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ABSTRACT

This work proposes a novel heating and cooling system, with incorporated thermoelectric module, that can
achieve energy balance using a self-water supply heat exchange subsystem. The thermoelectric effect is used to
achieve controlled and adjustable heating of the circulating water. Simulations were conducted to study the ther-
mal performance of the system while it simultaneously produces hot and cold water, with different working con-
ditions for the hot-and cold-side water outlets. The results show that the water temperature at the hot side outlet
increases from 32°C to 75°C when the power increases from 4.5 to 50 W. Additionally, the use of thermoelectric
modules to heat water and recover waste heat is 22% more efficient than ordinary electric water heating systems.
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Nomenclature
DC direct current
Sm Seebeck coefficient of Thermoelectric module (VK−1)
Th0 thermoelectric hot side temperature in supplier’s datasheet (°C)
Rm electrical resistance of thermoelectric module (Ω)
V voltage in volts (V)
Vmax maximum voltage applied to the thermoelectric module (V)
I current intensity in amperes (A)
Imax maximum current intensity applied to the thermoelectric module (A)
Km thermal conductance of thermoelectric generation module (WK−1)
Qc power absorbed in cooling in watts (W)
Qh power generated in heating in watts (W)
Th hot side temperature of thermoelectric module (K)
Tc cold side temperature of thermoelectric module (K)
ΔTmax maximum temperature difference between faces (°C)
Qr the heat absorbed by the hot water (W)
Qa the heat absorbed by the cold water (W)
m water mass
cp water specific heat
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ΔT water temperature difference
We electrical power consumed by the thermoelectric module (W)
Wh hot water temperature (°C)
Wc cold water temperature (°C)
Tw water temperature (°C)

1 Introduction

A thermoelectric element is a solid-state system, composed of many alternating p-type and n-type
semiconductor heat elements, that converts electrical energy into heat energy with a high heat flux [1].
The heat elements are connected in series with each other through metal and sandwiched between two
electrically insulated and heat-conducting ceramic substrates. Thermoelectric systems follow the same
laws of thermodynamics as mechanical heat pumps, steam compressors (such as those in traditional
refrigerators), and other devices used to transfer energy [2]. Depending on the direction of the current,
they can act as coolers, heaters, generators, or sensors. Thermoelectric devices have several advantages
including their lack of moving parts or working fluids, compactness, low environmental impact, and long
life [3]. As a results, they are used in a variety of applications such as aerospace [4], instrumentation
[5,6], medical [7], industrial [8–10] and automotive [11,12].

Thermoelectric elements are widely used for both cooling and heating. Ahammed et al. [13] investigated
the performance of a nanofluid-cooled multiport minichannel heat exchanger coupled with a thermoelectric
cooler, designed for cooling an electronic device; results showed that cooling the thermoelectric module with
nanofluid provided lower water cabin temperatures and higher COP values than cooling with pure water.
Chein et al. [14] reported that a minimum water temperature could be obtained by increasing the
electrical current input, decreasing the heat sink thermal resistance, or doing both simultaneously.
Combining a thermoelectric module with a heat pipe and liquid circulation cooling, Çağlar [15]
constructed a portable mini thermoelectric refrigerator driven by Peltier components, that can keep drinks,
foods or medicines fresh and cool. As for heating applications, Zhang et al. [16] developed a solar
thermoelectric co-generator that can perform both heating and electricity generation. Cai et al. [17]
proposed an air source thermoelectric heat pump system that can provide cold air and hot water at the same
time, with a total system efficiency of nearly 90%. Shen et al. [18] used the thermoelectric heater to
enhance the fuel cell micro combined heat and power system’s heating capacity. The thermoelectric heater
greatly enhances both the system’s water heating capacity in orders of over 2 times, the overall energy
efficiency by up to 50% over directly utilizing the electrochemical waste heat. An open-type thermoelectric
space heating system with multiple channels is developed by Liu et al. [19] with a heating COP of 1.3.

