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A B S T R A C T   

This experimental study demonstrates the possibility to enhance the performance of a low-temperature thermal 
energy storage system (~160 ◦C) based on airflow heating using electrical heaters by including thermoelectric 
technology. An improvement of the 17 % on COP is reached by using an optimized thermoelectric heat pump 
system to preheat the airflow, consisting of three one-stage and three pyramidal two-stage thermoelectric heat 
pumps sequentially installed along the airflow that is heating. 

This research experimentally analyses and compares the COP of three different configurations of thermo-
electric heat pumps: one-stage, square two-stage, and pyramidal two-stage thermoelectric heat pumps. The 
experimental study aims to characterize the operation of each configuration for heating an airflow of 16.5 m3/h 
at 25 ◦C as ambient temperature. To that purpose, the airflow inlet temperature, voltage supply, and voltage ratio 
between stages have been modified. 

The experimental results show that for 25 ◦C as inlet temperature the one-stage thermoelectric heat pump has 
the best performance with a maximum generated heat of 78 W. Whereas, a two-stage thermoelectric heat pump is 
required when the inlet temperature increases. At 40 ◦C as inlet temperature, the square two-stage configuration 
provides the best performance with a voltage ratio of 2, which reaches a COP of 3.29 generating only 20 W of 
heat. However, the pyramidal two-stage configuration is able to achieve the maximum heat outputs with a 
voltage ratio of 1, generating 172; 161; 149 and 138 W, with corresponding COP values of 1.17; 1.16; 1.14 and 
1.11 for inlet temperatures of 25; 40; 55 and 70 ◦C. This configuration is the one that achieves the greatest COP 
values with high inlet temperatures.   

1. Introduction 

The production and use of energy accounts for more than 75 % of the 
EU’s greenhouse gas (GHG) emissions [1]. Indeed, about the 39 % of the 
total EU CO2 emissions are produced from the electricity and heat pro-
duction [2]. According to European Green Deal targets, the enhance-
ment of renewable energy (RE) sources and the energy efficiency are the 
basis to reach the decarbonisation [1]. Therefore, European countries 
have promoted the installation of RE plants for the next years. For 
instance, in Spain the installation of new renewable power plants has 
been approved, increasing the installed power in 84 GW by 2030 [3]. 
This new scenario will change drastically the energy management, as RE 
sources, such as wind and solar, present a natural intermittency. Thus, 
the energy storage (ES) has been placed as the key for achieving carbon 
neutral future [4]. 

The interest augmentation has led to extensive research in the field of 

ES systems to store the surplus electric RE. There are different ES 
methods according to the form in which the energy is stored: electrical, 
mechanical, chemical, electrochemical, and thermal energy storage 
(TES) [5]. The TES seems to be a remarkably promising technology to 
cope with the variability of the REs, as it is able to balance the supply 
and demand for electricity, heating, and cooling [6]. Indeed, there is 
high expectances to combine heat and power (CHP) systems for sector 
coupling [7]. There are three different TES techniques such as thermo-
chemical, latent, and sensible heat energy storage [8]. The sensible heat 
storage (SHS) is the most mature technology. The SHS stores the RE in 
heat form by raising the temperature of a liquid or a solid material. Thus, 
the heat storage capacity depends on the specific heat capacity of the 
material and the temperature difference [9]. They are divided in two 
main groups depending on storing temperature [10]. The first group 
consists of those operating at temperatures above 200 ◦C. They have 
been widely used in solar thermal energy applications, where molten 
salts or steam as active storage material, while rocks, sand, and concrete 

* Corresponding author. 
E-mail address: patricia.arangureng@unavarra.es (P. Aranguren).  

Contents lists available at ScienceDirect 

Energy 

journal homepage: www.elsevier.com/locate/energy 

https://doi.org/10.1016/j.energy.2023.129447 
Received 24 May 2023; Received in revised form 13 October 2023; Accepted 22 October 2023   

mailto:patricia.arangureng@unavarra.es
www.sciencedirect.com/science/journal/03605442
https://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2023.129447
https://doi.org/10.1016/j.energy.2023.129447
https://doi.org/10.1016/j.energy.2023.129447
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2023.129447&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Energy 285 (2023) 129447

2

as passive storage material are used [11]. Then, the use of a conven-
tional steam Rankine cycle to reconvert the heat into electric power is 
typically used. The second SHS group operates at temperatures below 
200 ◦C and they are typically found in industrial [12] and commercial 
applications, such as air heating system, solar cooking, solar water boiler 
[13], and building heating/cooling applications [14]. In addition, the 
development of the organic Rankine cycle has opened a promising 
pathway for reconversion to electrical energy when a low-temperature 
SHS is used [15]. However, the efficiencies of these cycles are gener-
ally low, which is expected to be around 5–23 % when the heat source 
temperature is in between 100 and 200 ◦C [16], depending on operation 
conditions, working fluid and cycle configuration [17]. Thus, it is 
necessary to investigate about efficient technologies with low carbon 
emission to charge the SHS, in order to broaden its range of application 
in line with a renewable future. 

The technologies that convert the electric power into heat for storing 
in a SHS are denominated power-to-heat (PtH) devices [18]. The elec-
trical heaters stand out for their simplicity. They are based on an elec-
trical heater that makes energy conversion by Joule effect when the 
current passes through it. This PtH technology is typically found in 
residential and commercial applications [19]. However, the electrical 
heaters have a limited efficiency, generally near to 100 % [20]. Hence, 
the interest in using heat pump (HP) technology to produce heat from 
electricity has been raised up in the low-carbon future context [21]. This 
PtH technology works between two heat sinks, being able to pump the 
heat from the cold sink to the hot one. The parameter to evaluate the 
performance of HP is the Coefficient of Performance (COP), which re-
lates the generated heat with the consumed power. The generated heat is 
the sum of the heat absorbed from the cold sink and the electrical power 
consumed. Thus, the HP makes possible to achieve COPs above the unit. 
The most popular HP technology is the vapour compression heat pump 
(VCHP), which is based on an evaporator, a compressor, and a 
condenser. There are lots of HP configurations with different re-
frigerants and compressor types, such us, turbo, screw, twin screw or 
piston compressor, to improve their performance [22], where the COP 
values range in between 1.6 and 6 when the temperature lift between 
heat sinks is between 20 ◦C and 140 ◦C [22–24]. However, there are 
more HP technologies, such as thermoelectric heat pumps (TEHP). 

