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A B S T R A C T   

The need to reach a full energy decarbonisation is well known. Heating and cooling consumption is almost half of 
the global energy end-use. Thus, development of low-carbon and highly efficient power-to-heat technologies 
must be developed. In this work, the use of thermoelectric technology working as a heat pump is proposed to 
heat up an airflow of 38 m3/h. Two different prototypes of multistage thermoelectric heat pumps have been 
developed and compared based on monophasic and phase-change intermediate heat exchangers. The reduced 
thermal resistance obtained for the novel phase-change heat exchanger increases the heat flux supplied to the 
airflow and reduces the consumed power of the system, outperforming the operation of the monophasic ther-
moelectric heat pump between a 30 and a 67 %. The novel multistage phase-change heat pump obtains 
experimental COP values between 3.25 and 1.26 when the airflow rises its temperature from 3.5 ◦C to 23.5 ◦C. 
Additionally, this experimental study proves a new methodology to calculate the supplied heat flux to the 
airflow. The validation of this technology proves a discrepancy of ± 9 % when this novel technology is compared 
to the conventional one based on the airflow temperature rise.   

1. Introduction 

The need to diminish greenhouse gas emissions in order to stop the 
climate change is generally known. As the International Renewable 
Energy Agency (IRENA) reveals, the energy system electrification is a 
top priority in the short and medium term to reach a full decarbonisation 
and to keep the rise in global temperatures below 2 ◦C [1]. In addition, 
the current geopolitical situation due to the invasion of Ukraine has 
increased the necessity to reduce the dependence on fossil fuels. In this 
line, electrification of the energy system must be combined with high 
penetration of renewable energies into the energy mix [2]. For this 
reason, European Union countries have set ambitious targets in line with 
the 2050 objectives in pursuit of a 100 % renewable future [3]. Thus, 
clean electricity becomes the principal fuel in the current energy tran-
sition. Energy demand is classified in four principal final uses: residen-
tial, commercial, industrial and transportation. In 2021, heat and 
cooling consumption accounted for almost 50 % of the global energy 
end-use, where the share of natural gas in the heating mix was over 40 % 
in the European Union and more than 60 % in the United States [4]. 
Therefore, the development of low-carbon and high-efficient electric 
Power-to-Heat (PtH) technologies has become necessary. 

The most straightforward PtH devices are the electrical resistance 
heaters. The conversion of electrical power into heat energy is driven by 
Joule effect due to the current flow through a resistor. This PtH process 
achieves an efficiency of 100 %, transforming all consumed electricity 
into heat energy [5]. The major advantages of this technology are its 
scalability and ease of control. They are generally used for heating de-
mand in residential and the industrial sector as electric boilers or electric 
heaters for water and space heating [6], which typically are provided as 
storage heaters or convection heaters, respectively [7]. Electrical resis-
tance heaters are often used in industrial and agricultural procedures 
where the temperature control has high importance [8,9]. 

A promising PtH technology is the use of heat pumps for heating. In 
2021 the use of heat pumps (HPs) reached to 190 million units for 
heating [4]. Moreover, in the Net Zero Emissions by 2050 Scenario, the 
installed HPs are pretended to reach 600 million units by 2030 [10]. The 
interest augmentation on heat pumps arises from their capacity of 
achieving better heating performance than electrical heaters, as the heat 
dissipated by a heat pump is the sum of the heat absorbed from the cold 
reservoir and the electrical power consumption. Up until now, the most 
used HP technology is the vapour compression heat pump (VCHP) that is 
based on a cycle that incorporates many components as an evaporator, a 
compressor, a condenser, and an expansion device, along with security 
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elements. However, an alternative to VCHP is the use of thermoelectric 
modules (TEMs) working as a heat pump. When a current is supplied, 
the TEM pumps the heat from the cold reservoir to the hot reservoir by 
the Peltier effect [11], performing as a thermoelectric heat pump 
(TEHP). This technology presents many advantages such as compact-
ness, noiseless, no refrigerants, scalability, easy and accurate tempera-
ture control, reliability, and no moving parts. Additionally, 
thermoelectric heat pumps are often used in dehumidifiers [12], water 
heaters [13], clothes dryers [14], water generators [15] and other 
applications. 

