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An integrated distillation system has been designed and assembled involving a thermoelectric module. This
design utilizes both the hot side and cold side simultaneously, thus improving the overall distillation process.
This research aims to study this thermoelectric distillation design and then proceeds to study the performance
of yield and efficiency systems. Using sets of sensors and Arduino® microcontroller, changes in water sample
height can be easily monitored and recorded. Experimental results showed that there were distinctions in
temperature over time in various power usage with the minimum power, 18 watts, reached up to 60 °C for hot
side and 50 °C for cold side and with the maximum power, 40.5 watts, reached up to 70 °C for hot side and 60
°C for the cold side. Regression by curve fitting found the data follow the 5th polynomial model.

1. Introduction

Even though about 71% of the Earth is covered by water, but only 2.5% is freshwater, Even more, clean
freshwater makes up only a tiny fraction of all the water on the planet compared to its huge demand in various
fields. Therefore, water purification is one of the most important which sustains the survivability and quality of
civilized human life. Various efforts have been made in performing this process (Jiang et al., 2019; Taghipour
et al.,, 2019; Chandrakumar and Pamela, 2021). The most common separation process in Industry is
distillation (Chandrakumar and Pamela, 2021). However, considering heat is used as its driving force, this
method consumes energy, thus needs to be enhanced to increase its efficiency. The heat provided to
encourage evaporation is merely released to the condenser, thus discharged as waste heat (Rahbar and
Esfahani, 2012).

Recently, a unique high-efficiency distillation method by integrating thermoelectric technology has been
reported and is receiving increasing attention (Rahbar and Esfahani, 2012; Al-Madhhachi and Min, 2017; Al-
Nimr et al., 2018). Utilizing the “Peltier Effect”, a single thermoelectric module can facilitate heating using its
hot side for evaporation while using its cold side to induce condensation of water. Therefore, this system can
improve the energy efficiency of distillation by reducing the theoretical waste heat emission. However, some of
the previous studies only exploit the cold side of the module with heat from the hot side released to the
environment (Vian et al., 2002; Rahbar and Esfahani, 2012). A study conducted by Al-Madhhachi and Min
(2017) designed a water circulation system that is recycled between two containers. One container is exposed
to the hot side of the thermoelectric module to heat the sample water with the other exposed to the cold side
to induce condensation. The average water production value was 28.5 ml/hour with a specific energy
consumption of 0.00114 KW hour/ml.

This study aims to redesign this portable distillation system, by utilizing thermoelectric modules, both their heat
and cold sides. Then, proceeds to study the performance of the system’s yield and efficiency using sets of
Arduino® sensors and microcontroller to easily monitor and record data in real-time with higher accuracy and
precision. Thus, this design creates a unique and novel feature of a thermoelectric distillation design which
facilitates both sides of the thermoelectric module without any need for circulation in the system. As a result,
the power is solely used for water distillation and the overall efficiency can be significantly improved.




2. Engineering design and system description

The principle of water purification by distillation is vapor-liquid equilibrium. The vapor is generated from
heating water and the liquid (condensate) is produced from cooling vapor. The heating and cooling process
can be done from the thermoelectric modules. The main concept of this design is creating a simple single-
stage distillation with minimizing the electric component using the thermoelectric modules. The equipment
consists of two stainless steel containers that are cylindrical and cubic. The dimension of the cubic container is
8 x 8 x 8 cm? which is installed in the middle cylindrical container which has 10 cm height and 15 cm diameter
respectively. The thermoelectric modules are installed in the cubic container which is the hot side inside the
container. A schematic diagram of the thermoelectric integration distillation vessel can be seen in Figure 1.
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Figure 1: A schematic diagram of a simple integrated distillation vessel using thermoelectric modules

The cubic container is filled with sample water, meanwhile, the condensate droplets will fall on the cylinder
part. The conical-shaped lid is chosen due to its ability to direct the flow of water vapor to the condenser fins
and to spread condensed water droplets from the lid to the distiller container, refraining the droplets back to
the sample water container. Thermoelectric modules are installed on four outer sides of the cubic container
with the hot sides facing the cubic wall and the cold sides facing the cylindrical wall. Aluminum heat sinks with
fins are connected using thermal pads both to the hot side to enhance water evaporation and the cold side to
enhance water vapor condensation. Insulating layers are applied to prevent heat loss from the containers,
which insulation contains polytetrafluoroethylene (Teflon®) tape 3J760.

3. Theoretical model

Theoretical modeling of the system is used to describe the heat transfer and phase change throughout the
distillation process. A set of equations follow these formed assumptions:

« The properties of sample water are that of pure water and ideal gas behavior,

« The thermal conductivity of aluminium fins is a constant value.

« The convection heat transfer coefficient of water and vapor is constant.

« Heat loss from heat conductivity between containers is neglected.
Equation (1) is the energy balance between the electric power supply and heat generated from the
thermoelectric modules.

QJ:P-r:m‘cp‘AT (1)

where: P (watt) is power supplied to the thermoelectric modules over time, t (s), which can increase a mass m
(kg) of a substance’s temperature by AT (K), according to its specific heat capacity, ¢, (J/kg.K) resulting Qs
(Joule). According to previous research (Sasongko et al., 2021), distillation using thermoelectric in the open
vessel could not be enough to achieve water’s boiling point at atmospheric pressure. However, evaporation
could occur in an enclosed area. The energy evaporation can be estimated based on the equation (2) and (3).

e
0,,=mAH,_ (3)

P1 and P2 (atm) are the vapor pressures at temperatures T4, Tz (K) respectively, while AHvap (J/kg) is the
enthalpy of vaparization, and R (0.082 L.atm/mol.K) is the universal gas constant. The Antoine parameters




(Guo et al, 2016) are applied to determine the water vapor pressure for the calculation of heat of vaporation
based on equation (3). Since the vapor is condensed using the thermoelectric module’s cold side, and then
released in its liquid form, the concentration of the evaporated substance in the vessel can remain constant,
allowing the sample water to evaporate at a constant rate. Given that sample water's surface area remains
constant as container's base area, A, in cm?, the volume of the water, V (ml), can be calculated by only
obtaining the depth/height, h (cm), of the remaining water as shown in the equation (4).

