western Cape province of South Africa were considered. A comparative
experimental study was conducted between a conventional solar still and the developed solar still.
The developed solar still incorporated a photovoltaic powered thermoelectric heat pump. The
purpose of the thermoelectric (TE) heat pump was to accelerate convection inside the developed
solar still assembly. The coefficient of performance (COP) of the thermoelectric heat pump installed
in the developed solar still ranged from 0.4 to 1.9 at an input current of 5 A. The results indicated
that the developed solar still was able to produce 2300 mL per day of drinkable water during a good
day in the winter, but the conventional solar still was only able to produce 650 mL per day. The
developed solar still produced 2180 mL per day, whereas the ordinary solar still produced 1050 mL per
day, during a mild summer day. The developed still had an accumulated water production of 1180 mL
during a night with mild temperatures. This significant improvement in yield of the developed solar
still system is due to the change in temperature difference between the glazing and the water surface
within the developed solar still. This is a significant contribution to the technology of solar water
purification.

Keywords: solar distillation; solar still; thermoelectric heat pump

Nomenclature: A: Area (m?); a: Dependent on the incident angle at the panel; COP: Coefficient of
performance; DTmax: Maximum temperature difference between the cold and hot side of the module;



48

ED: Electro-dialysis; fi, f2: Circumsolar horizontal incident radiation flux; I: Current (A); Imax:
maximum current (A); Ir: Total radiation on the tilted surface (W/m?); lv: Horizontal incident beam
flux (W/m?); In: Total horizontal incident radiation flux; k: Thermal conductivity (W/K); N: Number
of thermoelectric junctions; NF: Nano-filtration; MED: Multi effect distillation; Pmax: Maximum
tension (kg/cm?); PWM: Pulse Width Modulation; Qc: Heat flow rate at the TE module cold side (W);
Qcmax: Maximum cooling capacity of the module (W); Qn: Heat release rate at the TEC hot side (W),
RO, Reverse osmosis; SD: Solar Distillation; T: Temperature (°C); TE: Thermoelectric; TEc:
Thermoelectric cooler; TEc: Thermoelectric generator; Vmax: Maximum voltage (V); VCD: Vapor
compression distillation; VD: Vacuum distillation; ZT: Figure of merit

Greek symbols: a: Seebeck coefficient (V/K); B: Panel slope; pg: Ground reflectivity; o: Electrical
conductivity (S/m)

1. Introduction

Water treatment refers to the processing of water to achieve a water quality that meets specified
standards set by consumers, communities and organizations through regulatory agencies [1]. Water
treatment can be classified into three main methods: chemical, physical and energy-intensive
methods [2]. Desalination is the most used approach to produce clean water for drinking, irrigation
and industrial purposes. Desalination technologies can be classified into two main categories based
on the phase change of the treated water: mechanical and thermal desalination [3]. The first category
is desalination without phase change (membrane-based), including reverse osmosis (RO), Nano-
filtration (NF) and Electro-dialysis (ED). The second category is desalination that utilizes thermal
energy to produce fresh water by evaporation and condensation, including multi-stage flash (MSF),
multi effect distillation (MED), vapor compression distillation (VCD), vacuum distillation (VD) and
solar distillation (SD) [4,5]. Desalination technologies have become a viable solution for water
supply in many coastal countries that have limited natural freshwater resources [6]. A new survey
shows that more than 15,900 desalination plants are currently operational, most of them located in
the Middle East and North Africa [7]. One of the disadvantages of centralized desalination plants is
the intensive energy required to operate the large scale units and to transport the water to the
consumers [8]. Moreover, there are negative environmental impacts due to burning fossil fuels, brine
disposal and the capital investment cost [9].