In recent years there has been an increase in the interest in the use of 
TEHPs in heating and air conditioning for buildings [16–19]. Lim et al. 
[16] optimized the arrangement and spacing of TEMs to obtain uniform 
temperature distribution on the surface of a thermoelectric radiant 
cooling panel for air-conditioning. Kim et al. [17] studied the use of 
TEHP for heating energy-efficient buildings, where they optimized the 
number of TEHP and current supply for three different cases: air-to-air 
heat exchanger, earth-to-air heat exchanger and no additional heat 
exchanger. Diaz de Garayo et al. [18] proposed a heating and cooling 
ventilation air conditioning system based on the combination of an air- 
to-air TEHP with phase-change heat exchangers. Hou et al. [19] studied 
the performance of a thermoelectric heat pump with recirculation and 
regenerative heat recovery. All those studies demonstrates the potential 
of the use of thermoelectric technology in buildings air-conditioning. 
Nevertheless, it can be noted how the temperature difference between 
reservoirs affects directly the TEHP performance. The higher the tem-
perature difference between the hot and cold reservoirs, the lower COP 
of a TEHP becomes [17–20]. For this reason, it is necessary to study 
advanced TEHP configurations to enable a better performance when 

high temperature differences are necessary, extending the thermoelec-
tric heat pump working range to other scenarios. 

Thus, the interest in multistage thermoelectric heat pump (MTEHP) 
configurations shows up, which have been largely studied from a 
computational point of view for heat pumps in cooling applications 
[21–24]. All these studies present the dependency of MTEHP on multiple 
variables, such as: electric connection of stages, total applied voltage; 
voltage ratio between stages; inter-stage thermal resistance; and ther-
mocouple properties such as number, area, length, ratio of thermocou-
ples between stages and distribution. Wang et al. [21] stated that a ratio 
of the number of thermocouples between stages among 1.73–2.33 ach-
ieves maximum COP values and maximum temperature differences 
when a uniform temperature distribution between stages is conducted. 
Sun et al. [22] demonstrated that a parallel-connected MTEHP with a 
ratio of the number of thermocouples of 2 and optimized voltage ratio 
exhibits a power consumption reduction of approximately 50 % when 
compared to the series configuration. Chen et al. [23] analysed the effect 
of the intermediate ceramic layer thickness between stages on COP 
values demonstrating that the reduction of the inter-stage thermal 
resistance improves the overall performance. Cheng et al. [24] opti-
mized the applied electrical current and the number of thermocouples of 
each stage, taking into account the effect of contact and spreading 
thermal resistance between stages. 

Regarding TEHP for heating applications, the research on MTEHP is 
scarce, and it has only been conducted by computational means. Chen 
et al. [25] demonstrated that exists an optimal ratio of number of 
thermocouples between stages. Nami et al. [26] computationally 
demonstrated that using a thermoelectric heat pump with more than one 
stage results in better performance than a simple system for heating, 

Nomenclature 

A Airflow duct area, m2 

a Equivalent contact radius (√(Am/π)), m 
Ae Monophasic intHX heat transfer area, m2 

Am TEM area/contact area, m2 

b Equivalent plate radius (√(Ae/π)), m 
Bi Biot number 
b2

R Systematic standard uncertainty 
COP Coefficient of performance 
cp Heating capacity, J/kgK 
ΔTsources Temperature differences between sources, ◦C 
I Current supply, A 
k Thermal conductivity, W/mK 
L Monophasic intHX length, m 
ṁa Mass airflow (ρAv), kg/s 
Q̇ Heat flow, W 
Q̇c,i Absorbed heat flow by i MTEHP, W 
Q̇h,i Generated heat flow by i MTEHP, W 
R Thermal resistance, K/W 
RcHX Cold side HX thermal resistance, K/W 
Rcond Conduction thermal resistance, K/W 
RhHX Hot side HX thermal resistance, K/W 
RintHX Intermediate HX thermal resistance, K/W 
Rspread Spreading thermal resistance, K/W 
S2

R Random standard uncertainty 
t Monophasic intHX thickness, m 
T Temperature, ◦C 
Tair Airflow temperature ((Tin,i + Tout,i)/2), ◦C 
Tamb Ambient temperature, ◦C 
Tj

c,i Cold temperature of j stage of i MTEHP, ◦C 

Tcold Cold temperature of a HX, ◦C 
Tj

h,i Hot temperature of j stage of i MTEHP, ◦C 
Thot Hot temperature of a HX, ◦C 
Tin,i Inlet temperature of i MTEHP, ◦C 
Tinsu Insulation temperature, ◦C 
Tout,i Outlet temperature of i MTEHP, ◦C 
UR Expanded uncertainty at 95 % level of confidence 
V Voltage supply, V 
v Airflow velocity, m/s 
w Monophasic intHX width, m 
Ẇe,i TEMs power consumption of i MTEHP, W 

