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Abstract 

Thermoelectric heat pumps (TEHPs) have advantages of modularity and simple design for heating and cooling 
in some applications. Models of thermoelectric (TE) heat pumps are widely studied. Nevertheless, most 
existing modeling work focuses on the TE material or air-sourced TE modules. TEHP modeling, especially 
the relationship between modules and heat exchangers, has not been comprehensively conducted. This work 
presents a water-to-water TEHP modeling framework that combines Goldsmid’s approach for TE material 
performance, Gnielinski’s correlation for convective heat transfer, and thermal balance theory for heat 
exchange networks. This combined framework provides an accurate theoretical analysis of the water-to-water 
TEHP system. Subsequently, the framework was used to empirically determine TE material properties (electric 
resistivity, thermal conductivity, and Seebeck coefficient) that minimize modeling errors versus 
experimentally observed values from the literature. Finally, an additional set of experimental TEHP data was 
used to validate the model, all with relative absolute deviations of approximately 10% when predicting heating 
capacity and 10%–20% when forecasting cooling capacity at a 30 K temperature lift. For future work, people 
can further develop models of TEHPs with an air-based heat sink on one side and water channels on the other 
side. 
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1. Introduction 

In the 1950s, thermoelectric (TE) techniques were originally studied [1]; later, their applications for heat 

pumps were taken into consideration [2]. TE modules provide benefits such as cheap cost, modularity, easy 

design, and environmental friendliness [1] while being less efficient than conventional vapor-compression heat 

pumps [3]. As a result, there has been an increase in interest in using TE modules for applications like building 

heating and cooling [4–7], refrigeration [8], personal thermal comfort [9], electronics cooling [10], and clothes 

dryers [11,12].  

Some researchers treated the TE modules’ lumped property parameters (Seebeck coefficient S, thermal 

conductivity К, and electrical resistance R) as temperature-dependent. For instance, Nemati et al. estimated the 

property parameters using a second-order polynomial correlation with the mean temperatures of the hot and 

cold sides of the TEHP [13]. However, they neglected to take into account the variation in samples and 

measurements and instead utilized the coefficients from a study that was published in 2020 [14], which were 

generated using a different TE module. The identical techniques and coefficients were used by Kaushik et al. 
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and Feng et al.[15,16]. The attributes were handled as a function of the hot-side temperature by Chen and 

Snyder et al. [17,18]. Their coefficients, which came directly from the producers, were more trustworthy. 

Other researchers treated all or some of the parameters as temperature-independent. Cai et al. treated the 

properties as constants from the manufacturers’ datasheets [19]. Patel et al. treated S and К as constants but 

the electric resistance R as a linear function of the temperature difference between the hot and the cold sides 

[11].  

This paper used Cheon’s model [18] to evaluate TE property parameters. In addition, by plugging in the 

property parameters and applying Goldsmid’s method [21] and Gnielinski’s correlation [22], this paper 

developed a detailed liquid-to-liquid TEHP model. Furthermore, the proposed model was validated through 

quasi-steady-state data from a laboratory test. 

2. Methodology 

Water-to-water TEHPs, which are simply built and often used in several investigations, is the subject of this 

study [11,20]; an example is shown in Fig.1. Two mini-channel heat exchangers containing fluid (for example, 

water) were put on the two sides of one or more TE modules for the TEHP in this investigation. A short 

distance was maintained between the hot and cold mini-channel heat exchangers using an aluminum space 

block. UAhw and UAcw are the overall heat transfer coefficients and area of the hot side and cold side, 

respectively. The model is broadly applicable to scenarios involving liquid-to-liquid, liquid-to-air, and air-to-

air interactions thanks to the use of various UA values. This work developed and validated a thermodynamic 

model using a water-to-water TEHP as a case study. The temperature and UA variables used are marked in 

Fig.1., as well. 

 

Fig. 1. A general liquid-to-liquid TEHP schematic. 