Solar distillation is categorized into two main categories: direct solar distillation and indirect
solar distillation. In the first category, solar energy is used directly to carry out the evaporation process via
devices called solar stills. Meanwhile, in the second category, a solar collector (thermal/photovoltaic) is
used as an auxiliary device to provide thermal energy or generate electrical energy to run the
distillation unit [10,11]. Direct solar water distillation is similar to the natural hydrological
phenomenon of the water cycle; the difference is that solar water distillation is a controlled
process (closed-loop system) while the natural water cycle is an open-loop system [12]. Solar
distillation technologies are considered a promising alternative over the conventional desalination
processes. They have many advantages, such as cost-effectiveness, environmental friendliness and
suitability for remote areas where a large-scale desalination facility is not appropriate [13]. However,
solar distillation technologies have not been widely used due to the low productivity of potable water.
There are two reasons for the low productivity of solar distillation processes. First, the solar still has
considerable thermal inertia because of the high specific heat capacity of the contaminated water;
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and second, there is difficulty in latent heat rejection of the condensation to the ambient [14].
Therefore, several research studies have been conducted to improve the performance of solar stills.
Mohamed et al. [15] investigated the performance of a single-effect solar still equipped with fine
stones as a porous absorber with different particle sizes. The results showed that the daily water yield
of the solar still increased by 19.8, 27.8 and 33.3% when they used fine stones size of 1 cm, 1.5 cm
and 2 cm, respectively. Bataineh and Abo Abbas [16] examined the effect of using both internal
reflectors and fins on the performance of a single-slope solar still. They found that the effectiveness
of solar stills is improved by installing internal reflectors on three of their sides. The efficiency
increased by 36 and 47% in January and December, respectively. Porta-Gandara et al. [17]
investigated the increase in water output of a 1.7 m? single-slope solar still equipped with a
perturbation device. Through this apparatus, air bubbles are injected into the water basin, which
results in ripples on the water's surface. This results in an increase in the overall evaporative surface
area and stimulates the mass transfer coefficient. The results showed that on a sunny day, the daily
distillation production was 6.1 kg in a semi-desert region of La Paz, Mexico. Jani and Modi [18]
examined the impact of cavity fins on the performance of a double slope solar still. The results
indicated that the optimal water depth for desalination was 1 cm and that circular fins performed
better than fins with a rectangular cross-section. The maximum water yield produced from the circular
finned solar still was 1.49 kg/m?-day, while the square finned solar still produced 0.96 kg/m2-day.
Kabeel and Abdelgaied [19] studied the performance of pyramidal solar still equipped with graphite
absorber plate that had a high thermal conductivity as well as cooling of the condensation surface.
The results indicated that combining the two methods could increase distillation efficiency
by 97.2-98.9% compared with a conventional pyramid still. Esfe et al. [20] presented a
mathematical model to study the effect of the dimensions of a solar still equipped with
thermoelectric system. The obtained results showed that the water yield improved by 6.8% compared
to the conventional solar still. Esfe and Toghraie [21] introduced a numerical method to investigate
the performance of a solar still with thermoelectric cooling system. The results showed that the use
of the thermoelectric cooling system improved the daily water yield by 62% under the weather of
Semnan province of Iran. Sheikholeslami et al. [22] introduced numerical simulation for thermal
analysis of a parabolic solar collector with wavy absorber pipe and nanofluid. The results
showed a 180% improvement in heat transfer coefficient. In addition, the performance and
categorization of solar stills based on design guidelines, efficiencies and productivity were
investigated by [14,23-28].

As noted in the literature review, most of these related studies on solar still performance
enhancement focused on the productivity improvement by changing the design, structure or
operation parameters. These kinds of improvements may work on ideal days (sunny, warm days).
Note that, however, solar still systems still show poor performance on cloudy and partly cloudy days.
Moreover, during hot days, the pure water yield decreases due to the low water-cover temperature
difference. With this research gap identified, this work has therefore been undertaken to effectively
improve the efficiency of a conventional solar still by employing a thermal energy backup system. A
solar photovoltaic powered thermoelectric heat pump system is designed and integrated with the
conventional solar still. Seasonal performance of the advanced solar still is reported in the research
work herein with respect to the overall energy efficiency. The article is organized as follows: A
literature review with focus on the water crisis and the attempted solutions is presented. Then, the
principle of a solar still with emphasis on the developed solar still is presented, followed by practical
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designs and implementations of the developed and conventional solar stills. The experimental results
are analyzed and compared, with the conventional solar still as the reference. Important findings are
noted, concluding remarks are made, and recommendations are made for further studies.