A TEHP uses no refrigerants, no moving parts and accurately controls 
the temperature, being this technology scalable. A TEHP is based on 
thermoelectric modules (TEMs) which are formed by two ceramic plates 

and a N number of thermocouples formed by n- and p-semiconductor 
junctions, connected thermally in parallel and electrically in series. 
When a current is supplied, the TEM works as a HP and pumps the heat 
from the cold sink to the hot sink by Peltier effect [25]. As other HP 
technologies, the higher the temperature difference between heat sinks, 
the lower COP values are [26]. Thus, there is an evident need to study 
different configurations to improve the TEHP performance with high 
temperature differences. Indeed, the vast majority of the studies are 
theoretical ones that want to enhance the performance by multi-stage 
TEHP configurations. However, they are focused on cooling applica-
tions [27], where different parameters optimization is studied [28–34]. 
For instance, Xuan et al. [30] demonstrated the need to use a multi-stage 
configuration to achieve high temperature differences between sinks. 
Two types of multi-stage TEHP are mostly found, square type two-stage 
TEHP (S-TTEHP), which have the same number of thermocouples in 
both stages with the same cross-sectional area, and pyramidal type 
two-stage TEHP (P-TTEHP) with different number of thermocouples 
between stages with different cross-sectional area. Chen et al. [31] 
studied a S-TTEHP with different thermocouple length, presenting an 
optimum current ratio between stages that improves the COP and the 
cooling capacity. Wang et al. [32] stated that there is an optimum 
relation of thermocouples number between stages for a P-TTEHP 
configuration ranged between 1.73 and 2.33 to improve the cooling 
capacity and the COP. Furthermore, Sun et al. [33] studied a P-TTEHP 
with different connection between stages (serial or parallel), where 
there is demonstrated that the parallel connected P-TTEHP saves about 
50 % of the power consumption compared to the series one under the 
same temperature difference. In fact, Zhang et al. [34] revealed the 
necessity of optimal operation current for each stage to enhance the 
cooling capacity of a P-TTEHP. As far as experimental studies are con-
cerned, very few can be found in the literature. The most recent are, the 
design and optimization of a cubic TTEHP by Liu et al. [35] and the 
application of commercial S-TTEHP on a semiconductor freezer by Liu 
et al. [36]. 

Instead, for heating application studies can be hardly found, and 
additionally, no one presents experimental studies. Chen et al. [37] 
optimized a TTEHP connected to a two-stage thermoelectric generator 
where the influence of different temperature heat sinks on the optimal 
current, heating capacity and COP have been studied. Nami et al. [27] 
compared the performance of single and two-stage thermoelectric heat 
pump by an energy, exergy and exergoeconomic point of view, 

Nomenclature 

A Airflow duct transversal section, m2 

ΔTair Airflow temperature lift, ◦C 
ΔT Difference between heated fluid outlet temperature and HP 

source temperature, ◦C 
ṁa Mass airflow, kg/s 
Q̇c Absorbed heat, W 
Q̇h Generated heat, W 
ρ Airflow density, kg/m3 

RcHX Thermal resistance of cHX, K/W 
Rv Voltage ratio (V2/ V1) 
Tamb Ambient Temperature, ◦C 
Ti

c TEMS cold face Temperature of i stage, ◦C 
Tcold Cold sink Temperature, ◦C 
Ti

h TEMs hot face Temperature of I stage, ◦C 
Thot Hot sink Temperature, ◦C 
Tin Inlet Temperature, ◦C 
Tout Outlet Temperature, ◦C 
Vi Voltage supply i stage, V 

va Airflow velocity, m/s 
Ẇe Power supply, W 

Acronyms 
cHX Cold-side Heat Exchanger 
COP Coefficient of Performance 
ES Energy Storage 
HP Heat Pump 
hHX Hot-side Heat Exchanger 
intHX Intermediate Heat Exchanger 
PtH Power to Heat 
P-TTEHP Pyramidal Two-Stage Thermoelectric Heat Pump 
SHS Sensible Heat Storage 
S-TTEHP Square Two-Stage Thermoelectric Heat Pump 
TEHP Thermoelectric Heat Pump 
TEM Thermoelectric module 
TES Thermal Energy Storage 
TTEHP Two-stage Thermoelectric Heat Pump 
VCHP Vapour compressed Heat Pump  
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demonstrating the better energy performance or the TTEHP configura-
tion. Finally, a study of Arora et al. [38] states that a parallel connection 
of an optimized PTEHP mode obtains higher COP values, compared with 
series connection between stages. Therefore, further research in TTEHP 
for heating applications is needed, especially through experimental re-
sults. In addition, there are many parameters that influence the perfor-
mance of TEHP, as was seen in the cooling studies that remain to be 
studied for heat pumps. 

In this work three different TEHP configurations based on commer-
cial TEMs have been developed, built and tested. A single-stage TEHP 
with one TEM, a S-TTEHP with two TEMs, one next to the other, and a P- 
TTEHP with one TEM in the first stage and two in the second stage 
connected by a phase-change intermediate HX. Experimental tests have 
been performed to analyse and compare the COP between each other in 
different operational conditions and to determine the adequate config-
uration as a function of temperature difference between sinks. To that 
purpose, air inlet temperature and voltage supply to each stage have 
been variated for each configuration. Finally, based on these experi-
mental results, the improvement of a power-to-heat system using ther-
moelectric technology has been studied. 