Despite of the fact that the unilateral studies of thermoelectric cooling and heating were reported, the
simultaneous application of thermal and electric heating cooling still remains rare. The energy utilization
efficiency was promoted and the pollutant emissions were reduced by the system consisting of the main
heating device and heat recovery part [20–28]. Joshi et al. [20] developed a thermoelectric freshwater
generator based on thermoelectric cooling effects to design and construct an effective thermoelectric
distillation with an aim to generate drinking water. Wang et al. [21] proposed a novel system combined
with cooling, heating and power function with an excellent thermodynamic performance. The thermal
efficiency was increased by 0.3% compared with two different system structures. Shoeibi et al. [22] used
a thermoelectric module to cool and heat water flow in the current solar stills, yielding 76.4% efficiency
compared to conventional passive solar stills. At present, the application of electric heating film heating is
more and more common. This heating method consumes a lot of electricity and the heating coefficient is
less than 1. The feasibility analysis of the performance of semiconductor heat pump was carried out by
Yealer et al. [23], who tested the optimized modular thermoelectric heat pump system for premature
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infant incubators, a heating of COP can reach around 1.4, the proposed system is economically feasible.
Thermoelectric modules can also be used in heaters, and Lu [24] of Hunan University did research on the
system. A thermoelectric heat pump heater was developed with a heating coefficient of 1.3, saving 30%
more electricity than the normal electric heater. The performance tests and analysis were also performed.
Taking middle and high-grade hotels as an example, based on building energy consumption and waste
heat recovery analysis and recycling cooling water and domestic water for heating tap water, which has
great energy-saving potential to eliminate the “heat” pollution for environment. A theoretical analysis of
the thermal-electric heating system in the office was performed by Allouhi et al. [25] with a 64%
reduction in energy consumption compared to conventional electric heaters. Daghigh et al. [26] proposed
a PV (photovoltaic) thermal cooling/heating system to obtain both space cooling and hot water. The
thermoelectric module operates in a combination of water cooling and heating modes. Hot and cold water
is used to circulate water through the heat sink fixed together on both sides, and through hot and cold
water tanks respectively, so the combination of electric heater and cooler is realized for the first time with
a total COP (heating and cooling) of 4.5. However, in the conventional water dispenser system [27] the
compressor and the resistor heater are used for cooling and heating the water in the cold water tank and
the hot water tank respectively. Zhang et al. [28] placed the radiator which attached to the hot and cold
surface of the Peltier module into the water cooler and hot water tank of the thermal water cooler. The
experimental tests on the power consumption of water temperature and system heating and cooling
performance showed that the thermal performance of polyethylene wall water tank is higher than that of
glass wall water tank. The COP in heating is greatly improved compared with cooling. The greater
cooling and heating rate can be obtained by achieving a better capacity of the thermoelectric module. In
this study, a novel heating and cooling system with thermoelectric module was proposed, it can realize
the functions of energy complementation and waste heat recovery. The heat recovery capability of this
system was verified.

2 Thermoelectric Behavior

The effect of thermoelectric modules has been widely discussed [29]. The heat will be released or
absorbed at the connection points when direct current (DC) passes through a pair of different metals or
semiconductors, as illustrated in Fig. 1.

Heat Contribution

P-Type
Semiconductor

N-Type
Semiconductor

Heat Absorbtion

P-Type
Semiconductor

N-Type
Semiconductor

Figure 1: Peltier effect explained for both current directions
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3 Modelling of Thermoelectric Self-Thermal Water System

In order to predict the performance of thermoelectric heating and cooling systems precisely, a proper
modeling method is necessary. The thermodynamic model is simple and can predict the system
performance precisely around the full load conditions.

4 Thermoelectric Self-Powered Water Supply System

4.1 System Description
The thermoelectric self-powered water supply system is shown in Fig. 2. The system consists of

circulating water tank, pumps, temperature, pressure and flow sensors, thermoelectric module, and heat
exchangers. Two water channels from the tank containing room temperature water are heated in the
casing heat exchanger through the thermoelectric module (semiconductor heat exchanger) to enter the
shell and tube exchanger; the other way is then directly fed into the shell and tube heat exchanger at
room temperature water. After the heat exchange in the shell tube heat exchanger, the cold fluid
temperature increases, while the heated fluid temperature decreases. The lower temperature fluid return
into the thermoelectric heat exchanger to recycle the low-grade energy and provide part of the energy for
the heat production of the semiconductor heat exchanger. The cold fluid generated through the
semiconductor heat pump is mixed with the low-temperature fluid flowing from the casing heat
exchanger, flows into the tank, and further cooled with air to room temperature to maintain the smooth
cycle. 12 V (max 6 A) 4 × 4 cm Peltier element is used in the system. The view and technical
specifications of the Peltier element used are given in Fig. 3.