2. Overview of the thermoelectric heat pump system

The thermoelectric phenomenon is the conversion of thermal energy into electrical energy or
vice versa [29]. The conversion of electric energy into a temperature gradient is called the Peltier
effect, while the reverse phenomenon is called the Seebeck effect [30]. Since the advent of
semiconductor materials, thermoelectric devices (TEc/TEg) have become widely used in many fields,
such as building ventilation and air conditioning [31], the automotive industry [32], waste heat
recovery [33] electronic equipment cooling [34].

As a solid state heat pump, thermoelectric devices have many advantages over conventional
heat pump systems, such as compact size, no moving parts, environmental friendliness due to the
lack of use of refrigerants and fast convenient heating and cooling sustainability. The coefficient of
performance of thermoelectric heat pumps is relatively low compared with conventional systems.
The trend of low performance is mainly caused by the poor heat conversion efficiency of the
semiconductor materials, which is reflected by the figure of merit (ZT) value [35]. The value of
figure of merit can be derived from Eq (1).

a’c

2T =227 1)

where o is the Seebeck coefficient (VK™), o is the electrical conductivity (S/m), k is the thermal
conductivity (W/K), and T is the absolute temperature. The coefficient of performance (COP) of the
thermoelectric heat pump can be defined as in Eq (2).

COP = Qn/(Qn — Qo) ()
Qn = I Ty = Ky (T = T2) +5 Ry 12 3)
Qc = Al T, = K (T, = Te) =5 R @)

where Qn is the flow of heat to the heat sink (heating capacity), Qc is the flow of heat from the heat
source (cooling capacity), | is the applied current, Th is the temperature of the hot side of the module,
Tc is the temperature of the cold side of the module, and Rm is the electric resistance. The properties a,
o and k are essential to determine the performance of thermoelectric materials. The specifications of
the modules used in this research are listed in Table 1.

Table 1. TEC1-12706 specifications.

Type Imax Vmax  Couples(N)  QCnax  DTmax(®C) R(@) KWI/K)  Pma Dimensions
(W) (kglem?)  (mm)
TEC1-12706 6 15 127 65 70-80 153 05 10.8 40*40*4
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3. Materials and methods

Figure 1 shows a photograph of the experimental apparatus of the developed solar still proposed
in this research, which basically consists of a single-effect basin type solar still integrated with a
thermoelectric heat pump system. The basin section is made of 0.5 m? aluminum sheet. A
polystyrene board with a thickness of 15 mm was used as a thermal insulator. It is sandwiched
between the aluminum sheets of each side of the solar still. The basin liner was coated in black using
waterproof and high heat resistant paint to maximize solar energy absorptivity. A polycarbonate sheet
with a thickness of 1 mm was used to cover the basin. Thermal silicon was used to seal the edges.
The thermoelectric heat pump system section consists of six TEc modules, two water-cooled heat
sinks, two 10 W DC water pumps, circuit controls and a plumbing system. The heat sinks are made
of aluminum tanks. Thermal grease was applied to attach the thermoelectric modules to the heat
sinks. Insulation cotton washers designed specifically for THc application were used to prevent
moisture formation around and inside the TE module. Typical fasteners were used to mount the
arrangement, and 15 kg/cm?is the recommended tension to maintain proper contact with the TE heat
sinks assembly. The cold side of the heat pump was connected to the cold water inlet of the
condensation surface, while the hot side was connected to the heat exchanger routed inside the basin.
A PV system consisting of a 270 W PV panel, circuit breaker, 20 A pulse width modulation (PWM)
charge controller and 200 Ah deep cycle battery was used to power the thermoelectric heat pump
system.

weather station

datalogger

developed still

TE heat pump
battery

Figure 1. Pictorial view of the experiment apparatus.
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The experiment was conducted outdoors to evaluate the system performance under different
weather conditions. Its site is located at 33.92° S, 18.4° E. Elevation was about 68.5 m above sea
level. The selected tilt angle of both collectors (PV & still cover) was about 35.5°. In addition, an
identical conventional solar still was used for comparison with the developed one. A set of
thermocouples was used to measure the temperature of the water inside the basin, the condensation
surface and other components of the TE heat pump system. Figure 2 shows a schematic diagram of
the developed solar still and the positions of the thermocouples. A data logger meteorological station
equipped with two pyranometers and an anemometer was used to record the incident solar radiation
and wind velocity.