V=Ah (4)
Equation (5) shows the evaporation rate of water distillate.
AT Al
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4. Experimental setup

The temperature and water volume in real-time are measured using sets of Arduino® module, temperature
probes, and HC-SR04 ultrasonic sensor. The wiring diagram of the thermoelectric module and experimental
setup can be seen in Figure 2. The electrical component properties of the expenmental setup can be found in
Table 1. The experiment was conducted in laboratory condition with an initial temperature of sample water at
30 °C, ambient temperature at 31 °C, and humidity of 74%. Distillation was carried out for 200 minutes with
200 ml tap water by varying its power, 18 watts, 28.125 watts, and 40.5 watts. These variables are chosen
due to the specification of the thermoelectric module, which in the previous studies (Sasongko et al., 2021),
9V, 4 5A (40.5 watts) provided the highest maximum temperature. However, temperature difference instability
was observed when high power was supplied, thus, it's necessary to vary the power supply (lower values) to
study how much power is needed to operate the equipment while maintaining temperature stability.

1. Adiaptor 4, Arduing Measuring
2. Hectrical Components and Instruments.
Regulators 5, PC for Data Collection

3, Distilation Vessel

a. Wiring diagram of the thermoelectric module b. Experimental setup

Figure 2: Wining diagram (a) and expernimental setups for investigating integrated thermoelectric distillation
system (b)

Table 1: Properties of electrical components in the system

Component Properties Model
Thermoelectric Module Area: 40 x 40 mm2 TEC-12706
Thickness: 3.8 mm
Max current = 6A
Max voltage = 12V
Power Supply Input: AC 110-245V, 50/60Hz 5-120-12
Qutput: DC 12V, 10A Switch Mode Power Adaptor (SMPS)

5. Results and Discussion
5.1 Temperature effects from the varied power supply

The principle of thermoelectric is the formation of a hot side and a cold side. Therefore, the thermoelectric
performance can be indicated based on the temperature difference. Figure 3 shows the temperature achieved




for the sample-water (Wh), distillate (Wc), Fin hot-side (Fh), and Fin coldside (Fc). Table 2 indicates the
temperature difference.
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Figure 3: Temperature as a function of time and power supply

Table 2: Achieved temperature and temperature difference using specified power supply
Power supply  T. (°C) Wh (°C) Wc (°*C) ATW (°C) Fh (°C) Fc (°C) ATF (°C)

18 watts 319 60.48 43.54 16.94 61.14 43.52 17.62
28.125 watts 319 64.61 47.31 173 64.8 46.86 17.94
40.5 watts 319 68.76 48.31 2045 69.4 47.48 21.92

From Table 2, it can be seen that with a higher power, a higher temperature difference could be achieved with
the value remaining constant throughout the stationary phase. Assuming the power supplied to the system
does not fluctuate, this constant value means that the energy released from the system was equal to the
energy supplied. Several studies also found similar results (Hajovsky et al., 2016; Al-Madhhachi and Min,
2017). However, compared to previous studies, heat accumulation on the thermoelectric module cold side
prevented the cold side from reaching lower temperature, if not equal to, the ambient temperature.
Nevertheless, the thermoelectric module showed capability in maintaining the temperature difference between
the two sides, preventing both sides from having the same temperature. Another comparable study also found
out that using a different type of thermoelectric module may provide different temperature differences (Al-
Maddhachi and Min, 2017). Still, since the TEC-12706 module itself is widely used in Indonesia for hot-cold
water dispensers, the price is relatively cheaper and commercially available compared to the other
thermoelectric module types.

5.2 Evaporation rate

Changes in height on the water surface or distance rate were measured using an ultrasonic sensor and
recorded by utilizing the Arduino® module. Distance rate can be seen in Figure 4a at the various power supply.
Assuming that the surface area of the cubic container is constant, then the rate of evaporation can be
calculated as shown in Figure 4b at the various power supply. All curves in Figure 4b show a similar trend of
evaporation rate at the various power supply. Therefore, the relation between evaporation rate E, versus time
can be made an equation based on the least-square curve fitting. The fifth-order polynomial equation was
found as shown in equation (6) with a summary of the parameters that can be seen in Table 3. Similar studies
also show some similarities of this phenomenon especially in the relationship between evaporation rate and
time (Johnson et al_, 2019).