Acronyms 
cHX Cold side heat exchanger 
GWP Global warming potential 
HX Heat exchanger 
HP Heat pump 
hHX Hot side heat exchanger 
intHX Intermediate heat exchanger 
MTEHP Multistage Thermoelectric Heat Pump 
PtH Power to heat 
TES Thermal energy storage 
TEHP Thermoelectric heat pump 
TEM Thermoelectric module 
VCHP Vapour compression heat pumps 

Greek Symbols 
ε Dimensionless contact radius (a/b) 
λc Empirical parameter given by Eq(4) 
ρ Density, kg/m3 

τ Dimensionless plate thickness(t/b) 
Ψ Dimensionless Constriction resistance  
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being able to operate at higher temperature differences with higher COP 
values. Chen et al. [27] optimized a two-stage TEHP connected to a two- 
stage thermoelectric generator where the influence of different tem-
perature heat sinks on the optimal current, heating capacity and COP 
have been studied. Arora et al. [28] stated that a parallel connection of 
an optimized MTEHP, compared to series connection between stages, 
obtains higher COP values for heating. Nevertheless, none of these re-
searches focus on the study of the thermal behaviour of the heat inter-
mediate HXs (intHXs) and its influence on the operation of the whole 
TEHP for heating applications. The computational studies include 
negligible influence of the intermediate HXs [25–28] when it is known 
that this thermal resistance affects the operation of MTEHP [23,24]. 

In this work the influence of the intHX on MTEHPs intended to 
efficiently heat up an airflow has been experimentally evaluated. To that 
purpose, two different multistage TEHPs using different intermediate 
HX between stages have been designed and experimentally tested for the 
first time. A phase-change intHX has been developed to quantify the 
operation improvement of a MTEHP when compared to a MTEHP 
equipped with a conventional intHX. To that purpose, firstly, the two 
different intHX have been designed, developed and thermally charac-
terized. Then, the two MTEHP full prototypes, each one including each 
type of intHX, have been built and tested in order to quantify the 
operation improvement when optimising the intHX. In addition, a novel 
method for calculating the COP based on the energy balance of a TEHP is 
proposed and validated with experimental results. 

2. Components description 

The literature shows different studies of multistage thermoelectric 
heat pump for different applications. However, no one has studied the 
influence of using different intermediate heat exchangers in a multistage 
configuration for a heating applications. In the present study, two 
MTEHP prototypes are built to experimentally study their performance 
and quantify the influence of the intHX on their COP. The prototypes are 
based on commercial modules from Marlow, RC12-6-01LS. Each module 
is composed of 127 thermocouples with a cross section area of 1.4 x 1.4 
mm 2, a length of 1.15 mm, and external dimension of 40 x 40 mm2 [29]. 
Each MTEHP has been designed with a two-stage configuration and a 
ratio of number of thermocouples between stages of two, one module in 
the first stage and two in the second one, following the optimum values 
that could be encountered in the literature [26]. 

The heat exchangers included into a TEHP play a crucial role on the 
operation of the system. Indeed, it has been demonstrated how the use of 
HX with a low thermal resistance (R) substantially improves the 

performance of the thermoelectric systems [30]. Each developed 
MTEHP prototype presents three HXs: the hot-side heat exchanger 
(hHX), the intermediate heat exchanger and the cold side heat 
exchanger (cHX), as shown in Fig. 1. 

For the hHX the commercial, CR-1400 ARGB (Jonsbo) phase-change 
HX has been used to dissipate the generated heat. This heat exchanger 
includes 4 “ U shape” copper heat pipe tubes with an external diameter 
of 6 mm and a total length of 300 mm. Additionally, 41 aluminium fins 
are included to improve heat dissipation. In contrast, a finned dissipater 
has been fabricated to use it as the cHX for absorbing the heat from the 
ambient. It is based on an aluminium finned block with a base of 73 x 73 
mm2 and 14.5 mm of height, with 15 fins which height, spacing and 
thickness are: 38.5; 3.4 and 1.6 mm, respectively. In addition, a 1.5 thick 
groove has been made in the cHX base to introduce a sensor to measure 
the temperature of the cold side (T1

c,i) of the thermoelectric module. 
Additionally, an axial flow fan was located facing the fins in order to 
control the ambient airflow. Regarding the intHX, two different inter-
mediate heat exchangers have been developed, each one based on a 
different heat transfer mechanism in order to measure their influence on 
the performance of the system. 