The inlet and outlet water temperatures in the TEHP system under consideration were relatively similar 

(within 1 K). Thus, the system was made simpler by using lumped approaches. 𝑇ℎ and 𝑇𝑐 are the lumped 

hot- and cold-side temperatures of the TE modules, respectively. The TE surface temperatures can be estimated 

by measuring the substrate temperatures near the inlet and outlet. 

𝑇ℎ ≈
𝑇ℎ𝑠𝑖 + 𝑇ℎ𝑠𝑜

2
 (1) 

𝑇𝑐 ≈
𝑇𝑐𝑠𝑖 + 𝑇𝑐𝑠𝑜

2
 (2) 

Similarly, the lumped hot and cold side water temperatures can be estimated using the inlet and outlet water 

temperatures. 

𝑇𝑐𝑤 ≈
𝑇𝑐𝑤𝑖 + 𝑇𝑐𝑤𝑜

2
 

(3) 

𝑇ℎ𝑤 ≈
𝑇ℎ𝑤𝑖 + 𝑇ℎ𝑤𝑜

2
 

(4) 

2.1. TE module model 

Goldsmid’s method is commonly agreed upon and used to describe TE module performance [21]. The heat 

transfer across the cold side and hot side of one TE module can be given by 
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𝑄𝑐 = 𝑄𝑐_𝐺𝑆 = 𝑆𝐼𝑇𝑐 − К(𝑇ℎ − 𝑇𝑐) − 𝐼2 𝑅 2⁄  (5) 

𝑄ℎ = 𝑄ℎ_𝐺𝑆 = 𝑆𝐼𝑇ℎ − К(𝑇ℎ − 𝑇𝑐) + 𝐼2 𝑅 2⁄  (6) 

where 𝑄𝑐_𝐺𝑆 and 𝑄ℎ_𝐺𝑆 are the predicted heat capacities across the cool and hot sides, respectively, and 𝐼 is 

the current. When multiple modules are used in one TEHP, the capacity needs to be multiplied by the number 

of the modules used, or the number of models should be connected and iterated in series. 

From Goldsmid’s method [21], the lumped parameters (S, R, and К) can be expressed by the parameters of 

the couples in one module: 

𝐴𝑓 = 𝑁 ∙ (𝐴𝑛 + 𝐴𝑝) (7) 

𝑆 = 𝑁 ∙ 𝛼𝑖 = 𝑁 ∙ 2𝛼 (8) 

𝑅 = 𝑁 ∙ 𝑅𝑖 = 𝑁 ∙ (
𝑙𝑛𝜌𝑛
𝐴𝑛

+
𝑙𝑝𝜌𝑝

𝐴𝑝
+ 𝑅𝑙) =

𝑁2𝑙

𝐴𝑓
4𝜌 (9) 

К = 𝑁 ∙ К𝑖 = 𝑁 ∙ (
𝐴𝑛𝜅𝑛
𝑙𝑛

+
𝐴𝑝𝜅𝑝

𝑙𝑝
) =

𝐴𝑓

𝑙
𝜅 (10) 

where N is the couple number; 𝐴𝑓 is the packing area of the TE module; 𝜌, 𝜅, and 𝛼 are the property 

parameters of the nodes; and 𝑙 and 𝐴 are the geometry parameters of the nodes. We can assume the 

following: 

𝑙𝑝 = 𝑙𝑛 = 𝑙 (11) 

𝐴𝑛 = 𝐴𝑝 = 𝑑1𝑑2 (12) 

Cheon’s model was applied in the proposed model [18]. From the manufacturer’s specifications, Δ𝑇𝑚𝑎𝑥 , 

𝐼𝑚𝑎𝑥, and 𝑄̇𝑚𝑎𝑥 (performance parameters of TE modules, which are commonly given in the specifications) 

are 70 K, 8.4 A, and 90 W, respectively, when 𝑇ℎ  equals 27°C, and they are 83 K, 8.4 A, and 98 W, 

respectively, when 𝑇ℎ equals 50°C. The literature indicates that Δ𝑇𝑚𝑎𝑥 was related to 𝑇ℎ by Eq. (13) (𝑍 is 

the effective device figure of merit) [18]. The linear interpolation method was used to predict 𝑄̇𝑚𝑎𝑥 at other 

hot-side temperature points. 