2. Methodology 

This experimental study wants to demonstrate that an optimized 
thermoelectric system is able to enhance the performance of a power-to- 
heat system. The optimized thermoelectric system consists of the com-
bination of different TEHP configurations located in series through a 
duct with the aim of heating an airflow. Hence, the performance of three 
different thermoelectric heat pump configurations are analysed and 
characterized for different operation conditions such as inlet tempera-
ture, voltage supplied and voltage ratio among stages. 

A single-stage, square two-stage and pyramidal two-stage TEHP have 
been designed based on commercial TEMs. The used TEMs are Marlow 
RC12-6-01LS [39], which consist of 127 thermocouples with a cross 
section area of 1.4 × 1.4 mm2, a length of 1.15 mm, and external 
dimension of 40 x 40 mm2. As it is shown in Fig. 1, different HXs con-
nected to the hot and cold faces of the TEMs to reject and absorb the 
heat, respectively, have been used. For all of them, there is a hot-side 
heat exchanger (hHX) to dissipate the heat to the airflow and a 
cold-side heat exchanger (cHX) to absorb the heat from the ambient, 
whereas in the P-TTEHP there is also an intermediate heat exchanger 
(intHX) that enables the heat transmission from the first to the second 
stage. 

The thermal resistance of these HXs plays an important role in the 
performance of TEMs. Astrain et al. [40] demonstrated how the use of 
HXs with low thermal resistance substantially improves the performance 
of the TEMs. In another work, Astrain et al. [41] improved the COP of a 
thermoelectric cooling system by a 26 % using a phase-change HX to 
dissipate the heat, comparing to an aluminium finned HX. Liu et al. [42] 

conducted a comparison of the use of a fan enhanced heat pipe as hHX 
for TEMs for heat dissipation, with five other different active and passive 
methods. Their results indicate that the use of fan-enhanced heat pipes 
provides the highest COPs. Thus, for the hHX the commercial 
phase-change HX from Jonsbo (CR-1400 ARGB) based on heat-pipe 
technology has been used. However, Aranguren et al. [43] showed 
that commercial phase-change HXs present almost twice thermal re-
sistances when they work absorbing heat instead of dissipating. There-
fore, for the cHX an aluminium finned HX has been developed, which 
has a base of 73 × 73 mm2 and 15 fins whose height, spacing and 
thickness are: 38.5; 3.4 and 1.6 mm, respectively. An axial flow fan was 
located facing the fins in order to control the ambient airflow. Finally, 
for the P-TTEHP configuration an optimized intHX has been used, which 
is based on phase change technology. This intHX is compound of 4 
commercial heat pipes of 8 mm in diameter and 200 mm of length, 
ATS-HP5D5L20S77W-148 [44]. In fact, there is a previous work where 
the thermal characterisation of the described HXs can be found for 
different operational conditions [45]. 

The experimental campaign done can be consulted in Table 1. The 
studied parameters are the airflow inlet temperature (Tin), the voltage 
supply to the first stage (V1) and the ratio of voltage between stages (Rv 

= V2/ V1). For all the cases an airflow of 16.5 m3/h is heated up in a 
controlled ambient temperature of 25 ◦C. The thermal resistance of the 
hHX is expected to be around 0.2 K/W, the cHX is working in its opti-
mum operation condition with a thermal resistance of 0.333K/W and 
the intHX will be operating depending on the amount of transmitted 
heat flux [45]. 

Each prototype has been tested separately, therefore a different test 
bench has been built for each one, as it is shown in Fig. 2. A commercial 

Fig. 1. Developed thermoelectric heat pump configurations: a) TEHP, b) S-TTEHP and b) P-TTEHP.  

Table 1 
Experimental study cases.  

Configuration Inlet Temperature 
(Tin) [◦C] 

Voltage Ratio (Rv =

V2/ V1) [− ] 
1st stage Voltage 
(V1) [V] 

TEHP 25, 40, 55, 70 – 
– 
– 
– 
– 

4 
6 
8 
10 
12 

S-TTEHP 25, 40, 55, 70 0.5 4, 6, 8, 10, 12 
1 4, 6, 8, 10, 12 
1.5 4, 6, 8 
2 2, 4, 6 

P-TTEHP 25, 40, 55, 70 0.5 4, 8, 12 
0.75 4, 6, 8, 10, 12 
1 4, 6, 8, 10, 12 
1.25 4, 6, 8, 10 
1.5 2, 4, 6, 8 
1.75 2, 4, 6  
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fan, upstream located, is used to control the airflow through the duct. 
The airflow rate has been determined by an anemometer which preci-
sion and accuracy are listed in Table 2. The aforementioned device 
measures the velocity of the air at eleven horizontal equidistant posi-
tions located along a diameter of the duct to assess the speed profile. The 
measuring point is separated 50 cm from the inlet, as well as 50 cm to 
the first element of the TEHP to ensure the speed profile is fully devel-
oped [46]. Downstream, commercial electrical heaters have been 
installed in order to control the inlet temperature to the corresponding 
TEHP. Finally, the tested thermoelectric heat pump system is installed in 
the end of the duct. All the test benches have been properly insulated to 
ensure no heat losses to the ambient. All tests have been carried out for 
at least 20 min under stationary conditions with a sampling frequency of 
30 s. 

To experimentally analyse the performance of the different pro-
totypes, various measurement devices have been installed. Their reso-

lution and accuracy are detailed in Table 2. Specifically, the following 
parameters have been measured: the airflow inlet temperature (Tin) and 
outlet temperature (Tout) of the TEHP, the ambient temperature (Tamb), 
the airflow velocity, represented in Fig. 2, and the cold (Ti

c) and hot (Ti
h)

TEM faces temperature, the voltage (Vi) and current (Ii) supply to each 
TEM, where the subscript i denotes the stage number, represented in 
Fig. 1. In case of the of the P-TTEHP, the second stage temperatures 
include an “a” or “b”, which mean their position in the direction of the 
airflow, being “a” the first TEM located in the flow, and “b” the second 
one. 