Ev=af +bt* +cf +df +et (6)

Figure 4: Distance rate at various power supply (a) and evaporation rate at various power supply (b)




Table 3: Parameters of polynomial model evaporation rate as a function of time (s)

Power supply (watts) a b C d e Rz
18 8E-23 -3E-18 3E-14 -1E-10 2E07 0.9874
28125 8E-23 -3E-18 3E-14 -9E-11 2E07 0.9841
405 2E-25 1E-19 -4E-15 3E-11 1E-07 0.9910

Figure 5 is similar to the evaporation rate from Figure 4b, however, there are some differences to be noted.
Each graph forms five similar areas, but with points that have different coordinates, namely initial values,
transient threshold, straight linear, transient shoulder, stationary, and decline. Using 18 watts, the transient
region occurred with a longer period compared to the others, on the other hand, 40.5 watts was the fastest
and 40.5 watts reached the stationary region faster. In the stationary phase, the evaporation rate reached a
constant value, hence the evaporation of water occurred in a steady state. Previous studies showed some
similarities especially in the transient threshold and straight linear phases (Al-Madhhachi and Min, 2017) with
the stationary phase observed in the final stage of system operation (Canbazoglu et al., 2018). These two
results can be correlated with each other in a bigger picture, forming a complete graph as shown in Figure 5.
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Figure 5: Regions of evaporation rate

5.3 Yield and efficiency

Table 4 shows distillate volume product as energy supplied. The increase in the amount of energy is
proportional to the amount of distillate obtained.

Table 4: Relation between power supply, distillate volume, power/volume, and energy/volume

Power supply (watts) Total energy (J) Distillate volume (ml) Power/volume (watts/ml) Energy/volume (J/ml)

18 216,000 196 0918 11,0204
28.125 337,500 204 0.957 11,4796
40.5 486,000 41.8 0.969 11,626.8

Table 5 shows the computation of the total heat of water distillate. The Antoine parameters (Guo et al., 2016)
were applied to determine water vapor pressure for the calculation of heat of vaporation based on equation

3).

Table 5: Calculation of Total Heat usage
Power supply (watts) Ts (°C) Tmax (°C) AT (°C) Sensible Heat Q; (J) Heat of Vap Q,.4, (J) Total Heat (J)

18 319 613 17.0 23,879 44637 68,516
28.125 319 648 17.8 27,330 66,891 94,221
40.5 319 694 209 30,797 94,986 125,783




Yield (in volume percentage) can be calculated by dividing the volume of the distillate by the volume of the
initial sample. COP can be calculated using the COP equation for the heat pump seeing that this distillation
system uses a thermoelectric module as a heat pump to transfer heat from the cold side to the hot side while
supplying heat from outside the system (Zhang, 2017). Table 6 shows the yield and COP of thermoelectric
distillation based on the total heat usage as indicated in Table 5.

Table 6: Calculation of Yield and COP of thermoelectric distillation
Power supply (watts) Qsuppiiea (J)  Qussge (J) Yield (%) COP (%) Yield: COP

18 216,000 68,516 98 N7 0.31
28.125 337,500 94,221 14.7 279 0.53
40.5 486,000 125,783 209 259 0.81

Final calculation results show that the use of 18, 28.125, and 40.5 watts tend to result in lower efficiency with
increased power. However, higher power usage resulted in higher yields, but with lower efficiency (COP). In
general, this is due to lower water heat of vaporization which causes more molecules to leave the sample,
resulting in an increase in yield, as well as reducing the burden of energy required for evaporation by the
thermoelectric module. A decrease In efficiency with increasing power is due to the performance of the
thermoelectric module itself where the increase in energy used is not significantly proportional to the maximum
hot side temperature that can be achieved, instead, it creates heat accumulation on the module’s cold side
which hinders condensation. Therefore, less power usage may provide higher efficiency, but with lower yields.

6. Conclusions

Utilization of thermoelectric module as an altemative for distillation system has been conducted and shows
reasonable potential and possibility for application. From the heat side, the generated heat is enough to
change the vapor-liquid equilibrium of most compounds, encouraging the formation of vapor distillate.
Alternately, absorbed heat at the cold side creates temperature difference which enhances condensation.
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An integrated distillation system has been designed and assembled involving a thermoelectric module. This
design utilizes both the hot side and cold side simultaneously, thus improving the overall distillation process.
This research aims to study this thermoelectric distillation design and then proceeds to study the performance
of yield and efficiency systems. Using sets of sensors and Arduino® microcontroller, changes in water sample
height can be easily monitored and recorded. Experimental results showed that there were distinctions in
temperature over time in various power usage with the minimum power, 18 watts, reached up to 80 °C for hot
side and 50 °C for cold side and with the maximum power, 40.5 waits, reached up to 70 °C for hot side and 60
°C for the cold side. Regression by curve fitting found the data follow the 5th polynomial model.

1. Introduction

Even though about 71% of the Earth is covered by water, but only 2.5% is freshwater, Even more, clean
freshwater makes up only a tiny fraction of all the water on the planet compared to its huge demand in various
fields. Therefore, water purification is one of the most important which sustains the survivability and quality of
civilized human life. Various efforts have been made in performing this process (Jiang et al., 2019; Taghipour
et al., 2019; Chandrakumar and Pamela, 2021). The most common separation process in Indusiry is
distillation (Chandrakumar and Pamela, 2021). However, considering heat is used as its driving force, this
method consumes energy, thus needs to be enhanced to increase its efficiency. The heat provided to
encourage evaporation is merely released to the condenser, thus discharged as waste heat (Rahbar and
Esfahani, 2012).

Recently, a unigue high-efficiency distillation method by integrating thermoelectric technology has been
reported and is receiving increasing attention (Rahbar and Esfahani, 2012; Al-Madhhachi and Min, 2017; Al-
Nimr et al., 2018). Utilizing the “Peltier Effect”, a single thermoelectric module can facilitate heating using its
hot side for evaporation while using its cold side to induce condensation of water. Therefore, this system can
improve the energy efficiency of distillation by reducing the theoretical waste heat emission. However, some of
the previous studies only exploit the cold side of the module with heat from the hot side released to the
environment (Vian et al., 2002; Rahbar and Esfahani, 2012). A study conducted by Al-Madhhachi and Min
(2017) designed a water circulation system that is recycled between two containers. One container is exposed
to the hot side of the thermoelectric module to heat the sample water with the other exposed to the cold side
to induce condensation. The average water production value was 28.5 ml/hour with a specific energy
consumption of 0.00114 kKW hour/ml.