In this system, the laboratory design parameters were selected according to the local empirical values in
Qingdao as follows: indoor ambient temperature T = 25°C in summer (T = 35°C when there is no air
conditioner inside); ambient temperature T = 18°C in winter (T = 10°C when there is no air conditioner
inside). What’s more, the temperature of water supply unit is adjustable between 5°C and 60°C; the
volume of the circulating water tank is 0.2 L.
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Figure 2: Flow chart of thermoelectric heating and cooling system
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Figure 3: View and technical specifications of the peltier element

Technical specifications

Model TEC1-12706

Dimensions 4 cm × 4 cm × 0.38 cm

Vmax(V) 15 V

Imax(A) 4–6 A

Rm 2 Ω

4.2 System Simulation in TRNSYS
The heating and cooling system with the thermoelectric module is mainly studied by simulation using

the Transient System Simulation Program (TRNSYS), and the most distinctive feature of the system is the
modular analysis approach. By modular analysis, it is considered that all heat transfer systems consist of
several subsystems (i.e., modules). Every module implements a specific function, such as a water heater
module, a single temperature field analysis module, and an output module, etc. Therefore, by calling the
modules that implement these specific functions and given the input conditions, these module programs
can simulate a particular heat transfer phenomenon and finally synthesize to perform transient simulation
analysis of the whole system. As shown in Fig. 4, the gray block represents the component modules
provided by the software, and the blue block represents the modules constructed in this study. All the
TYP668 components in the system are the standard components which are featured below.

The weather data of the typical meteorological year in Qingdao are loaded in TYPE109-TMY2. The Qua
calculator passes the input parameters directly to the output devices TYPE65d and TYPE25c. TYPE65d is used
to determine whether the simulation can be interrupted immediately when the simulation is unreasonable.

The equation for the heat absorbed and released by Peltier can be found in [28], as in Eqs. (1)–(5).

Sm ¼ Vmax

Th0
(1)

Rm ¼ ðTh � DTmaxÞ � Vmax

Th0 � Imax (2)

Km ¼ ðTh � DTmaxÞ � Vmax � Imax
2Th0 � Imax (3)

Qh ¼ Sm � I � Th þ 1

2
Rm � KmðTh � TcÞ (4)

Qh ¼ Sm � I � Th � 1

2
Rm � KmðTh � TcÞ (5)
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where Sm, Rm, and Km are the Seebeck coefficient of the thermoelectric module, the electrical resistance of
thermoelectric module total thermal conductance, and thermal conductance of thermoelectric generation
module, respectively. I is the electrical current. Th and Tc are the hot and cold side temperatures,
respectively. Because both the hot and cold sides of the thermoelectric module make contact and heat
transfer with the water, the temperatures on two sides of the thermoelectric module can be regarded as the
water temperatures when steady-state is reached. The rate of cooling and heating is determined by Eqs.
(6) and (7).

Qr ¼ ðmcpDTÞHW (6)

Qa ¼ ðmcpDTÞCW (7)

Qr and Qa are the heat absorbed by the heat rejected to the hot water and cold water, respectively.
Subscripts HW and CW denote the hot and cold water, respectively.

From an electrical point of view, the power generated by a thermoelectric unit can be calculated
according to Eqs. (8)–(10).

We ¼ I � V (8)

V ¼ SmðTh � TcÞ þ RmI (9)

We ¼ I � V ¼ I � ½SmðTh � TcÞ þ RmI � ¼ ISmTh � ISmTc þ RmI
2 (10)

Experimental results from Çağlar [27] for the simultaneous use of cooling and heating effects in the
thermoelectric module to compare and verify the heat transfer temperature simulation in the proposed
Trnsys model. For verification, the temperature difference between the cold and hot ends given by the
experiment in case 1, when it reached at 1800 s, that is basically consistent with the conclusion of the model.