In order to analyse and compare the different configurations the 
coefficient of performance (COP) has been calculated. The COP relates 
the generated heat (Q̇h) with the power consumption (Ẇe), calculated by 
Eq. (1). For the calculation of Q̇h a novel energy balance methodology 
[45] has been used, using Eq. (2), where the heat generated is the sum of 
the absorbed heat (Q̇c) and TEMs power consumption. The Q̇c is ob-
tained by Eq. (3), which calculates the absorbed heat by the cHX thermal 
resistance. The Ẇe is the sum of the consumption of all TEMs that 
compound the thermoelectric prototype calculated by Eq. (4), where the 
voltage (Vi) and current (Ii) are the consumption of each TEM, being the 
subscript i the stage number. 

COP=
Q̇h

Ẇe
(1) 

Fig. 2. Test bench for experimental study of thermoelectric heat pumps: a) TEHP; b) S-TTEHP; and c) P-TTEHP.  

Table 2 
Resolution and accuracy of the measurement’s sensor used.  

Sensor Type Resolution Accuracy 

Temperature (◦C) NiCr Type K 0.1 ±0.5 
Voltmeter (V) ZA9900AB4 0.1 ±0.2 
Ammeter (A) ZA9901AB4 0.01 ±0.02 
Anemometer (m/ 

s) 
FVAD 35 TH4 0.001 ±0.04–1 % of measured 

value  
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Q̇h = Q̇c + Ẇe (2)  

Q̇c =
(
Tamb − T1

c

) /
RcHX (3)  

Ẇe =
∑(

ViIi
)

(4) 

Nevertheless, these obtained values of Q̇h have been compared with 
the typical Q̇h calculation methodology. In particular, Eq. (5) has been 
used, which depends on the air heating capacity (cp), the mass airflow 
(ṁa = ρAva), and the airflow temperature lift. Fig. 3 shows the corre-
lation of the Q̇h calculated by Eq. (2) and Eq. (5). The discrepancy in 
between these two empirical approaches to calculate the generated heat 
is considered below ±9 %, which confirms the reliability of this new 
methodology to analyse different thermoelectric heat pump configura-
tions based on commercial TEMs. Lower discrepancy would be obtain 
for the COP values. 

Q̇h =
(
ṁacp)(Tout− Tin

)
=
(
ṁacp

)
ΔTair (5) 

In the upcoming sections, a comprehensive analysis of each config-
urations is presented. The COP with respect to air heating is studied. 
Moreover, the behaviour of each TEHPs depending on the temperature 
of the heat sinks have been analysed. For the cold sink, the temperature 
will consistently remain at ambient temperature, while the temperature 
of the hot sink (Thot) is obtained using Eq. (6), which relates the air inlet 
and outlet temperature in the TEHP. Finally, a comparison study is 
carried out and an optimum thermoelectric system combining different 
configurations is obtained. 

Thot =(Tin + Tout) / 2 (6)  

3. One-stage thermoelectric heat pump 

In the forthcoming sections, the results of the experimentation will 
be analysed. Indeed, this section focuses on evaluating the performance 
of the single stage TEHP (Fig. 1 a). In Fig. 4 it is shown the COP with 
regard to the temperature lift in the airflow (ΔTair) for different inlet 
temperatures with a measured COP variation of ±6.77 %. As expected, 
an increase in the inlet temperature results in a decrease in the achieved 
COP. This can be attributed to the fact that, while the cold sink tem-
perature remains constant at ambient temperature, an increase in the 

inlet temperature causes a corresponding rise in the hot sink tempera-
ture, which is determined by Eq. (6). As a consequence, the temperature 
difference between heat sinks increases. 

For each inlet temperature, different experimental data points were 
obtained, corresponding to varying levels of voltage supply, i.e., 4, 6, 8, 
10, and 12 V. At lower inlet temperatures, the TEHP demonstrates 
satisfactory performance. However, for high inlet temperatures, 55 and 
70 ◦C, when the voltage supply is low, the TEHP is unable to transfer 
heat from the cold sink to the hot sink, resulting in unfeasible COP 
values. This phenomenon occurs due to the dominance of the Fourier 
effect over the Peltier effect. The Fourier effect describes the natural heat 
flow from the hot sink to the cold one due to temperature difference. 
This phenomenon intensifies as the difference between heat sinks tem-
peratures grows, which increases with the augmentation of inlet tem-
perature in this case. Instead, the Peltier effect defines the pumped heat 
from the cold sink to the hot one, which directly depends on the voltage 
supply. Therefore, in those cases the heat flows from the hot sink to the 
cold sink, effectively using the TEHP as a thermal bridge. Nevertheless, 
increasing the voltage supply accentuates the Peltier effect, allowing the 
TEHP to operate correctly. Moreover, there is demonstrated that a 
minimum voltage supply is required for high inlet temperatures, hence, 
large temperature difference between heat sinks. In this experimental 
study it is shown that for 55 and 70 ◦C inlet temperatures a minimum 
voltage supply of 6 V and 8 V is needed, respectively. Subsequently, an 
optimal voltage supply level can be identified in both cases. 

In addition, the TEHP configuration presents different varying 
maximum Q̇h for each inlet temperature, which decrease as the Tin in-
creases. The maximum heat outputs are attained at a voltage supply of 
12 V, which is the highest power consumption. Specifically, maximum 
heat outputs of 78.35; 68.84; 55.2 and 44.32 W are achieved, with 
corresponding COP values of 1.59; 1.47; 1.31 and 1.11, respectively, 
when Tin is 25; 40; 55 and 70 ◦C. 