This study aims to redesign this portable distillation system, by utilizing thermoelectric modules, both their heat
and cold sides. Then, proceeds to study the performance of the system’s yield and efficiency using sets of
Arduino® sensors and microcontroller to easily monitor and record data in real-time with higher accuracy and
precision. Thus, this design creates a unique and novel feature of a thermoelectric distillation design which
facilitates both sides of the thermoelectric module without any need for circulation in the system. As a result,
the power is solely used for water distillation and the overall efficiency can be significantly improved.
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2. Engineering design and system description

The principle of water purification by distillation is vapor-liquid equilibrium. The vapor is generated from
heating water and the liquid (condensate) is produced from cooling vapor. The heating and cooling process
can be done from the thermoelectric modules. The main concept of this design is creating a simple single-
stage distillation with minimizing the electric component using the thermoelectric modules. The equipment
consists of two stainless steel containers that are cylindrical and cubic. The dimension of the cubic container is
8 x 8 x 8 cm? which is installed in the middle cylindrical container which has 10 cm height and 15 cm diameter
respectively. The thermoelectric modules are installed in the cubic container which is the hot side inside the
container. A schematic diagram of the thermoelectric integration distillation vessel can be seen in Figure 1.

] Thermoslectric Module

W i SdeHeat fin
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Teflon insulation
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B Sanless Seal Container

Figure 1: A schematic diagram of a simple integrated distillation vessel using thermoelectric modules

The cubic container is filled with sample water, meanwhile, the condensate droplets will fall on the cylinder
part. The conical-shaped lid is chosen due to its ability to direct the flow of water vapor to the condenser fins
and to spread condensed water droplets from the lid to the distiller container, refraining the droplets back to
the sample water container. Thermoelectric modules are installed on four outer sides of the cubic container
with the hot sides facing the cubic wall and the cold sides facing the cylindrical wall. Aluminum heat sinks with
fins are connected using thermal pads both to the hot side to enhance water evaporation and the cold side to
enhance water vapor condensation. Insulating layers are applied to prevent heat loss from the containers,
which insulation contains polytetrafluoroethylene (Teflon®) tape 3J760.

3. Theoretical model

Theoretical modeling of the system is used to describe the heat transfer and phase change throughout the
distillation process. A set of equations follow these formed assumptions:

« The properties of sample water are that of pure water and ideal gas behavior,

« The thermal conductivity of aluminium fins is a constant value.

« The convection heat transfer coefficient of water and vapor is constant.

« Heat loss from heat conductivity between containers is neglected.
Equation (1) is the energy balance between the electric power supply and heat generated from the
thermoelectric modules.

O, =P-t=m-c,-AT (1)

where: P (watt) is power supplied to the thermoelectric modules over time, f (s), which can increase a mass m
(kg) of a substance’s temperature by AT (K), according to its specific heat capacity, cp (J/kg.K) resulting Qs
(Joule). According to previous research (Sasongko et al., 2021), distillation using thermoelectric in the open
vessel could not be enough to achieve water’'s boiling point at atmospheric pressure. However, evaporation
could occur in an enclosed area. The energy evaporation can be estimated based on the equation (2) and (3).

() -2 (z-7)
O, =mAH (3)

P1 and Pz (atm) are the vapor pressures at temperatures T1, T2 (K) respectively, while AHvap (J/kg) is the
enthalpy of vaporization, and R (0.082 L.atm/mol.K) is the universal gas constant. The Antoine parameters
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(Guo et al., 2016) are applied to determine the water vapor pressure for the calculation of heat of vaporation
based on equation (3). Since the vapor is condensed using the thermoelectric module’s cold side, and then
released in its liquid form, the concentration of the evaporated substance in the vessel can remain constant,
allowing the sample water to evaporate at a constant rate. Given that sample water’s surface area remains
constant as container's base area, A, in cm2, the volume of the water, V (ml), can be calculated by only
obtaining the depth/height, h (cm), of the remaining water as shown in the equation (4).

V=A-h 4)
Equation (5) shows the evaporation rate of water distillate.

AT Ah
E=mp=aT ©

4. Experimental setup

The temperature and water volume in real-time are measured using sets of Arduino® module, temperature
probes, and HC-SR04 ultrasonic sensor. The wiring diagram of the thermoelectric module and experimental
setup can be seen in Figure 2. The electrical component properties of the experimental setup can be found in
Table 1. The experiment was conducted in laboratory condition with an initial temperature of sample water at
30 °C, ambient temperature at 31 °C, and humidity of 74%. Distillation was carried out for 200 minutes with
200 ml tap water by varying its power, 18 watts, 28.125 watts, and 40.5 watls. These variables are chosen
due to the specification of the thermoelectric module, which in the previous studies (Sasongko et al., 2021),
9V, 4.5A (40.5 watts) provided the highest maximum temperature. However, temperature difference instability
was observed when high power was supplied, thus, it's necessary to vary the power supply (lower values) to
study how much power is needed to operate the equipment while maintaining temperature stability.