The basins in both stills were filled with 10 L of seawater. The desirable water depth is
about 20-30 mm [36]. For the developed solar still, it is crucial to keep the heat exchanger always
submerged.

WPs = water pumps

TEs = thermoeléctric modules

Tc = temperature sensor of the
cold side of TE heat pump

Th = temperature sensor of the hot
side of TE heat pump

Tg = temperature sensor of the
codensation surface

Tv = temperature sensor of the
vapor

Tw = temperature sensor of basin
water

Figure 2. Schematic diagram of the developed solar still.
4. Results and discussion

This section presents and discusses the experimental results of the outdoor experimental test
conducted to evaluate the performance of the conventional single-effect solar still integrated with
thermoelectric heat pump system. A comparison between the conventional solar still and the
developed solar still is discussed from a thermodynamic point of view.

4.1. The meteorological conditions of the test location

During the experimentation period, the weather conditions of the location of the experiment
were monitored using a weather station mounted at the top of the university’s mechanical
engineering building. Samples of the weather conditions over the course of the testing period
are illustrated in Figures 3,4. During a typical summer day, the ambient temperature can reach
up to 35 °C, while on a winter day, the ambient temperature average is around 15 °C. The wind
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speed has seasonal dependence, and it ranges between 0.5 and 14.7 m/s.
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Figure 3. The variation of wind speed and ambient temperature during a typical summer day (2021).
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Figure 4. The variation of wind speed and ambient temperature during a typical winter day (2021).

Figure 5 shows the variation of the computed incident solar radiation on the solar collectors (PV
and solar still). The value of the solar radiation on the tilted surface was calculated by using the Perez
formula (Eq 5).

1+cosf

Iy = IpRp +1g [(1 = £) (F52F) + Fy 24 Fysing] + Inpg (F2F)  (5)

As shown in the graphs, the maximum solar radiation recorded during a week of the
experimental test in May 2021 was 827 W/m?. Day 5 shows a fluctuation in incident solar radiation

AIMS Energy \Volume 11, Issue 1, 47-63.



54

due to a partly cloudy sky.
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Figure 5. The variation of incident solar radiation in May 2021.

Figure 6 shows the trend of the incident solar radiation in the early days of September 2021, and
the maximum value of the computed solar radiation during six experimental days was 680 W/m?. On

a mostly cloudy day, the maximum value was 135 W/m?.
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Figure 6. The variation of incident solar radiation in September 2021.
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4.2. The developed and conventional solar stills’ performances

The water to water thermoelectric heat pump consists of 6 TEC-12706 modules integrated into a
single-effect solar still to enhance the daily potable water productivity. An identical conventional
solar still was used as a reference to evaluate the performance. The stills were operated
simultaneously side by side. The temperatures of both solar stills’ components were monitored.
Herein, Tw represents basin water temperature, Tv represents vapor temperature, Tg represents
condensation surface temperature, and Ta represents ambient temperature.

The distillate yields of both stills were recorded. Also, the effect of the temperature difference
between the cold and hot sides of the module on the coefficient of performance (COP) of the
thermoelectric heat pump system was investigated.