Fig. 5 presents detailed information on all the experimental cases, 
including the temperatures of the heat sinks, the thermoelectric module 
faces and the COP for different voltage supplies and inlet temperatures. 
The TEHP power consumption is also indicated. The influence of 
increasing the inlet temperature of the hot sink temperatures is clearly 
evident, which is also dependent on the total generated heat by the 
TEHP. The cold sink temperature and the cold TEM face temperature are 
directly related with the amount of heat absorbed by the TEHP, as 
described in Eq. (3). In proper functioning of the TEHP, it is observed 
that the T1

c must be lower than Tamb, allowing the TEHP to absorb heat 
from the ambient, as is the case in the majority of the experimental 
scenarios. However, when T1

c is equal to Tamb, there is no heat transfer, 
and the TEHP works as an electric heater. This phenomenon is shown 
when the inlet temperature is 70 ◦C and a voltage supply is 8 V, resulting 
in a COP value close to 1. Furthermore, when T1

c has a higher temper-
ature value than Tamb, it means that the heat is being transferred from 
the TEHP to the ambient. In this case, two scenarios are possible. The 
first occurs when the TEHP dissipates heat to both heat sinks, resulting 
in a COP between 0 and 1. This is observed for an inlet temperature of 
55 ◦C and a 4 V supply, or a Tin of 70 ◦C and 6 V supply. The second 
scenario arises when the TEHP absorbs heat from the hot sink and dis-
sipates heat to the ambient, where the Thot is higher than T1

h and T1
c is 

higher than Tamb. This phenomenon is observed for high inlet temper-
atures and low voltage supplies, specifically in the case of an inlet 
temperature of 70 ◦C and a voltage supply of 4 V. 

4. Square two-stage thermoelectric heat pump 

This section presents an analysis of the performance of the S-TTEHP, 
which is based on two TEMs thermally connected in series, one on top of 
the other (Fig. 1 b). This configuration allows for independent variation 
of the voltage applied to each stage, a parameter to optimize in terms of 
TEHP operation. In this study, four different voltage ratios have been Fig. 3. Correlation of Q̇h calculated as in Eq. (2) and Eq. (5) for all experimental 

tests carried out. 

I. Erro et al.                                                                                                                                                                                                                                      



Energy 285 (2023) 129447

6

examined, where the voltage supply of the first stage TEM was varied 
between 2 and 12 V (Table .1). Fig. 6 shows the COP of all studied cases 
as a function of the temperature lift in the airflow for the different inlet 

temperatures and voltage ratios between stages with a measured COP 
variation of ±6.62 %. As with the TEHP, a higher inlet temperature 
leads to a lower COP due to the increased temperature difference 

Fig. 4. The COP and Q̇h of the TEHP with regard to the temperature lift in the airflow (ΔTair) for different inlet temperatures.  

Fig. 5. Detailed performance of TEHP for different inlet temperatures and voltage supplies: COP, Thot , Tamb, T1
h , T1

c , V1 and Ẇe.  

Fig. 6. The COP and Q̇h of the S-TTEHP with regard to the temperature lift in the airflow (ΔTair) for different inlet temperatures.  
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between stages. However, in the case of the S-TTEHP, it is not until a Tin 
of 70 ◦C that the system’s performance significantly deteriorates in some 
cases. 

Additionally, the S-TTEHP configuration enables the generation of 
higher heat fluxes, leading to the attainment of higher temperature lifts. 
The maximum Q̇h for each Tin is achieved with a voltage ratio of 1 be-
tween stages, which requires the highest power supply. Particularly, 
maximum heat outputs of 111.56; 106.08; 94.25 and 81.41 W are ach-
ieved, with corresponding COP values of 1.17; 1.16; 1.12 and 1.03, 
respectively, when Tin is 25, 40, 55 and 70 ◦C. 

Furthermore, an evident influence of Rv on the performance of the S- 
TTEHP is observed in Fig. 6, where it can be clearly seen that the ratio of 
0.5 presents the worst performance. However, for more detailed infor-
mation, Fig. 7 analyses the effect of Rv on the performance of the S- 
TTEHP for the same power consumption. Two ranges of power con-
sumption have been considered: consumption levels of 40 W and 60 W. 
The COP values and the temperatures of the heat sinks and the TEM 
faces for various cases are plotted in Fig. 7 for each particular case with 
specific Tin, V1 and Rv. 

Similar to the TEHP configuration, Fig. 7 demonstrates how an in-
crease in Tin increases the temperature difference between the heat 
sinks, leading to a decrease in COP. Moreover, the cases with higher 
power consumption demonstrate a lower COP. 

Regarding the analysis of voltage ratios, Fig. 7 shows that a Rv higher 
than one results in greater COP values in the S-TTEHP configuration 
with similar operating conditions when a similar power consumption is 
supplied with the same Tin. As previously mentioned, the Rv of 0.5 ex-
hibits the worst performance and hence, it has not been considered for 
further comparison. An Rv of 1 has been established as a reference for 
comparison. For a power consumption of 40 W, only cases with an Rv of 
1.5 have been found to be compared. COP improvements of 10.5 %; 6 % 

and 5.9 % are achieved by using a Rv of 1.5 when the inlet temperatures 
are 40 ◦C, 55 ◦C and 70 ◦C, respectively, reaching corresponding COP 
values of 1.58; 1.42 and 1.25 in each case. For power consumptions of 
60 W, Rv values of 1.5 and 2 can be compared to a Rv of 1. For the cases 
of a Tin of 55 ◦C and 70 ◦C, the Rv of 1.5 improves the COP value by 3.3 % 
and 5.5 %, resulting in COPs of 1.25 and 1.16, respectively. Whereas, for 
Tin 40 ◦C and 55 ◦C, a Rv of 2 enhances the performance by 9.2 % and 5.8 
%, resulting in COPs of 1.42 and 1.28, respectively. Therefore, the use of 
a Rv of 2 further improves the COP by 2.4 % more than using a voltage 
ratio of 1.5 in the case of a Tin of 55 ◦C. Thus, a ratio of 2 is assumed to be 
the one that makes the designed S-TTEHP configuration to work 
optimally. 