1. Adaptor 4. Arduino Measuring
2. Electrical Components and Instruments.
Regulators 5. PC for Data Collection
3. Distilation Vessel
a. Wiring diagram of the thermoelectric module b. Experimental setup

Figure 2: Wiring diagram (a) and experimental setups for investigating integrated thermoelectric distillation
system (b)

Table 1: Properties of electrical components in the system

Component Properties Model
Thermoelectric Module Area: 40 x 40 mm2 TEC-12706
Thickness: 3.8 mm
Max current = 6A
Max voltage = 12V
Power Supply Input: AC 110-245V, 50/60Hz S-120-12
Output: DC 12V, 10A Switch Mode Power Adaptor (SMPS)

5. Results and Discussion
5.1 Temperature effects from the varied power supply

The principle of thermoelectric is the formation of a hot side and a cold side. Therefore, the thermoelectric
performance can be indicated based on the temperature difference. Figure 3 shows the temperature achieved
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for the sample-water (Wh), distillate (Wc), Fin hot-side (Fh), and Fin cold-side (Fc). Table 2 indicates the
temperature difference.
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Figure 3: Temperature as a function of time and power supply

Table 2: Achieved temperature and temperature difference using specified power supply
Power supply  To (°C) Wh(°C) Wc(°C) ATW (°C) Fh(°C) Fc (°C) ATF (°C)

18 watts 31.9 60.48 43.54 16.94 61.14 43.52 17.62
28.125 watts 31.9 64.61 47.31 17.3 64.8 46.86 17.94
40.5 watts 31.9 68.76 48.31 20.45 69.4 47.48 21.92

From Table 2, it can be seen that with a higher power, a higher temperature difference could be achieved with
the value remaining constant throughout the stationary phase. Assuming the power supplied to the system
does not fluctuate, this constant value means that the energy released from the system was equal to the
energy supplied. Several studies also found similar results (Hajovsky et al., 2016; Al-Madhhachi and Min,
2017). However, compared to previous studies, heat accumulation on the thermoelectric module cold side
prevented the cold side from reaching lower temperature, if not equal to, the ambient temperature.
Nevertheless, the thermoelectric module showed capability in maintaining the temperature difference between
the two sides, preventing both sides from having the same temperature. Another comparable study also found
out that using a different type of thermoelectric module may provide different temperature differences (Al-
Maddhachi and Min, 2017). Still, since the TEC-12706 module itself is widely used in Indonesia for hot-cold
water dispensers, the price is relatively cheaper and commercially available compared to the other
thermoelectric module types.

5.2 Evaporation rate

Changes in height on the water surface or distance rate were measured using an ultrasonic sensor and
recorded by utilizing the Arduino® module. Distance rate can be seen in Figure 4a at the various power supply.
Assuming that the surface area of the cubic container is constant, then the rate of evaporation can be
calculated as shown in Figure 4b at the various power supply. All curves in Figure 4b show a similar trend of
evaporation rate at the various power supply. Therefore, the relation between evaporation rate Ev versus time
can be made an equation based on the least-square curve fitting. The fifth-order polynomial equation was
found as shown in equation (6) with a summary of the parameters that can be seen in Table 3. Similar studies
also show some similarities of this phenomenon especially in the relationship between evaporation rate and
time (Johnson et al., 2019).

Ev=ar +bt' +cf +di +et (6)

Figure 4: Distance rate at various power supply (a) and evaporation rate at various power supply (b)
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Table 3: Parameters of polynomial model evaporation rate as a function of time (s)

Power supply (watts) a b c d e R?
18 8E-23 -3E-18 3E-14 -1E-10 2E-07 0.9874
28.125 8E-23 -3E-18 3E-14 -9E-11 2E-07 0.9841
40.5 -2E-25 1E-19 -4E-15 3E-11 1E-07 0.9910

Figure 5 is similar to the evaporation rate from Figure 4b, however, there are some differences to be noted.
Each graph forms five similar areas, but with points that have different coordinates, namely initial values,
transient threshold, straight linear, transient shoulder, stationary, and decline. Using 18 watts, the transient
region occurred with a longer period compared to the others, on the other hand, 40.5 watts was the fastest
and 40.5 watts reached the stationary region faster. In the stationary phase, the evaporation rate reached a
constant value, hence the evaporation of water occurred in a steady state. Previous studies showed some
similarities especially in the transient threshold and straight linear phases (Al-Madhhachi and Min, 2017) with
the stationary phase observed in the final stage of system operation (Canbazoglu et al., 2018). These two
results can be correlated with each other in a bigger picture, forming a complete graph as shown in Figure 5.

-(2) Transient threshold
-(3) Straight linear

-(4) Transient shoulder
-(5) Stationary

Decline
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Figure 5: Regions of evaporation rate

5.3 Yield and efficiency

Table 4 shows distillate volume product as energy supplied. The increase in the amount of energy is
proportional to the amount of distillate obtained.

Table 4: Relation between power supply, distiliate volume, power/volume, and energy/volume

Power supply (watts) Total energy (J) Distillate volume (ml) Power/volume (watts/ml) Energy/volume (J/ml)

18 216,000 19.6 0.918 11,020.4
28.125 337,500 29.4 0.957 11,479.6
40.5 486,000 41.8 0.969 11,626.8

Table 5 shows the computation of the total heat of water distillate. The Antoine parameters (Guo et al., 2016)
were applied to determine water vapor pressure for the calculation of heat of vaporation based on equation

(3).