Figure 7 presents the temperature trend of the developed solar still’s components. The ambient
temperature recorded at the start of the experiment was 17 °C, and it then increased to 26 °C at
midday. The initial temperature of the water basin was 16 °C, and it then increased to 45 °C within 4
hours. At midday, the basin water temperature reached 60 °C. It stayed above 50 °C till 17:00 and
then decreased to 49 °C at the end of the experiment. The sharp increase in basin water temperature
was due to the input heat delivered from the TE heat pump system. The vapor temperature had the
same trend as the basin water temperature. It reached 54 °C at midday. The temperature difference
between the water basin and the condensation surfaces is the key aspect of the solar still. It stayed
above 20 °C. The highest value recorded was 32 °C.
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Figure 7. The temperature trend of the developed solar still.

Figure 8 presents the temperature trend of the conventional solar still. The ambient temperature
recorded at the start of the experiment was 17 °C, and then increased to 26 °C at midday. At the end
of the experiment, the ambient temperature decreased to 18 °C. The initial temperature of the water
basin was 16 °C, and within 3.5 hours, it reached 26 °C. There was a linear increase in the water
basin temperature until midday, after which a linear decreasing tendency was noticed. The maximum
basin temperature recorded was 53 °C. The vapor temperature had similar behavior as the water
basin temperature. It reached 49 °C at midday. The condensation surface temperature increased with
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the increase of the vapor temperature. The maximum value recorded was 41 °C at midday. The
temperature difference between the water basin and the condensation surfaces varied between 4
and 14 °C.

——Tw =—l=—Tv Tg ===Ta
60
50
G
e
= 40
o
-]
= 30
o
a
= 20 I ™ -
w
'_
10
0
/\QQ/\ ,50 00 ")Q QQ ,))Q QQ ,,)Q QQ ,,’Q QQ ,,)Q QQ ,,)0 QQ ,,)0 QQ ,))Q 00 ,))Q QQ ,,)Q QQ ,))Q QQ
EREENECN %,\ ,»Q,» ,» ,\:\/,\"\/,\"’),\"’),\/V\/v,\/%,\/%,\/‘o,\/%,\:\ \:\ N‘b,\‘b,\'%
HOUR

Figure 8. The temperature trend of the conventional solar still.

Figure 9 depicts the yields of water distillates of both solar stills. As can be observed from the
graph, the water yield from the developed still started early, at 8:30, while the conventional still
produced water at 10:30. The highest amounts of distillate for the developed and conventional stills
were collected at 14:30 and 15:00, respectively. The incident solar radiation was 660 W/m?. The
accumulated water distillate at the end of the experiment was 2180 mL (4.4 L/m?) for the developed
still, while the conventional still produced 1050 mL (2.1 L/m?).
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Figure 9. The accumulated water yields from solar stills in May 2021.
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The performance of the developed solar still in September 2021 is presented in Figure 10. As is
noticeable in the graph, the condensation surface temperature increased gradually after 12:00, due to
the fact that the thermoelectric pump was off until 15:30, since the water basin temperature stayed
above 52 °C. The maximum water basin temperature recorded was 54.8 °C at 14:00, and the
maximum ambient temperature was about 17.7 °C at midday. The average temperature difference
between the water basin and the condensation surfaces was 24 °C.
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Figure 10. The temperature trend of the developed solar still in September 2021.

Figure 11 depicts the temperature trends in the conventional solar still components. The highest
temperature of the water basin, recorded at 13:30, was 45.8 °C. Because of the low intensity of solar
radiation, the water basin temperature remained relatively low throughout the day. The average of
the temperature difference between the water basin and the condensation surfaces was 11 °C
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Figure 11. The temperature trend of the developed solar still on September 2021.
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Figure 12 depicts the accumulated distillate water of both solar stills. As can be observed from
the graph, the water yield from the developed still started early, at 9:30, while the conventional still
produced water at 11:00. The highest amounts of distillate for the developed and conventional
stills were collected at 14:30 and between 13:30 and 14:30, respectively. The incident solar
radiation was 530 W/m?. The ambient temperature was relatively low, and the highest value recorded
at 13:00 was 17.8 °C. The accumulated distillate water at the end of the experiment was 4.6 L/m? for
the developed still, while the conventional still produced 1.3 L/m?,
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Figure 12. The accumulated water yields from solar stills in September 2021.