2.1. Monophasic intHX 

The monophasic intHX is based on heat transfer by conduction 
phenomena through a solid-state material. In this case, an aluminium 
block has been used. The design should have the lowest total thermal 
resistance (R), which is calculated by Eq.(1). 

R = Rcond +Rspread (1)  

The conduction thermal resistance (Rcond) is calculated by Eq. (2), which 
represents the resistance of the object to the heat flow, where t stands for 
thickness of the aluminium block, k is the thermal conductivity and Ae 
represents the heat transfer area. 

Rcond =
t

kAe
(2)  

However, when heat is transferred through a solid material the 
spreading phenomenon appears when the heat source does not match 
the heat transfer area. The spreading thermal resistance (Rspread) occurs 
when the heat flows out of a narrow region into a larger cross-sectional 
area. In this prototype, the heat from the 1st stage TEM needs to be 
spread into a higher area, the 2nd stage TEMs and therefore the 
spreading phenomena appears. The Rspread can be calculated by Eq. (3) 
[31], where Ψ is the dimensionless spreading resistance, calculated 

Fig. 1. Designed multistage TEHP with different intHX: a) monophasic intHX and b) phase-change intHX.  

I. Erro et al.                                                                                                                                                                                                                                      



Thermal Science and Engineering Progress 47 (2024) 102298

4

according to Eq.(4). Am is the area of a thermoelectric module, Bi rep-
resents Biot number, λc is an empirical parameter given by Eq. (5), τ is 
the dimensionless monophasic heat exchanger thickness and ε is the 
dimensionless contact radius. This expression is valid for a ε range from 
0.05 to 0.833 with Biot numbers higher than zero [31]. Therefore, 
depending on the dimensions, Rspread may present higher values than the 
conduction thermal resistance. 

Rspread =
Ψ

k
̅̅̅̅̅̅
Am

√ (3)  

Ψ =
1
2
(1 − ε)3/2 tanh(λcτ) + λc

Bi

1 + λc
Bi • tanh(λcτ)

(4)  

λc = π +
1̅̅
̅̅̅

πε
√ (5)  

Looking to the previous expressions, a thick block would help the 
spreading resistance, however, this would increase the conductive 
thermal resistance. Thus, an optimum value is needed to develop the 
most efficient intHX. A steady state thermal computational study using a 
CFD software was carried out in order to get the lowest R value for the 
monophasic intHX. The monophasic intHX is made out of aluminium 
and presents a rectangular geometry, with a length (L) of 150 mm and a 
width (w) of 40 mm, due to assembly restrictions. This study optimises 
the thickness (t) of the monophasic intHX (the distance between the 1st 
stage TEM and 2nd stage TEMs) to reach the minimum thermal resis-
tance. The study considers an entering area for the heat flow from the 1st 
stage TEM, and two dissipation areas, 2nd stage TEMs, of 40 x 40 mm2, 
as Fig. 2 a) shows. Heat flows of 50, 75 and 100 W have been analysed. 
Fig. 2 a) presents the temperature contour of the simulations and Fig. 2 
b), presents the results where the minimum value of thermal resistance 
is 0.13 K/W with a thickness of 33 mm. 

2.2. Phase-change intHX 

A novel intHX based on liquid–gas phase-change has been developed 
in order to thermally connect the different stages in the developed 
MTEHP. The main advantage of using a phase-change heat exchanger is 
its capacity to spread the heat uniformly, aspect which is very beneficial 
for the thermal resistance of the system [30]. The proposed prototype 
uses heat pipes, where a phase-change cycle of the water happens. The 
heat load that emits the 1st stage provokes evaporation of the water that 
is near the TEM, the vapour travels to the ends of the heat pipes, where 
the TEMs of the 2nd stage absorb the heat, making the water to 
condensate, as Fig. 3 shows. 