Table 5. Calculation of Total Heat usage
Power supply (watts) To (°C) Tmax (°C) AT (°C) Sensible Heat @, (J) Heat of Vap Q,.,, (J) Total Heat (J)

18 31.9 61.3 17.0 23,879 44,637 68,516
28.125 31.9 64.8 17.8 27,330 66,891 94,221
40.5 31.9 69.4 20.9 30,797 94,986 125,783
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Yield (in volume percentage) can be calculated by dividing the volume of the distillate by the volume of the
initial sample. COP can be calculated using the COP equation for the heat pump seeing that this distillation
system uses a thermoelectric module as a heat pump to transfer heat from the cold side to the hot side while
supplying heat from outside the system (Zhang, 2017). Table 6 shows the yield and COP of thermoelectric
distillation based on the total heat usage as indicated in Table 5.

Table 6. Calculation of Yield and COP of thermoelectric distillation
Power supply (watts) Qsuppiied (J)  Qusage (J) Yield (%) COP (%) Yield: COP

18 216,000 68,516 9.8 N7 0.31
28.125 337,500 94,221 14.7 279 0.53
40.5 486,000 125,783 20.9 25.9 0.81

Final calculation results show that the use of 18, 28.125, and 40.5 watts tend to result in lower efficiency with
increased power. However, higher power usage resulted in higher yields, but with lower efficiency (COP). In
general, this is due to lower water heat of vaporization which causes more molecules to leave the sample,
resulting in an increase in yield, as well as reducing the burden of energy required for evaporation by the
thermoelectric module. A decrease in efficiency with increasing power is due to the performance of the
thermoelectric module itself where the increase in energy used is not significantly proportional to the maximum
hot side temperature that can be achieved, instead, it creates heat accumulation on the module’s cold side
which hinders condensation. Therefore, less power usage may provide higher efficiency, but with lower yields.

6. Conclusions

Utilization of thermoelectric module as an alternative for distillation system has been conducted and shows
reasonable potential and possibility for application. From the heat side, the generated heat is enough to
change the vapor-liquid equilibrium of most compounds, encouraging the formation of vapor distillate.
Alternately, absorbed heat at the cold side creates temperature difference which enhances condensation.
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An integrated distillation system has been designed and assembled involving a thermoelectric module. This
design utilizes both the hot side and cold side simultaneously, thus improving the overall distillation process.
This research aims to study this thermoelectric distillation design and then proceeds to study the performance
of yleld and efficiency systems. Using sets of sensors and Arduino® microcontroller, changes in water sample
height can be easily monitored and recorded. Experimental results showed that there were distinctions in
temperature over time in various power usage with the minimum power, 18 watts, reached up to 60 °C for hot
side and 50 °C for cold side and with the maximum power, 40.5 watts, reached up to 70 °C for hot side and 60
°C for the cold side. Regression by curve fitting found the data follow the 5th polynomial model.

1. Introduction

Even though about 71% of the Earth is covered by water, but only 2.5% is freshwater, Even more, clean
freshwater makes up only a tiny fraction of all the water on the planet compared to its huge demand in various
fields. Therefore, water purification is one of the most important which sustains the survivability and quality of
civilized human life. Various efforts have been made in performing this process (Jiang et al., 2019; Taghipour
et al., 2019; Chandrakumar and Pamela, 2021). The most common separation process in Industry is
distillation (Chandrakumar and Pamela, 2021). However, considering heat is used as its driving force, this
method consumes energy, thus needs to be enhanced to increase its efficiency. The heat provided to
encourage evaporation is merely released to the condenser, thus discharged as waste heat (Rahbar and
Esfahani, 2012).

Recently, a unique high-efficiency distillation method by integrating thermoelectric technology has been
reported and is receiving increasing attention (Rahbar and Esfahani, 2012; Al-Madhhachi and Min, 2017; Al-
Nimr et al., 2018). Utilizing the “Peltier Effect”, a single thermoelectric module can facilitate heating using its
hot side for evaporation while using its cold side to induce condensation of water. Therefore, this system can
improve the energy efficiency of distillation by reducing the theoretical waste heat emission. However, some of
the previous studies only exploit the cold side of the module with heat from the hot side released to the
environment (Vian et al., 2002; Rahbar and Esfahani, 2012). A study conducted by Al-Madhhachi and Min
(2017) designed a water circulation system that is recycled between two containers. One container is exposed
to the hot side of the thermoelectric module to heat the sample water with the other exposed to the cold side
to induce condensation. The average water production value was 28.5 mi/hour with a specific energy
consumption of 0.00114 kKW hour/ml.

This study aims to redesign this portable distillation system, by utilizing thermoelectric modules, both their heat
and cold sides. Then, proceeds to study the performance of the system's yield and efficiency using sets of
Arduino® sensors and microcontroller to easily monitor and record data in real-time with higher accuracy and
precision. Thus, this design creates a unique and novel feature of a thermoelectric distillation design which
facilitates both sides of the thermoelectric module without any need for circulation in the system. As a result,
the power is solely used for water distillation and the overall efficiency can be significantly improved.
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2. Engineering design and system description

The principle of water purification by distillation is vapor-liquid equilibrium. The vapor is generated from
heating water and the liquid (condensate) is produced from cooling vapor. The heating and cooling process
can be done from the thermoelectric modules. The main concept of this design is creating a simple single-
stage distillation with minimizing the electric component using the thermoelectric modules. The equipment
consists of two stainless steel containers that are cylindrical and cubic. The dimension of the cubic container is
8 x 8 x 8 cm? which is installed in the middle cylindrical container which has 10 cm height and 15 cm diameter
respectively. The thermoelectric modules are installed in the cubic container which is the hot side inside the
container. A schematic diagram of the thermoelectric integration distillation vessel can be seen in Figure 1.