Figure 4: System simulation in TRNSYS
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5 Simulation Results

5.1 Temperature Effects from Varied Power Supply
The system was analyzed using software that simulates the system. The results are shown in Figs. 5 to 9 .

The Wh and Wc are the temperature of the water on the hot and cold side, respectively.

The changing of water temperatures with time are plotted in Fig. 5, the thermoelectric module is
provided with a voltage of 3 V and current of 1.5 A. At an initial temperature of 25°C, the water
temperature presents different temperature changes in the two pipelines with true-time, demonstrating that
two different operating conditions can be generated within the container using the thermoelectric module.
However, maximum hot temperature only reached 32°C while the minimum cold temperature is 24°C
with 3 V and 1.5 A (4.5 W). There is also a stable temperature difference between the hot and cold sides
of water (ΔT) at 6°C–7.5°C around 10 min after the initiation of simulation and remains stable for the
next 30 min. The heat generated by the thermoelectric module is not sufficient to produce a significant
change in the gas-liquid equilibrium. Thus, it is required to increase the power supplied to the module.

The view of the second prototype of the system proposed is given in Fig. 6. The initial water temperature
is still 25°C, while the power increases to 5 V and 3 A (15 W). After 30 min, the water temperature rises to
about 42.5°C, which is expected to rise to a higher level. However, the thermal side temperature is higher and
more applicable compared to the previous simulation. The temperature on cold side decreased in the first
10 min but increased over the remaining time. The temperature difference between the hot and cold sides
was also increased to 14°C–15°C. It is shown that the thermal effect of thermoelectric module is more
apparent with the power.

When the power is provided with 7 V, 3.5 A (24.5W), the temperature change of the hot and cold current
is shown in Fig. 7. The thermal side is more significant than that of 5 V, 3 A (15 W). However, at the same
time, the temperature difference between hot and cold water is also further increasing. Fortunately, the hot
temperature may rise and reach 52°C with a higher temperature difference at 22°C, but increased in the first
10 min grow with a faster rate. The cold side temperature showed a similar phenomenon while the speed of
change is relatively slow.
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Figure 5: Temperature (a) and temperature difference (b) using 3 V, 1.5 A
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This phenomenon has been occurred with a higher power supply, 9 V, 4.5 A (40.5 W) and 10 V, 5 A
(50 W), as shown in Figs. 8 and 9. The temperature were higher on the hot side, 65°C and 75°C, and on
the cold side, 37°Cand 63°C, respectively. Their temperature difference increased from 20°C to 27°C and
decreased from 27°C to 25°C or even less.

A possible explanation of this phenomenon is the accumulation of heat and the design of the experimental
device to obtain heat The ultimate aim is also to keep the thermal energy. On the other aspect, the energy supply
to the thermoelectric module continues to provide external energy to the system. Although the thermoelectric
module acts as a heat pump driving heat energy from one side to another side, additional heat accumulation
requires more work and the module fails to provide more energy. Finally, heat flows from the cold side to
the hot side by the law of thermodynamics. Even better, the thermoelectric module reaches 70°C and 75°C,
for most composite vapor production by air-liquid balance (i.e., ethanol). However, it should be noted that
there is still a problem with heat accumulation on the cold side, and it would be better if the cold side
temperature, i.e., temperature of the ambient water is lower than 25°C.
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Figure 6: Temperature (a) and temperature difference (b) using 5 V, 3 A
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Figure 7: Temperature (a) and temperature difference (b) using 7 V, 3.5 A
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5.2 Energy Conservation Analysis
The energy-saving effect of the system is reflected in two aspects, the energy saving of semiconductor

power and the waste heat recovery of the system.

5.2.1 Energy Saving Analysis of Thermoelectric Module
This system is novel that the application of semiconductor modules in the water-water heat exchange

experimental system can provide both cold and heat at the same time. By calculating the power
consumption required by the system and comparing the energy required to heat the water to a specific
temperature, 5 solutions are classified and discussed, namely case 1 (power supply 3 V, 1.5 A), case 2
(power supply 5 V, 3 A), case 3 (power supply 7 V, 3.5 A), case 4 (power supply 9 V, 4.5 A) and case 5
(power supply 10 V, 5 A). The water flow is controlled at 0.0005 kg/s.
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Figure 8: Temperature (a) and temperature (b) difference using 9 V, 4.5 A
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This conclusion can also be gathered from Eqs. (8) and (12).