Δ𝑇max = (𝑇ℎ +
1

𝑍
) − √(𝑇ℎ +

1

𝑍
)
2

− 𝑇ℎ
2 

(13) 

The node properties can be achieved using the following equations: 

𝛼 =
𝑄̇𝑚𝑎𝑥(𝑇ℎ − Δ𝑇𝑚𝑎𝑥)

𝑁𝑇ℎ
2𝐼𝑚𝑎𝑥

 
(14) 

𝜌 =
𝐴𝑓(𝑇ℎ − Δ𝑇𝑚𝑎𝑥)

2

2𝑇ℎ
2𝑙

𝑄̇𝑚𝑎𝑥

𝑁2𝐼𝑚𝑎𝑥
2

 
(15) 

𝜅 =
𝑙(𝑇ℎ − Δ𝑇𝑚𝑎𝑥)

2

𝐴𝑓𝑇ℎ
2

𝑄̇𝑚𝑎𝑥

Δ𝑇𝑚𝑎𝑥

 
(16) 

By plugging in the properties, the lumped parameters can be obtained. In the process, the 𝐴𝑓 is eliminated, 

and thus, the lumped parameters are not related to 𝐴𝑓  directly. When the modules’ hot side surface 

temperature varies from 27 °C to 50 °C, the S, R, and К will be in the range of 0.054–0.054 V∙K−1, 1.42–1.57 

Ω, and 0.633–0.706 W∙m−1∙K−1, respectively. S changes very small (less than 1%) in the temperature 

difference range.  

2.2. Heat convection model 

In this case study, to estimate UA, the heat transfer coefficient between the fluid and the inner surface of 

the channel was predicted using Gnielinski’s correlation [22]. For different fluid regimes and channel 

geometries, other appropriate correlations [23] can be used to predict the heat transfer coefficient. 

𝑁𝑢 =
𝑈𝐴 ∙ 𝐿

𝑘𝑤𝐴
=

(𝑓/8)(𝑅𝑒 − 1000)Pr

1 + 12.7(𝑓/8)1/2(Pr2/3 − 1)
 (17) 

𝑓 = (0.79ln⁡(𝑅𝑒) − 1.64)−2 (18) 

𝑃𝑟 =
𝑐𝑝𝜇𝑤
𝑘𝑤

 
(19) 
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𝑅𝑒 =
𝜌𝑤𝑢𝐿

𝜇𝑤
 

(20) 

𝜇𝑤 is the dynamic viscosity of water and is a function of water temperature. 𝑢 is the water flow speed and 

can be calculated from 𝑚ℎ and 𝑚𝑐. 𝑐𝑝 is the specific heat of water, 𝑘𝑤 is the thermal conductivity of 

water, 𝐿 is the characteristic linear dimension (the inner height of the mini-channel in this study), 𝑅𝑒 is the 

Reynolds number, 𝑃𝑟 is the Prandtl number; and 𝑁𝑢 is the Nusselt number. 

2.3. TEHP model 

The proposed TEHP model used any two temperatures in 𝑇𝑐𝑤𝑖 , 𝑇𝑐𝑤𝑜 , 𝑇ℎ𝑤𝑖 , 𝑇ℎ𝑤𝑜 as the inputs and could 

predict the other two temperatures and the system performance. Fig.2. shows the thermal resistance network 

of the system and the modeling flow. 

 

Fig. 2. Resistance network and model flow diagram. 