5. Pyramidal two-stage thermoelectric heat pump 

The third configuration studied in this research is the P-TTEHP, 
which is analysed in this section. The P-TTEHP is developed based on 
commercial TEMs and consists of two-stage configuration with a relation 
of thermocouples of two between stages (Fig. 1c). This is obtained by 
using one TEM in the first stage and two TEMs in the second stage, being 
the second stage TEMs electrically connected in parallel. Heat trans-
mission from the first stage module to the second stage modules is driven 
by the developed phase-change intHX [45]. 

The voltage ratios described in Table 1 have been studied to analyse 
the COP. Fig. 8 presents the obtained COP values as a function to the 
temperature lift in the airflow for different inlet temperatures and 
voltage ratios, with a measured COP variation of ±6.91 %. As in other 
configurations, higher inlet temperatures results in a lower COP of the P- 
TTEHP. However, this configuration exhibits only a few cases in which it 
performs poorly. These cases are related to low power supply, which is 
insufficient to pump heat form the cold sink to the hot one, facing 

Fig. 7. Detailed performance of S-TTEHP for different Tin, Rv and, V1: COP, Thot , Tamb, T2
h , T1

c and Ẇe, for two consumption levels a) 40 W, b)60 W.  

I. Erro et al.                                                                                                                                                                                                                                      



Energy 285 (2023) 129447

8

Fourier effect. 
P-TTEHP configuration allows for greater heat generation values, 

with the maximum heat outputs attained at a voltage supply of 12 V with 
a Rv of 1, which is the highest power consumption. Specifically, 
maximum heat outputs of 172.02; 161.62; 149.02 and 137.92 W are 
achieved, with corresponding COP values of 1.17; 1.16; 1.14 and 1.11, 
respectively, when Tin is 25, 40, 55 and 70 ◦C. 

In terms of the influence of Rv on the performance of P-TTEHP, Fig. 8 
shows that there is small effect on COP values for the voltage ratio range 
0.75–1.5. This property allows for the control of the technology without 
the need to work under specific optimum conditions. Therefore, it is 
convenient to examine the effect of different Rv while maintaining the 
same power consumption, in order to gain insights into the functionality 
of the developed P-TTEHP. Thus, a range of power consumption of 55 
and 75 W has been considered in order to analyse the influence of Rv. 
The COP values and the temperatures of the heat sinks and the TEM 
faces for various cases are plotted in Fig. 9 for each particular case with a 
specific Tin, V1 and Rv. In particular, the hot sink temperature is calcu-
lated by Eq. (6). The represented hot (T2

h ) and cold (T2
c ) temperatures of 

the second stage are obtained by averaging the hot and cold face tem-
peratures of both modules of the second stage, respectively. 

As expected, an increase in inlet temperature results in an increase in 
the hot sink temperature, resulting in lower COP values, as shown in 
Fig. 9. A slight variation of COP respect to the Rv is observed for each Tin. 
However, it is shown that different Rv values result in different 

temperature distributions along the P-TTHEP. When the Rv is close to 1, 
the temperature distribution between stages is more uniform and the 
TEMs of each stage works between similar temperature differences, thus 
each module gets an affordable performance. Instead, when the Rv tends 
to 0.5 or 1.75, the TEMs of one of the stages works between higher 
temperature differences, resulting in a worse TEM performance, and 
thus, worsening the overall performance. Hence, the optimal voltage 
ratio for the developed P-TTEHP configuration is found to be a Rv of 1. At 
this voltage ratio, with a power consumption of approximately 60W, the 
system is capable of achieving COP values of 1.40; 1.37; 1.32 and 1.26 
for inlet temperatures of 25, 40, 55 and 70 ◦C, respectively. Further-
more, the system is able to achieve outlet temperatures as high as 58.4; 
71.2; 81.3 and 94.9 ◦C for the aforementioned inlet temperatures. 

6. Comparison 

In this final section, the optimum voltage ratio of each configuration 
is considered to compare the performance of the three developed pro-
totypes. Fig. 10 shows the COP of the S-TTEHP with a Rv of 2, the P- 
TTEHP with a Rv of 1 and the TEHP as a function of the generated heat 
for different Tin. For an inlet temperature of 25 ◦C, the TEHP presents the 
best performance up to a heat generation of 78 W, with COP values 
higher than 1.5. However, to achieve higher Q̇h values, a P-TTEHP is 
required, which is able to generate 172 W with a COP of 1.17. Subse-
quently, when the Tin is raised up to 40 ◦C, it is observed that S-TTEHP 

Fig. 8. The COP and Q̇h of the P-TTEHP with regard to the temperature lift in the airflow (ΔTair) for different inlet temperatures.  

Fig. 9. Detailed performance of P-TTEHP for different Tin, Rv and, V1: COP, Thot , Tamb, T2
h , T2

c , T1
c , T1

h and Ẇe.  

I. Erro et al.                                                                                                                                                                                                                                      



Energy 285 (2023) 129447

9

provides the best performance, with a COP of 3.29 and generating 20 W 
of heat. Nevertheless, for higher Q̇h values, the three configurations 
exhibit similar performance, with the P-TTEHP generating the most Q̇h, 
resulting in 162 W with a COP of 1.16. Finally, for high Tin temperatures 

of 55 and 70 ◦C, the P-TTEHP presents the best performance and ach-
ieves excellent Q̇h values, generating 149 W with a COP of 1.14 and 138 
W with a COP of 1.11, respectively. 

Therefore, each configuration is optimum for specific working con-

Fig. 10. Comparison of COP of TEHP, S-TTEHP with a Rv of 2 and P-TTEHP with a Rv of 1 as a function of Q̇h for different inlet temperatures: a)25 ◦C, b)40 ◦C, c) 
55 ◦C and d)70 ◦C. 