Q ¼ mcpDT (11)

Firstly, the relationship between power consumption and heat transfer energy is analyzed. In Fig. 10, it
can be found that when the heating reaches the same cold and hot temperature, the power of electric heating is
always less than the required energy consumption. This also shows that under certain conditions, the use of
electric heating makes the energy provided by semiconductors more energy-efficient than ordinary heating.

5.2.2 System Waste Heat Recovery Analysis
The major advantage of this system is the design of the circulation channel, which avoids the need for

water supply from the upper and lower sides, and makes great use of the waste heat recovery. Then, the
thermodynamic performance of the energy flow of this system are analyzed.

Fig. 11 is a comparison of energy flow between ordinary electric water heaters and thermoelectric heat
pump water heaters. It can be seen from Fig. 10 that there is a fundamental difference between the two
pictures. In the figure, the meaning of each symbol is as follows: Q1, Q2, and Q3 represent the energy
contained in the inlet water, the energy taken away by the drainage, and the heat dissipation loss of the
system, respectively. We is the electric power consumed, Q4 is the energy of heat recovery. Analyze the
energy flow, the definition of energy efficiency ratio (EER) can be calculated according to Eq. (12).

EER ¼ mcpDT

We
(12)
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Figure 11: Comparison of energy flow between ordinary electric water heater and thermoelectric heat pump
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For an ordinary electric heating system, the EER can be calculated according to Eq. (13).

EER ¼ Q2 � Q1

We
¼ We þ Q1 � Q3 � Q1

We
¼ 1� Q3

We
(13)

Because Q3 is always greater than 0, EER is less than or equal to 1. If all the electrical energy of an
ordinary electric water heater is converted into heat energy, the energy efficiency depends on the heat loss
of the water heater itself, mainly the heat loss Q3, so its energy efficiency is always less than 1.

For thermoelectric heat pump hot water system: the EER can be calculated according to Eq. (14).

EER ¼ ðQ2 þ Q4Þ � Q1

We
¼ We þ Q1 þ Q4 � Q3 � Q1

We
¼ 1þ Q4 � Q3

We
(14)

For the thermoelectric heat pump hot water system,Q3 is mainly the heat dissipation loss of the hot water
outlet pipe. Because the pipeline is short and the water temperature for self-powered heating is not too high,
Q4 is greater than Q3, and EER > 1. So from the perspective of energy conservation, the energy conservation
of heat pump water heaters depends on Q4 instead of Q3. Therefore, the drain temperature determines the
energy-saving potential of the heat pump hot water system.

6 Conclusions

Studying the water system with thermoelectric module’s performance, the heat is sufficient to change the
vapor-liquid equilibrium of most compounds from the thermal side. However, the problem lies on the cold side
due to the heat build-up in the system, where the temperature is increased rather than lowered or kept at a lower
temperature. Some of the proposed solutions to this problem are either by improving the performance of the
thermoelectric module itself or by creating a mass and energy flow that removes excess heat from the system.

From the perspective of the entire system, the experimental system owns the advantage of small size,
simple mechanical equipment and piping system, high-precision temperature control only by adjusting the
input current. Based on the simulation results, some conclusions could be drawn as follows:

(1) After 30 min, the hot water temperature increased from 32°C to 75°C when the power increases
from 4.5 to 50 W. The temperature rise was increased about 2 times.

(2) Under different test conditions, the power consumption of heating with thermoelectric modules is
always about 22% less than the power consumption under the same conditions achieved by
using electric heating alone.

(3) The waste heat recovery method is used to make the system more energy conservation to a certain
extent.

(4) By increasing heat transferring stages, to solve the phenomenon that the temperature of the cold side
gradually increases due to the heat accumulation in the system. The solution can be carried out in
future studies, the results of which can be compared as further characterization studies of
thermoelectric modules.

Data Availability Statement: The date that support the findings of this study are available from the
corresponding author upon reasonable request.
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