(I~ O Fbeglassnsuation
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Figure 1: A schematic diagram of a simple integrated distillation vessel using thermoelectric modules

The cubic container is filled with sample water, meanwhile, the condensate droplets will fall on the cylinder
part. The conical-shaped lid is chosen due to its ability to direct the flow of water vapor to the condenser fins
and to spread condensed water droplets from the lid to the distiller container, refraining the droplets back to
the sample water container. Thermoelectric modules are installed on four outer sides of the cubic container
with the hot sides facing the cubic wall and the cold sides facing the cylindrical wall. Aluminum heat sinks with
fins are connected using thermal pads both to the hot side to enhance water evaporation and the cold side to
enhance water vapor condensation. Insulating layers are applied to prevent heat loss from the containers,
which insulation contains polytetrafluoroethylene (Teflon®) tape 3J760.

3. Theoretical model

Theoretical modeling of the system is used to describe the heat transfer and phase change throughout the
distillation process. A set of equations follow these formed assumptions:

» The properties of sample water are that of pure water and ideal gas behavior,

e The thermal conductivity of aluminium fins is a constant value.

* The convection heat transfer coefficient of water and vapor is constant.

» Heat loss from heat conductivity between containers is neglected.
Equation (1) is the energy balance between the electric power supply and heat generated from the
thermoelectric modules.

O, =P-t=m-c,-AT (1)

where: P (watt) is power supplied to the thermoelectric modules over time, ¢ (s), which can increase a mass m
(kg) of a substance’'s temperature by AT (K), according to its specific heat capacity, ¢p (J/kg.K) resulting Qs
(Joule). According to previous research (Sasongko et al., 2021), distillation using thermoelectric in the open
vessel could not be enough to achieve water’s boiling point at atmospheric pressure. However, evaporation
could occur in an enclosed area. The energy evaporation can be estimated based on the equation (2) and (3).

NOR
0, =m-AH )

P1 and P2 (atm) are the vapor pressures at temperatures T1, Tz (K) respectively, while AHvzp (J/kg) is the
enthalpy of vaporization, and R (0.082 L.atm/mol.K) is the universal gas constant. The Antoine parameters
(Guo et al., 2016) are applied to determine the water vapor pressure for the calculation of heat of vaporation
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based on equation (3). Since the vapor is condensed using the thermoelectric module’s cold side, and then
released in its liquid form, the concentration of the evaporated substance in the vessel can remain constant,
allowing the sample water to evaporate at a constant rate. Given that sample water's surface area remains
constant as container's base area, A, in cm?, the volume of the water, V (ml), can be calculated by only
obtaining the depth/height, h (cm), of the remaining water as shown in the equation (4).

V=A-h (4)
Equation (5) shows the evaporation rate of water distillate.
AT Ah
E=—=4— (5)
t f

4. Experimental setup

The temperature and water volume in real-time are measured using sets of Arduino® module, temperature
probes, and HC-SR04 ultrasonic sensor. The wiring diagram of the thermoelectric module and experimental
setup can be seen in Figure 2. The electrical component properties of the experimental setup can be found in
Table 1. The experiment was conducted in laboratory condition with an initial temperature of sample water at
30 °C, ambient temperature at 31 °C, and humidity of 74%. Distillation was carried out for 200 minutes with
200 ml tap water by varying its power, 18 watts, 28.125 watts, and 40.5 watts. These vanables are chosen
due to the specification of the thermoelectric module, which in the previous studies (Sasongko et al , 2021),
9V, 4 5A (40.5 watts) provided the highest maximum temperature. However, temperature difference instability
was observed when high power was supplied, thus, it's necessary to vary the power supply (lower values) to
study how much power is needed to operate the equipment while maintaining temperature stability.

[ o w ]
1. Adaptor 4, Arduing Measuring
2. Hlectrical Components and Instruments.
Regulators 5, PC for Data Collection
3. Distilation Vessel
a. Wiring diagram of the thermoelectric module b. Experimental setup

Figure 2: Wiring diagram (a) and experimental setups for investigating integrated thermoelectric distillation
system (b)

Table 1: Properties of electrical components in the system

Component Properties Model
Thermoelectric Module Area: 40 x 40 mm2 TEC-12706
Thickness: 3.6 mm
Max current = 6A
Max voltage = 12V
Power Supply Input: AC 110-245V, 50/60Hz 512012
Output: DC 12V, 10A Switch Mode Power Adaptor (SMPS)

5. Results and Discussion
5.1 Temperature effects from the varied power supply

The principle of thermoelectric is the formation of a hot side and a cold side. Therefore, the thermoelectric
performance can be indicated based on the temperature difference. Figure 3 shows the temperature achieved
for the sample-water (Wh), distillate (Wc), Fin hot-side (Fh), and Fin cold-side (Fc). Table 2 indicates the
temperature difference.
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Figure 3: Temperature as a function of time and power supply
Table 2: Achieved temperature and temperature difference using specified power supply
Power supply  T. (°C) Wh (°C)  Wc (®C) ATW (=C) Fh (=C) Fc (=C) ATF (=C)
18 watts 319 6048 4354 16.94 61.14 4352 1762
28.125 watts 319 64 61 4731 17.3 648 46.86 17.94
40.5 watts 319 68.76 48.31 20.45 69.4 47.48 21.92

From Table 2, it can be seen that with a higher power, a higher temperature difference could be achieved with
the value remaining constant throughout the stationary phase. Assuming the power supplied to the system
does not fluctuate, this constant value means that the energy released from the system was equal to the
energy supplied. Several studies also found similar results (Hajovsky et al., 2016; Al-Madhhachi and Min,
2017). However, compared to previous studies, heat accumulation on the thermoelectric module cold side
prevented the cold side from reaching lower temperature, if not equal to, the ambient temperature.
MNevertheless, the thermoelectric module showed capability in maintaining the temperature difference between
the two sides, preventing both sides from having the same temperature. Another comparable study also found
out that using a different type of thermoelectric module may provide different temperature differences (Al-
Maddhachi and Min, 2017). Still, since the TEC-12706 module itself is widely used in Indonesia for hot-cold
water dispensers, the price is relatively cheaper and commercially available compared to the other
thermoelectric module types.