The thermal resistance of the aluminum space block was very small (UAhot is about 8 W/K, while UAblock 

equals 188 W/K) and could be ignored in the analysis. The cooling capacity and heating capacity can be derived 

as follows: 

𝑄𝑐 =
𝐿𝑀𝑇𝐷𝑐

𝑙𝑠
𝑘𝑎𝑙𝑢𝐴𝑠

+
1

𝑈𝐴𝑐𝑤

≈ 𝑈𝐴𝑐𝑤(𝑇𝑐𝑤 − 𝑇𝑐) =
𝑇𝑐𝑤 − 𝑇𝑐

𝑅𝑐𝑜𝑛𝑑 + 𝑅𝑐𝑜𝑛𝑣_ℎ𝑤
 (21) 

𝑄ℎ ≈ 𝑈𝐴ℎ𝑤(𝑇ℎ − 𝑇ℎ𝑤) =
𝑇ℎ − 𝑇ℎ𝑤
𝑅𝑐𝑜𝑛𝑣_ℎ𝑤

 (22) 

LMTD is the log mean temperature difference. Considering the water temperature change, 

𝑄𝑐 = 𝑚̇𝑐(ℎ𝑐𝑤𝑜 − ℎ𝑐𝑤𝑖) ≅ 𝑚̇𝑐𝑐𝑝(𝑇𝑐𝑤𝑜 − 𝑇𝑐𝑤𝑖) (23) 

𝑄ℎ ≅ 𝑚̇ℎ𝑐𝑝(𝑇ℎ𝑤𝑖 − 𝑇ℎ𝑤𝑜) (24) 

𝑚̇ is the mass flow rate of the water, and ℎ is the enthalpy of the water, and 𝑐𝑝 is the specific heat of 

water. Since the channel surface temperature and the fluid temperature are close and no phase change exists, 

the capacity can be simplified using Eqs. (11) and (12). Water was used in this study, and its specific heat was 

treated as a constant. Using Eqs. (1)–(6) and Eqs. (11)–(14) and knowing property parameters and 𝑈𝐴 values, 

all the temperature variables can be solved. 

2.4. Data source 

A dishwasher using TEHPs was developed by the authors’ group [24]. Two TEHPs were used in the 

dishwasher, and transient laboratory test data from one of the TEHPs were used to validate the proposed model. 

Compared with the quasi-steady-state TEHP testing previously described, in this testing, two space blocks 
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were used for each TE module. However, the conductivity of the space blocks is very high, so the resistance 

can be ignored, and the same model can be applied. In addition, the TEHPs used in this project contained five 

TE modules. 

3. Results and discussion 

The results of the transient testing are plotted in Fig.3. 

 

Fig. 3. Experimental and model-predicted outlet water temperature. 

When the TE module is on (i.e., the current passing through the module is greater than 0) and the system is 

stable, the model has good agreement with the measured values. However, when the module is off, the model 

cannot predict the outlet conditions perfectly because the thermal mass of the system is not considered in the 

model. Thus, when the module is off, the predicted temperature of the TE module changes immediately and 

causes water temperature to change at the same time. However, because of the system’s thermal mass, the 

experimental water temperature change is delayed. 

Unlike in the steady-state test, some noise exists in the temperature signals. The data with positive current 

were screened out, and the outliers were excluded (as shown in the shaded area in Fig.3.). The performance of 

the models using the data set is listed in Table 1. The results are close for all three approaches, which implies 

that the slight change in the parameters (S, R, and К) will not significantly affect the model. The hot- and cold-

side temperatures of the TE module were not predicted perfectly because the temperature sensors installed may 

not reflect the lumped surface temperature of the modules.  

Table 1. TEHP model performance 

RMEDT (%) 
RMEDT

w
 

(%) 

RMEQ
c
 

(%) 

RMEQ
h
 

(%) 
COPc(-) 

35.10 0.61 7.09 8.84 0.6 

 

Table 2 provides the systematic uncertainty of measured and derived values. Using the information from 

the quasi-steady-state TEHP test and Lecompte’s approach [24], Propagated uncertainties of the resulting 

values were computed. The uncertainty of capacity computed from the water side is high due to the low 

accuracy of thermocouples and the tiny difference between the input and output water temperatures. 
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Comparatively, the projected cooling capacity was just 50 W. Therefore, utilizing the water-side capacity to 

calculate the system coefficient of performance (COP) and assess the performance of the models would not 

yield useful information. On the other hand, the calculation of capacity from the TE module side has little 

uncertainty when all of the TE material parameters are accurate. The TE hot- and cold-side temperature 

measurements have the biggest impact on the TE module performance uncertainty. As a result, a suitable 

metric for assessing the performance of the models is the difference between the measured and simulated TE 

module surface temperature. A more accurate system COP may also be obtained by computing COP using the 

TE module-side capacity. Experiments will be conducted in future with RTDs for better water side capacity 

accuracy. 