Fig. 11. Temperature lift in the airflow and COP by combine TEHP and P-TTEHP for different voltage supply.  
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ditions, where the final application holds importance. In case large 
amounts of Q̇h and great COP values are required, a combination of 
TEHP and P-TTEHP appears to be the best choice. Hence, based on 
experimental data, the performance of these two configurations has 
been characterized as a function of inlet temperature. Fig. 11 presents 
the output temperature achievable with different combinations, the 
temperature lift of each technology, and the total COP of the thermo-
electric system obtained for heating an airflow of 16.5 m3/h with inlet 
and ambient temperatures of 25 ◦C. In this study the same voltage to all 
the TEMs is considered. As expected, the obtained COP decreases as the 
required outlet temperature increases because of the increment on 
temperature difference between heat sinks. Additionally, it is observed 
that to reach temperatures above 78 ◦C, the use of P-TTEHP is necessary, 
and the higher the outlet temperature, the greater is the contribution of 
the P-TTEHP. 

Finally, the possibility of including thermoelectric heat pumps into 
the charging process a low temperature sensible heat storage system is 
studied. The aim is to achieve a storage temperature of 160 ◦C, obtained 
by a combination of TEHPs and electrical heaters. Different combina-
tions of TEHP and P-TTEHP, with the same voltage supply in all TEMs, 
are considered to preheat an airflow of 16.5 m3/h with Tin of 25 ◦C. 
Fig. 12 shows the temperature increment of each thermoelectric 
configuration, as well as the COP of the airflow heating process 
(COPPtH). The electrical heaters would finish heating up the airflow, 
with a COP of 1, until the desired temperature of 160 ◦C. The optimal 
combination for this application is the use of three TEHPs followed by 
three P-TTEHPs with a voltage supply of 8 V, resulting in a COPPtH of 
1.17. Therefore, it is demonstrated that the optimized thermoelectric 
system can improve the performance of low temperature SHS systems 
heated by an airflow in a 17 %. 

6.1. Comparison with other heating technologies 

The aim of this section is to give an overview of different power to 
heat technologies that currently exist and are capable of reaching high 
temperatures (>80 ◦C), comparing them with the optimized TEHP- 
electrical heaters coupled system presented in the previous section. 
Table 3 presents the performance of various PtH technologies, where the 
source fluid, working fluid, heated fluid, source temperature, outlet 
temperature of the heated fluid, temperature difference between the 
outlet and the source temperatures (ΔT) and the COP values are 
detailed. Comparing with the vapour compression heat pump systems, 
the COPs obtained by the thermoelectric heat pumps are aligned with 
the ones obtained by the conventional heat pumps, performing both 
technologies always better than the electric heater. Additionally, the 
thermoelectric technology presents many other advantages in compar-
ison with VCHPs. One of the major advantages is that TEHPs do not use 
refrigerants. The use of refrigerants is becoming more and more 
restrictive due to the need to reduce greenhouse gas emissions and 
ensure no damage to the ozone layer. In addition, each refrigerant has its 
own operating restrictions according to its critical properties, which 

leads to a limitation of operating temperatures. Therefore, for high 
temperature lifts more complex VCHP configurations are used, such as 
two-stage HP, which lead to higher COP values, but a great increase in 
the number of components (compressors, expansion valves, pressure 
controllers, heat exchangers, etc.) leading to important increments on 
the costs of the systems and their operation and maintenance works. 
Moreover, thermoelectric technology presents many other advantages 
such as: easy control; no moving parts; modular technology; reliable; no 
need of auxiliary components; and delocalized installation. All these 
advantages make the proposed technology a simple and very cheap 
system, which is based on solid-state thermoelectric modules with one 
heat exchanger on each side, and would require minimal maintenance 
and operation costs. Thus, taking into account the mentioned advan-
tages, more research is needed in thermoelectric technology for heating 
application so that it can replace or complement existing PtH technol-
ogies in order to achieve the best performance. 

7. Conclusion 

The current climate situation carried out the need to decarbonise 
energy consumption by the penetration of REs into the energy mix. 
Heating and cooling sector are denominated as potential sector for the 
decarbonisation, as together with the electricity sector suppose nearly 
39 % of the total EU CO2 emissions. Heat pumps, due to their ability to 
reach a COP greater than one, are considered the best option for PtH as 
they convert renewable electricity into heat for direct use in residential, 
commercial, and industrial applications; or indirect use using SHS. This 
work experimentally compares different configurations of thermoelec-
tric heat pumps that heat an airflow of 16.5 m3/h at an ambient tem-
perature of 25 ◦C. Three different configurations have been developed 
based on commercial TEMs: a one-stage TEHP, a square two-stage TEHP 
and a pyramidal TTEHP. The COP of each configuration has been ana-
lysed with different inlet temperatures, varying voltage supply, and for 
the cases of TTEHPs for different voltage ratios. 

Through this experimental study, it has been demonstrated that a 
two-stage configuration is required for high amount of heat generation, 
where the P-TTEHP presents the greatest Q̇h values with a voltage ratio 
between stages of 1. Specifically, maximum heat outputs of 172.02; 
161.62; 149.02 and 137.92 W are achieved with corresponding COP 
values of 1.17; 1.16; 1.14 and 1.11, respectively, when Tin is 25, 40, 55 
and 70 ◦C. However, from the perspective of COP enhancement, TEHP 
and S-TTEHP configurations perform better performances at low inlet 
temperatures. For an inlet temperature of 25 ◦C, the TEHP presents COP 
values higher than 1.5, presenting a heat generation of 78 W, reaching a 
maximum COP of 4.13 with a heat generation of 23 W. Whereas, when 
the Tin is increased to 40 ◦C, the S-TTEHP provides the best performance 
with a Rv of 2, which reaches a COP of 3.29 generating 20 W of heat. 
Thus, each configuration is optimum for different specific working 
conditions, hence, the final application holds importance. 

Additionally, the potential of thermoelectric technology for heating 
has been demonstrated through a study combining TEHP and P-TTEHP 

Fig. 12. COP values for TEHP-electrical heaters coupling for PtH technology.  