For this application, the designed intHX needs to be compact, robust, 
lightweight, ensure a good contact with the TEMs and it should be able 
to efficiently transfer the heat. Therefore, a custom made phase-change 

intHX has been built from 4 commercial heat pipes of 8 mm in diameter 
and 200 mm of length, ATS-HP5D5L20S77W-148 [32]. The tubes have 
been embedded in three different aluminium supports and the contact 
areas with the TEMs have been polished to improve the contact between 
the tubes and the modules, as it is shown in Fig. 4. The heat pipe tubes 
are in direct contact with the TEMs to ensure a minimum contact ther-
mal resistance as well as the embedding process has been carefully 
performed to ensure the best thermal resistance. 

3. Thermal characterization of the heat exchangers 

An accurate methodology has been used in order to thermally 
characterize the different heat exchangers used in both prototypes [33]. 
The thermal resistance of the heat exchangers is obtained using Eq. (6), 
which relates the temperature difference between the hot (Thot) and cold 
(Tcold) side of the HX that transfers the heat flow (Q̇). A heating plate 
with a heat transfer area of 40 x 40 mm2 has been used to control the 
heat flow through the HXs. By measuring its input voltage (V) and 
current (I) the heat flow is obtained using Eq.(7). Additionally, Table 1 
presents the description of the measuring elements used, including their 
resolution and accuracy. 

R =
(Thot − Tcold)

Q̇
(6)  

Q̇ = V • I (7)  

The thermal characterization tests for the different heat exchangers has 
been carried out inside a climate chamber at 26 ◦C. Fig. 5 shows the 
different assemblies used for each heat exchanger, as well as the location 
of the measurement proves used to calculate their thermal resistance. 
Table 2 includes the developed tests for each heat exchanger, where the 
heat flow (Q̇) and airflow rate (vA) values were variated. The heat flow 
values are different for each heat exchanger, following their final 
operation at the MTEHP. For the hHX and cHX the airflow rate has been 
determined by measuring the velocity of the air in the duct at eleven 
horizontal equidistant positions to assess the speed profile. The 
measured point is separated 50 cm from the inlet to make sure the speed 
profile is fully developed, using an anemometer which precision and 
accuracy are listed in Table 1 [20]. Additionally, all the test benches 
have been properly insulated with rock wool to ensure no heat losses to 
the ambient. The latter fact is controlled by the temperature measure-
ment of the insulation (Tinsu), which for all the test the temperature 
difference between the ambient and the external side of the insulation 
was negligible, being less than 1 ◦C. All tests have been carried out for at 
least 15 min under stationary conditions with a sampling frequency of 
30 s. Besides, each test was replicated three times in order to reduce the 
uncertainty of the measurements. 

Fig. 2. Steady state thermal study for thickness optimization a) Temperature distribution b) Total, spreading and conduction thermal resistance as a function 
of thickness. 
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The experimental uncertainty of the obtained thermal resistances 
have been calculated using Eq. (8), where the coefficient 2 corresponds 
to a confidence interval of the 95 %, bR is the systematic standard un-
certainty and sR stands for the random standard uncertainty for the 
measurement [34]. 

UR = 2(b2
R + s

2
R)

1/2
(8)  

3.1. Hot and cold side heat exchangers 

For the hHX (Fig. 6. a), both, the airflow rate and the dissipated heat 
flow have an effect on its thermal resistance values. The chosen hHX 
presents a RhHX between 0.1 and 0.37 K/W depending mostly on the 
airflow rate, since this heat exchanger is designed to operate in a heat 
flow range around 100 W. The higher the airflow rate the lower the 
thermal resistance is. High airflow rate improves the convective coeffi-
cient, increasing the heat transmission from the hHX to the airflow. For 
the experimental tests of the final prototypes, the heated airflow has 
been selected to be 38 m3/h, so the hHX thermal resistance is going to be 
around 0.1 K/W. 

Lastly, as it was expected, the thermal resistance of cHX (Fig. 6. b) is 
constant for the different heat supplies, decreasing its value when the 
mass airflow increases. For the experimental tests of the final prototype 
the highest mass airflow has been used for the cHX, presenting a thermal 
resistance of 0.333 K/W. 