The performance of the developed still during a relatively cold night in September 2021 is
shown in Figure 13. The water basin temperature (Tw) reached 43 °C at 23:00. The highest value
recorded was 50.4 °C. The thermoelectric heat pump system was able to maintain the temperature at
around 49 °C until the end of the experiment. The ambient temperature varied between 11.4
and 16.4 °C. The average temperature difference between the water basin and the condensation
surfaces was 27 °C. As observed from the graph, the condensation (water yield) began at 22:00. The
accumulated water yield at the end of the test was 1180 mL (2.360 L/m?).
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Figure 13. The developed solar still performance at night (September 2021).

Figure 14 shows the variation of the coefficient of performance of the heat pump system at the
input current of 5 A. It is noticeable that the COP declines with the increase of the cold side
temperature of the thermoelectric modules (Tc). At 8:00, the temperature of the cold side of the
thermoelectric module was 10 °C, the hot side was 28 °C, and the value of the COP was 1.9.
At 14:00, the temperature of the cold side increased to 29 °C, and the value of the COP decreased
to 0.4 due to the increase in the cooling capacity (Qc). At the end of the experiment (19:00), the value
of the COP increased again due to the decrease of Tc, which was 13 °C. These findings are in
agreement with the results found by [37].

coefficient of performance of TE heat pump

2

1.8

1.6

1.4

1.2 " _‘ ‘l
0.8 _l ‘l
0.6 -l -' ]
0.4 |
0.2

S & PSS S P ,\.0° S

COP
=

k ! S I
%; q- @. NN‘ Q- NIb. Nv; 8’o)- Nb. N . N%- @.

TIME

Figure 14. The variation of the coefficient of performance of the TE heat pump system.
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5. Conclusions

This research work investigated the performance of a thermoelectric water-to-water heat pump
system integrated into a conventional solar distillation unit. A typical solar photovoltaic system was
designed to power the thermoelectric heat pump components. The main benefit of the integrated
thermoelectric heat pump is that it increased the daily yield of fresh water by means of heating up the
saline/brackish water and cooling down the condensation surface, thus increasing the temperature
difference between the water basin and the condensation surfaces. This is considered the key factor
of the solar still operation. Summer and winter outdoor experiments were conducted to investigate
the performance of the solar still under different weather conditions. The obtained results are
summarized as follows:
> The results of the summer outdoor experiments showed that at an incident solar radiation of 660 W/m?
and an ambient temperature of 26 °C, the maximum water basin temperature of the developed
solar still was 60 °C, and the daily distillate yield was 2180 mL (4.4 L/m?). Meanwhile, the
maximum basin water temperature recorded for the conventional solar still was 53 °C, and the
water yield was 1050 mL (2.1 L/m?).

> On a moderate winter day, the accumulated water yield was 2300 mL (4.6 L/m?), and the
maximum water temperature was 54 °C. Despite the low average of the incident solar radiation
and low ambient temperature, the daily yield was satisfactory due to the higher temperature
difference between the water and the condensation surfaces, which was evaluated as 35 °C.
Meanwhile, the accumulated water yield from the conventional still was 650 mL (1.3 L/m?). The
maximum basin water temperature achieved was 46 °C.

> The results for the developed still during a moderate night in the month of September 2021
showed that the highest water basin temperature was 50 °C, and the accumulated distillate yield
was 1180 mL (2.36 L/m?).

» The maximum value of COP of the thermoelectric heat pump according to energy balance
equations and the principles of thermodynamics for a single-stage heat pump was about 1.9.

Based on this work, the integration of the thermoelectric heat pump system into a conventional
solar still has shown significant improvement of the daily fresh water productivity. The
thermoelectric heat pump system can be integrated into different types of passive solar stills. Herein,
simple modifications may be required for the thermoelectric heat pump layout to match the different
designs of the solar stills.

For future work, more investigations are needed to improve the thermoelectric heat pump
performance. Therefore, the authors recommend further exploration of the use of other types of
thermoelectric modules. Moreover, cascades or multi-stage cycles can be addressed in further studies.
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