5.2 Evaporation rate

Changes in height on the water surface or distance rate were measured using an ultrasonic sensor and
recorded by utilizing the Arduino® module. Distance rate can be seen in Figure 4a at the various power supply.
Assuming that the surface area of the cubic container is constant, then the rate of evaporation can be
calculated as shown in Figure 4b at the various power supply. All curves in Figure 4b show a similar trend of
evaporation rate at the various power supply. Therefore, the relation between evaporation rate E, versus time
can be made an equation based on the least-square curve fitting. The fifth-order polynomial equation was
found as shown in equation (6) with a summary of the parameters that can be seen in Table 3. Similar studies
also show some similarities of this phenomenon especially in the relationship between evaporation rate and
time (Johnson et al_, 2019).

Ev=at +bt +ctf +dt’ +et (6)
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Figure 4: Distance rate at various power supply (a) and evaporation rate at various power supply (b)
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Table 3: Parameters of polynomial model evaporation rate as a function of time (s)

Power supply (watts) a b C d e Rz
18 8E-23 -3E-18 3E-14 -1E-10 2E-07 0.9874
28125 8E-23 -3E-18 3E-14 9E-11 2E-07 0.9841
405 -2E-25 1E-19 -4E-15 3E-11 1E-07 0.9910

Figure 5 is similar to the evaporation rate from Figure 4b, however, there are some differences to be noted.
Each graph forms five similar areas, but with points that have different coordinates, namely initial values,
transient threshold, straight linear, transient shoulder, stationary, and decline. Using 18 watts, the transient
region occurred with a longer period compared to the others, on the other hand, 40.5 watts was the fastest
and 40.5 watts reached the stationary region faster. In the stationary phase, the evaporation rate reached a
constant value, hence the evaporation of water occurred in a steady state. Previous studies showed some
similarities especially in the transient threshold and straight linear phases (Al-Madhhachi and Min, 2017) with
the stationary phase observed in the final stage of system operation (Canbazoglu et al., 2018). These two
results can be correlated with each other in a bigger picture, forming a complete graph as shown in Figure 5.

Z
s
2
Z (1)-(2) Transient threshold
g
: (2)-3) Staight linear
] ->§-<l-l ) Transient shoulder
i) (4)-(5) Stationary
(5) Decline
@O

Time (3)
Figure 5: Regions of evaporation rate

5.3 Yield and efficiency

Table 4 shows distillate volume product as energy supplied. The increase in the amount of energy is
proportional to the amount of distillate obtained.

Table 4: Relation between power supply, distiflate volume, power/volume, and energy/volume

Power supply (watts) Total energy (J) Distillate volume (ml) Power/volume (watts/ml) Energy/volume (J/ml)

18 216,000 196 0918 11,0204
28.125 337,500 294 0.957 11,479.6
40.5 486,000 418 0.969 11,626.8

Table 5 shows the computation of the total heat of water distillate. The Antoine parameters (Guo et al., 2016)
were applied to determine water vapor pressure for the calculation of heat of vaporation based on equation
(3).

Yield (in volume percentage) can be calculated by dividing the volume of the distillate by the volume of the
initial sample. COP can be calculated using the COP equation for the heat pump seeing that this distillation
system uses a thermoelectric module as a heat pump to transfer heat from the cold side to the hot side while
supplying heat from outside the system (Zhang, 2017). Table 6 shows the yield and COP of thermoelectric
distillation based on the total heat usage as indicated in Table 5.

Table 5: Calculation of Total Heat usage

Power supply (watts) To (°C) Tmax (°C) AT (°C) Sensible Heat Q. (J) Heat of Vap Q,,, (J) Total Heat (J)

18 319 613 17.0 23879 44 637 68,516
28125 319 648 178 27330 66,891 94,221
40.5 319 694 209 30,797 94 986 125,783
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Table 6: Calculation of Yield and COP of thermoelectric distillation
Power supply (watts) Qsupplies (J)  Qusage (J) Yield (%) COP (%) Yield: COP

18 216,000 68,516 98 37 0.31
28.125 337,500 94,221 147 279 0.53
40.5 486,000 125,783 209 259 0.81

Final calculation results show that the use of 18, 28.125, and 40.5 watts tend to result in lower efficiency with
increased power. However, higher power usage resulted in higher yields, but with lower efficiency (COP). In
general, this is due to lower water heat of vaporization which causes more molecules to leave the sample,
resulting in an increase in yield, as well as reducing the burden of energy required for evaporation by the
thermoelectric module. A decrease in efficiency with increasing power is due to the performance of the
thermoelectric module itself where the increase in energy used is not significantly proportional to the maximum
hot side temperature that can be achieved, instead, it creates heat accumulation on the module’s cold side
which hinders condensation. Therefore, less power usage may provide higher efficiency, but with lower yields.

6. Conclusions

Utilization of thermoelectric module as an alternative for distillation system has been conducted and shows
reasonable potential and possibility for application. From the heat side, the generated heat is enough to
change the wvapor-liquid equilibrium of most compounds, encouraging the formation of vapor distillate.
Alternately, absorbed heat at the cold side creates temperature difference which enhances condensation.
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