3.2. Intermediate heat exchangers characterization 

Fig. 7 shows the results of the thermal characterization of the two 

intHXs when the heat flux transferred is modified from 25 to 150 W. 
Fig. 7 presents the three replicates, the average value and the uncer-
tainty of the experiments based on equation (8). As it was expected, the 
monophasic intHX thermal resistance presents a constant value of 0.15 
K/W as the heat flux is varied, which validates the previous thermal 
resistance computational study. In contrast, the thermal resistance of 
phase-change intHX presents a huge dependence on the amount of 
transferred heat. The higher the heat flux transferred the lower the 
resistance value of the phase-change intHX thermal resistance is. The 
reason for this behaviour is that the higher heat flow through the heat 
pipes is the better the phase-change heat transfer coefficients are. A 
reduction on the thermal resistance of the phase-change intHX of the 46 
%, from 0.13 K/W to 0.07 K/W, is obtained if the heat flux is increased 
from 25 to 150 W. It is needed to remark that the thermal resistance of 
the phase-change intHX is always lower compared to the monophasic 
intHX one, reaching a 53 % reduction at high heat fluxes. 

4. Full prototypes 

The aim of this work is to experimentally study the performance of 
the developed MTEHPs. In fact, it is wanted to analyse and compare the 
influence of using different intHX onto the COP of the systems. There-
fore, two prototypes have been built, as it is shown in Fig. 8, where three 
MTEHPs have been placed in series along the airflow for each technol-
ogy. As the figure shows several airflow temperature measurement 
sensors have been placed along the duct, at the inlet and outlet of the 
first MTEHP and at the outlet of the last MTEHP. Besides, for the first 
MTEHP, the temperatures of the faces of the TEMs have been measured, 
as Fig. 1 presents. 

The COP value is calculated using Eq. (9), which relates the total heat 
supplied to the airflow (Q̇h,i), and the consumed power by the TEMs 

(Ẇe,i =
∑

Ẇj
e,i). The subscript i denotes the number of TEHP located 

along the airflow, when lacking the subscript i refers to the entire pro-
totype, while the superscript j denotes de stage number. 

COPi =
Q̇h,i

Ẇe,i
(9)  

The heat supply to the airflow is typically achieved by Eq. (10). The total 
heat supply depends on the temperature difference between outlet 
(Tout,i) and inlet (Tin,i), the heated air mass airflow (ṁa= ρvA) and its 
specific heating capacity (cp).

Q̇h,i = (ṁacp)(Tout,i− Tin,i) (10)  

In this study, a new methodology to calculate the emitted heat power is 
proposed. This calculation methodology is based on the energy balance 
of the thermoelectric system (Fig. 9). Thereby, the dissipated heat from 
the MTEHP to the airflow is calculated with Eq. (11), which represents 
the sum of the absorbed heat (Q̇c,i), defined by Eq.(12), and the power 
consumption of all the involved TEMs. 

Q̇h,i = Q̇c,i + Ẇe,i (11)  

Q̇c,i =
∑

(Tamb − T1
c,i)/RcHX (12) 

Fig. 3. Performance of the phase-change intermediate heat exchanger.  

Fig. 4. Developed phase-change intermediate heat exchanger.  

Table 1 
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 TH5  0.01 ±0.2–––2 % of measured 

value  
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The experimental tests consisted of TEMs voltage supply variation from 
2 V to 10 V, connecting all TEMs in parallel configuration for heating an 
airflow of 38 m3/h. All tests have been performed in a climate chamber 
at 26 ◦C and three replicates where performed to reduce uncertainty. 
Additionally, a period of minimum 20 min of stationary state was 

performed per experimental case. 

4.1. Validation of the novel methodology to calculate the heat dissipated 

Fig. 10 shows the correlation between the two calculation ap-
proaches to calculate the Q̇h,1 of the first MTEHP based on the experi-
mental data, where the three replicates are shown. The value of the cHX 
thermal resistance, used in Eq.(12) is the one obtained from the thermal 
characterization described along section 3 and the consumption of the 
TEMs has been measured using the voltmeters and ammeters described 
in Table 1. The outlet temperature of the first MTEHP has been 
considered as outlet temperature in Eq. (10). The difference in between 
these two methods is below ± 9 %, which confirms the reliability of this 

Fig. 5. Heat exchangers thermal characterization test benches: a) hHX; b) cHX and c) intHX.  

Table 2 
Thermal characterization tests.  