Table 2. Uncertainties of measured and derived quantities 

 Quantity Instrument Uncertainty 

Measurement 

Geometry Vernier Caliper ±0.02 mm 

Temperature 
Omega TMQSS-062G-6 

Type T thermocouple read by NI 9214 module 
±0.5 K 

Mass flow rate 

(water) 
Bronkhorst M-15 Coriolis flowmeter ±0.5% 

Applied voltage to  

TE banks 

Sorensen XG150-5.6 DC  

Programmable Power Supply 
±2 V 

Current through  

TE banks 

Sorensen XG150-5.6 DC  

Programmable Power Supply 
±0.05 A 

Derived 

quantity 

Capacity  

(water side) 
N/A ±40 W 

Capacity  

(TE module side) 
N/A ±0.5 W 

TE power N/A ±10 W 

4. Conclusions 

A thorough modeling framework was given in this study based on a numerical method that incorporates 

three sub-models: Goldsmid’s method for TE material performance, Gnielinski’s correlation for convective 

heat transfer, and thermal balance theory for a heat exchange network. Using this modeling framework, a 

water-to-water TEHP system was precisely assessed. The TE material performance was estimated through 

Cheon’s model. Finally, quasi-steady-state experimental data were used to validate the overall modeling 

framework. The findings are as follows: 

• The proposed water-to-water TEHP model can achieve a RME of approximately 10% when 

predicting heating capacity and 10%–20% when forecasting cooling capacity at a 30 K temperature 

lift. For larger lifts, the cooling capacity becomes small, and the relative uncertainty in cooling 

capacity gets larger. 

• TE surface temperatures have a major impact on the TEHP capacity and efficiency. In contrast, the 

impact of temperature-based variations in TE material properties was minor, over the evaluated 

range of 20 to 50 °C.   

• It is common in TEHP applications to have small changes in water temperature across the TE, 

leading to difficulty in accurately measuring water-side capacity. This work allows engineers to 

predict capacities and system COP from knowledge of TE properties and heat transfer, without high 

accuracy measurements of differential temperatures. 

For future work, a more accurate liquid temperature measurement method is needed. Furthermore, 

customer-designed TE modules are also necessary. Models of TEHPs with an air-based heat sink on one side 

and water channels on the other side should also be developed. 

Nomenclature 

A area (m2) 

cp specific heat (J∙kg−1∙K−1) 
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D width (m) 

d length of side (m) 

DT temperature difference (K) 

f correction factor 

h enthalpy (J∙kg−1) 

H height (m) 

I current (A) 

k liquid thermal conductivity (W∙m−1∙K−1) 

L length (m) 

l thickness (m) 

m mass flow rate (kg∙s−1) 

N number 

Nu Nusselt number 

Pr Prandtl number 

Q capacity (J) 

R lumped electric resistance (Ω) 

Re Reynolds number 

RME relative mean error 

S lumped Seebeck coefficient (V∙K−1) 

T surface or liquid temperature (K or °C) 

TE thermoelectric 

TEHP thermoelectric heat pump 

u liquid flow speed (m∙s−1) 

UA heat transfer coefficient and area (W∙K−1) 

Z effective device figure of merit (K−1) 

Greek symbols  

α Seebeck coefficient (V∙K−1) 

κ thermal conductivity (W∙m−1∙K−1) 

μ dynamic viscosity (kg∙m−1∙s−1) 

ρ electric resistivity (Ω∙m−1), density (kg∙m−3) 

σ electrical conductivity (m∙Ω−1) 

К lumped conductivity (W∙m−1∙K−1) 

Subscripts  

c cold side, cooling 

exp experimental 

GS Goldsmid’s method 

h hot side, heating 

i inlet 

max maximum 

n n-type node 

o outlet 

p p-type node 

s side 

sim simulation 

test empirical method 

w water 
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