I. Erro et al.                                                                                                                                                                                                                                      



Energy 285 (2023) 129447

11

configurations. Based on experimental results, the performance of both 
configurations has been characterized as a function of inlet temperature 
for heating an airflow of 16.5 m3/h at an ambient temperature of 25 ◦C. 
It has been demonstrated the TEHP is feasible for applications that 
require airflow heating below 78 ◦C, whereas for higher temperatures, 
the use of P-TTEHP is necessary. However, by combining both config-
urations, it is possible to achieve greater COP values for the same outlet 
temperature. Moreover, the higher the outlet temperature, the greater is 
the contribution of the P-TTEHP. 

Finally, the enhancement of a low temperature SHS system based on 
electrical heaters by using an optimized thermoelectric system has been 
studied. This system consists of a combination of 3 TEHP followed by 3 
P-TTEHP. An optimum voltage supply of 8 V improves the COP of the 
PtH process for storing heat at 160 ◦C by a 17 %. Thus, this study has 
provided experimental evidence of the potential of thermoelectric 
technology as a heat pump for heating applications. Moreover, for the 
first time, it has been experimentally demonstrated that thermoelectric 
devices have high capacities under different working conditions, where 
different configurations and voltage ratios are required. Therefore, 
further research on thermoelectric technology for such applications is 
necessary, considering the numerous parameters and variables yet to be 
studied. 
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[10] Fernandes D, Pitié F, Cáceres G, Baeyens J. Thermal energy storage: “How previous 
findings determine current research priorities.”. Energy 2012;39:246–57. https:// 
doi.org/10.1016/J.ENERGY.2012.01.024. 

[11] Gil A, Medrano M, Martorell I, Lázaro A, Dolado P, Zalba B, et al. State of the art on 
high temperature thermal energy storage for power generation. Part 1—concepts, 
materials and modellization. Renew Sustain Energy Rev 2010;14:31–55. https:// 
doi.org/10.1016/J.RSER.2009.07.035. 

[12] Kalogirou S. The potential of solar industrial process heat applications. Appl 
Energy 2003;76:337–61. https://doi.org/10.1016/S0306-2619(02)00176-9. 

[13] Aneke M, Wang M. Energy storage technologies and real life applications – a state 
of the art review. Appl Energy 2016;179:350–77. https://doi.org/10.1016/J. 
APENERGY.2016.06.097. 

[14] Tawalbeh M, Khan HA, Al-Othman A, Almomani F, Ajith S. A comprehensive 
review on the recent advances in materials for thermal energy storage applications. 
International Journal of Thermofluids 2023;18:100326. https://doi.org/10.1016/ 
J.IJFT.2023.100326. 

Table 3 
Performance of different heating HP technologies.  

Technology Source 
Fluid 

Working 
Fluid 

Heated 
Fluid 

Source Temperature 
[◦C] 

Outlet Heated Fluid 
Temperature [◦C] 

ΔT 
[◦C] 

COP 
[− ] 

Optimized TEHP system hybridized with 
Electric Resistors 

Air – Air 25 60 35 2.02 
80 55 1.57 
120 95 1.28 
160 135 1.17 
200 175 1.14 

Electric Heater [47] Air – Air 25 80 
160 

55 
135 

1 
1 

Single-stage HP [48] Water R1234ze(Z) Water 40 
50 

100 
120 

60 
70 

1.4 
1.25 

Single-stage HP [49] Water R1336mzz 
(Z) 

Water 60 130 70 1.4 

Single-stage HP [49] Water R1224yd(Z) Water 70 140 70 1.5 
Single-stage HP with IHX [48] Water R1234ze(Z) Water 40 120 80 1.37 
Two-stage HP [48] Water R1234ze(Z) Water 40 150 110 1.53  

I. Erro et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/J.BUILDENV.2005.11.001
https://doi.org/10.1016/J.SEGAN.2022.100941
https://doi.org/10.1016/J.SEGAN.2022.100941
http://refhub.elsevier.com/S0360-5442(23)02841-4/sref4
https://doi.org/10.1016/J.RSER.2016.07.028
https://doi.org/10.1016/J.RSER.2016.07.028
https://doi.org/10.1016/J.ENERGY.2021.122207
https://doi.org/10.1016/J.ENERGY.2021.122207
https://doi.org/10.3390/en14248195
https://doi.org/10.1016/j.rser.2012.10.025
https://doi.org/10.1016/J.ENERGY.2020.117501
https://doi.org/10.1016/J.ENERGY.2020.117501
https://doi.org/10.1016/J.ENERGY.2012.01.024
https://doi.org/10.1016/J.ENERGY.2012.01.024
https://doi.org/10.1016/J.RSER.2009.07.035
https://doi.org/10.1016/J.RSER.2009.07.035
https://doi.org/10.1016/S0306-2619(02)00176-9
https://doi.org/10.1016/J.APENERGY.2016.06.097
https://doi.org/10.1016/J.APENERGY.2016.06.097
https://doi.org/10.1016/J.IJFT.2023.100326
https://doi.org/10.1016/J.IJFT.2023.100326


Energy 285 (2023) 129447

12

[15] Qyyum MA, Khan A, Ali S, Khurram MS, Mao N, Naquash A, et al. Assessment of 
working fluids, thermal resources and cooling utilities for Organic Rankine Cycles: 
state-of-the-art comparison, challenges, commercial status, and future prospects. 
Energy Convers Manag 2022;252:115055. https://doi.org/10.1016/J. 
ENCONMAN.2021.115055. 

[16] Fiaschi D, Manfrida G, Rogai E, Talluri L. Exergoeconomic analysis and comparison 
between ORC and Kalina cycles to exploit low and medium-high temperature heat 
from two different geothermal sites. Energy Convers Manag 2017;154:503–16. 
https://doi.org/10.1016/j.enconman.2017.11.034. 

[17] Rahbar K, Mahmoud S, Al-Dadah RK, Moazami N, Mirhadizadeh SA. Review of 
organic Rankine cycle for small-scale applications. Energy Convers Manag 2017; 
134:135–55. https://doi.org/10.1016/J.ENCONMAN.2016.12.023. 

[18] Maruf MdNI, Morales-España G, Sijm J, Helistö N, Kiviluoma J. Classification, 
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