Heat Exchanger Heat flow, Q̇ (W) Airflow Rate (m3/h) 

hHX 5, 15, 25, 75, 125, 175 6, 10, 18, 28, 38 
cHX 25, 75, 125, 175 18, 26, 34 
intHX 25, 50, 75, 100, 125, 150 –  

Fig. 6. Thermal resistance characterization of a) hHX and b) cHX.  
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new methodology to analyse the experimental tests. It could be appre-
ciated how the use of the new methodology to calculate the generated 
heat for the monophasic prototype slightly overestimates the results. 
This is attributed to possible heat losses at the intermediate heat 
exchanger, as the monophasic intHX always presents higher operation 
temperatures compared to the phase-change one (Table 3). 

4.2. Multi-stage TEHP performance 

Table 3 shows the total current consumption (I), inlet (Tin,1), outlet 
(Tout,1) temperature, generated heat and coefficient of performance of 
the first MTEHP, outlet airflow temperature, Q̇h and COP of the whole 
system (Tout,3) when different voltage values (V) are supplied. In addi-
tion, the temperatures of all the faces of the TEMs (Fig. 8) of the first 
MTEHP of each prototype can be encountered. The subscript i denotes 
the number of TEHP located along the airflow. Meanwhile, the super-
script j denotes the stage number. In the case of the second stage tem-
peratures an “a” or a “b” is added, which means its position in the 
direction of the airflow, being “a” the first one and “b” the second one. 
The inlet and outlet temperatures of the airflow are defined with the 

subscript i that denotes de MTEHP. All the measurements have been 
carried out with the measuring instruments defined in Table 1. 

The use of phase-change intHX with a low thermal resistance enables 
the TEMs to work in a lower temperature difference. Thus, the tem-
perature differences between faces of the TEMs of two-stage thermo-
electric system are similar for both stages. Whereas in the one with the 
monophasic intHX, for high voltage supplies, the TEM of the first stage 
presents temperature differences much higher than the second stage 
ones. As a result, the behaviour of the second stage TEMs starts to 
deteriorate, so the performance of the MTEHP worsens. Moreover, it 
could be observed that the total COP value is lower than the COP1 
achieved by the first MTEHP of each prototype. This occurs because the 
airflow temperature raises up by flowing through the duct, hence, the 
first MTEHP works between lower temperature differences between 
sources than the subsequent MTEHPs. The temperature difference in 
between sources is defined by ΔTsources,i = Tair,i − Tamb, where Tair is the 
mean temperature between the inlet and outlet temperature of the air 
for each MTEHP, the subscript “i” denotes the number of TEHP located 
along the airflow and Tamb is the constant ambient temperature. The fact 
of working between higher temperature differences in between the 
sources increments the natural heat conduction, from the heated airflow 
to the ambient, because of Fourier effect. Hence, the second and third 
MTEHPs have to present higher heat absorptions from the ambient 
(thanks to Pelteir effect) to properly work as heat pumps. If the natural 
heat conduction is equal to the absorbed heat by Peltier effect, COP 
values similar to one are obtained, working the thermoelectric heat 
pumps as electrical resistances. Finally, if the natural heat conduction is 
greater than the heat absorbed by Pelteir effect, COP values lower than 
the unit are reached and the MTEHP stops working as a heat pump. 
Therefore, it is interesting to note the importance of using efficient heat 
exchangers, as can be seen in the case of a voltage supply of 10 V. The 
monophasic MTEHP obtains a COP of 0.99, whereas using the phase- 
change intHX the MTEHP works correctly and reaches a COP of 1.24, 
a 25 % higher COP than the monophasic prototype. 

Fig. 11 shows the heat supplied to the airflow for both prototypes, 
where the consumed power and the absorbed heat can be consulted for 
each of the studied different voltage supplies. For all the cases, the ob-
tained Q̇h by the phase-change MTEHP is higher, achieving a higher 
outlet airflow temperature (Tout,3), as Table 3 shows. The novel phase- 
change MTEHP generated heat is always 16 % higher than the MTEHP 
with monophasic intHX, obtaining a maximum improvement of the 36 

Fig. 7. Thermal characterization of different intermediate heat exchangers.  

Fig. 8. Test bench for experimental tests of both prototypes in a climate chamber at 26 ◦C.  
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% with a 2 V supply. Moreover, the power consumption of the phase- 
change MTEHP prototype is always lower than the monophasic one, 
because it consumes less current for the same voltage supply (Table 3). A 
minimum reduction of the 6 % is achieved for all the cases, reaching a 
13 % reduction at 2 V. Additionally, it can be observed how the 
monophasic MTEHP cannot perform as a heat pump, as the absorbed 
heat is negligible, and consequently is behaves as an electrical resistance 

with a total COP value next to unity. 
All the previous facts demonstrate that the development of intHX 

with small thermal resistances is necessary to obtain efficient MTEHP 
that could be used to efficiently heat up an airflow, taking into account 
the inherent benefits of thermoelectric technology. 

Fig. 12 presents the COP and the Q̇h values with their uncertainties 
calculated by Eq.8 for each type of MTEHP depending on the tempera-
ture increase achieved in the airflow. As it was expected, the prototype 
with phase-change intHX always presents higher COP values compared 
to the ones with monophasic intHX. This occurs due to the low thermal 
resistance of the phase-change intHX that benefits the operation of the 
TEHP. As Fig. 12 shows, the temperature lift in the airflow, which is 
directly related with the temperature difference between reservoirs, 
determines the COP s of the systems. In order to compare both tech-
nologies, the same airflow temperature lift range has been taken into 
account, an airflow heating form 3.5 ◦C to 23.5 ◦C. In the case of the 
phase-change MTEHP the COP range is between 1.26 and 3.25, while for 
the monophasic MTEHP the values are in between 0.99 and 1.95, when 
the airflow is heated between 23.5 and 3.5 ◦C, respectively. These fig-
ures demonstrate improvements between 30 % and 67 % by using a 
phase-change intHX instead the conventional monophasic one. The 
phase-change TEHP is able to heat up the 38 m3/h airflow 27.7 ◦C 
presenting a COP of 1.24. To achieve this fact, a heat input of 338.3 W 
into the airflow is necessary. The use of electric resistances would obtain 
a COP of 1, consequently, the developed MTEHP is able to outperform 
the conventional technology a 24 % when the difference in between 
sources is around 14 ◦C. Meanwhile, if the difference in between sources 
decreases to 10 ◦C an improvement of the 37 % is reached. The obtained 
COP values show the benefits of using thermoelectric technology to 
increase the temperature of an airflow, a technology free of refrigerants 
that can obtain high COPs with very simple, robust, maintenance-free 
and easily controllable systems. 

Fig. 9. Heat flow diagram of two-stage thermoelectric heat pump.  

Fig. 10. Validation of generated heat flow by first MTEHP (Q̇h,1) for each 
technology calculated as in Eq. (12) and Eq. (13). 
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5. Conclusion 

The need to make an energy transition toward renewable energies 
has deliberated on the necessity of electrifying the energy system. One of 
the most promising sectors to electrify is heating and cooling sector, 
which end use energy supposes a half of the total consumed energy in 
the world. Therefore, it is necessary to develop new equipment capable 
of efficiently supplying heating needs, environmentally friendly and 
with a long-life cycle. 

In this manuscript the use of thermoelectric technology working as a 
heat pump for heating up an airflow is presented. Two different multi-
stage thermoelectric heat pumps have been designed, built and tested. 

The difference between them is the heat transfer phenomena used for 
the intermediate heat exchanger, the one in between stages, building a 
conventional monophasic intHX based on an optimized aluminium 
block and a novel phase-change intHX that efficiently transfers the heat 
from the first to the second stage. Both MTEHP prototypes have been 
built and experimentally tested under the same operational conditions 
of 26 ◦C ambient temperature to heat an airflow rate of 38 m3/h. The 
phase-change intHX prototype reaches COPs of 1.26–––3.25 for airflow 
temperature increments between 23.5 and 3.5 ◦C, improving the COP 
values between a 30 % and a 67 % with respect to the monophasic 
prototype. This is because the phase-change MTEHP supplied more heat 
to the airflow by consuming a less of power thanks to the innovative 
phase-change intermediate heat exchanger presented along this 
manuscript. 

Moreover, this experimental study has proven a novel methodology 
to calculate the generated heat by MTEHP. This methodology is based on 
the energy balance of the thermoelectric system. The heat rejected is 
calculated as the sum of the heat absorbed from the cold side and the 
power consumption of the TEMs. This new methodology has been 
validated and a discrepancy of the ± 9 % between the novel method-
ology and the conventional one based on the airflow temperature rise 
can be found. 

As an overall conclusion, this work presents an experimental study of 
the potential application of thermoelectric heat pumps for heating up an 
airflow thanks to the design and development of a novel phase-change 
intermediate heat exchanger that enables a very efficient thermoelec-
tric multistage configuration. 
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