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ABSTRACT

The thermodynamic analysis of thermoelectric devices (TEs) discards the impact caused by 
heat leak between source and sink. It could lead towards the partial/incomplete modelling 
of TEs along with some analytical gaps in their performance evaluation. Conversely, 
appropriate agreement among different design constraints of TEs is a must to upgrade 
their operating characteristics. In view of this, the modelling of multi-element single-stage 
thermoelectric generator (TEG) and thermoelectric heat pump (TEHP) is carried out in 
matrix laboratory (MATLAB 9.2). The irreversibilities caused by heat leak between the 
source/sink along with Fourier/Joule effects are considered for the modelling and analysis. 
The power output/thermal efficiency and heating capacity/coefficient of performance (COP) 
of TEs are analytically derived and optimized on the basis of finite time thermodynamic 
principles. The predetermined thermoelectric couples are chosen to maximize the heating 
capacity/COP in proposed configurations. Moreover, the influence of design variables viz 
electrical current, thermoelectric couples on system throughput is analyzed and presented. 
The effects of geometrical parameters viz length and area of individual modules on the 
performance of TEG and TEHP are also discussed.

Keywords: Finite time thermodynamic, thermoelectric generators, thermoelectric heat pumps, (FTT), 

thermodynamic optimization

INTRODUCTION

In today’s era, the rapid rise in energy 
demand has led researchers/scientists to 
search for new resources of energy. As 
the conventional energy resources are 
coming to an end, innovative/smart energy 
conversion technologies are gaining wide 
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attraction globally. Due to non-moving parts, low maintenance requirements, low/zero 
noise operation, compact configuration and small volume occupancy, these are getting 
very popular amongst various commercial applications. The thermoelectric devices viz. 
thermoelectric generators and heat pumps are direct thermal to electricity conversion 
devices requiring low maintenance, capable to operate in modular form and have possibility 
to utilize heat from sources over a wide range of temperature (Angrist, 1994; Disalvo, 1999; 
Goldsmith, 1964; Rowe, 2005). These devices consist of a semiconductor thermocouple 
having two junctions. When these two junctions, named as hot junction and cold junction 
are maintained at different temperatures, the voltage is generated in the order of micro-
volts/Kelvin. This is known as Seebeck effect. The reverse effect in which a junction can be 
heated or cooled with the passage of current through it, is known as Peltier effect. Several 
thermocouples are joined in electrically series configuration to have desired voltage output 
(Chen & Wu, 2000; Min et al., 2003; Riffat & Ma, 2003; Xuan et al., 2002). Thermoelectric 
devices are coupled with the source/sink and according to classical thermodynamics, it takes 
infinite time for heat transfer between system and coupled thermal reservoirs. This is not 
desirable from practical point of view. The finite time heat transfers are the need of practical 
thermoelectric devices to obtain finite output power/thermal efficiency, heating capacity/
coefficient of performance (Andresen, 1983). It is observed that classical thermodynamic 
does not provide the comprehensive picture of equilibrium states/reversible processes. On 
the other hand, finite time thermodynamic (FTT) provides an extension to conventional 
thermodynamic theory as it accounts for finite time consumption of heat transfer between 
system and coupled thermal reservoirs. Finite time thermodynamic approach takes into 
account both external and internal irreversibilities of the system. In thermoelectric devices, 
internal irreversibility is because of Joule/conduction heat loss while external irreversibility 
is because of finite rate heat transfers between heat reservoirs/system (Chen et al., 1994). In 
the present literature, several investigations are carried out on thermodynamic optimization 
and analysis of thermoelectric generators/heat pumps with conventional/non-equilibrium 
thermodynamics. Chen et al. (2005a) enunciated optimization of series mode operated 
multi-stage TEG with respect to different designing operators. Afterwards, they investigated 
the characteristics of thermoelectric refrigerator (Chen et al., 2005b). Later, Chen et al. 
(2008) optimized the throughput of 2-stage heat pumps in electrically series mode with 
internal/external irreversibilities employing finite time thermodynamic (FTT) principles. 
David et al. (2012) investigated thermodynamic studies and optimizations of TEHP in 
view of different design/operating variables and designed a heat exchanger for a system. 
Afterwards, an experimental model of TEGs had been tested in order to characterize the 
different performance parameters (Chen et al., 2012; Zhu et al., 2011). A comprehensive 
comparison of single/two-stage series connected TEGs operating with an automobile 
exhaust was demonstrated by Sun et al. (2014). They observed that two-stage system can 
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yield better output in case of high source-side temperature. Riffat et al. (2004) developed 
the strategy to optimize thermoelectric modules for space conditioning applications where 
as the optimum design of the modules for space heating applications in the buildings was 
presented by Kim et al. (2014). Kaushik et al. (2015) analyzed single-stage thermoelectric 
heat pumps (TEHP) in view of energy/exergy concepts. They noticed that the effects of 
internal irreversibility were more in comparison with external irreversibility. Hans et al. 
(2015) enunciated an optimization study for series/ parallel modes operated TEGs, with 
respect to various design variables for obtaining maximum output power and first law 
efficiency. Later, they carried out the comparative performance optimization of 2-stage 
thermoelectric heat pumps in three different modes (Hans et al., 2016). Further, Kumar 
and Pandey (2017) calculated the efficiency of a TEG in order to study the impacts of 
different thermoelectric materials. 

In the present literature, a few thermodynamic investigations and optimization studies 
are available on multi-element single-stage thermoelectric generators and heat pumps 
(Hans et al. 2015; Nami et al. 2017; Tan et al. 2017). Moreover, the influence of heat leak 
between the source and sink has not been considered which leads to incomplete modelling 
of the system. Additionally, there is a need of analyzing the effects of geometric variables 
and temperature dependent physical properties on performance parameters and optimal 
designing of thermoelectric devices. In this context, the thermodynamic models of multi-
element irreversible TEG and TEHP systems taking into account both internal and external 
effects, with and without heat leak between source and sink are developed in MATLAB. 
The performance analysis of above mentioned devices is done on the basis of Newton’s law 
of heat transfer and finite time thermodynamic principles. A comparative study of multi-
element irreversible TEG and TEHP based on finite time thermodynamic modeling is carried 
out considering internal/ external effects. A formulation of performance parameters of 
thermoelectric devices with respect to electric current, thermoelectric couples, temperature 
of hot/cold side and thermal conductances of hot/cold side is presented. The internal 
irreversibilities are caused by Joule/conduction heat losses while, external irreversibilities 
are because of finite heat transfers between reservoir and devices. The impacts of design 
factors on output power/thermal efficiency and heating capacity/ coefficient of performance 
(COP) are analyzed and outcomes are presented graphically. The effects of geometric 
parameters viz. length and area of thermoelectric elements have been investigated on 
performance aspects of above mentioned systems. The geometry of the thermoelectric 
element is directly linked to thermoelectric material and cost of manufacturing. The major 
outcomes of this study are the comparative investigations along with novel analytical and 
parametric analysis of multi-element thermoelectric systems with and without heat leak 
considerations. 
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Finite-Time Thermodynamic Modeling of Thermoelectric Devices

Thermodynamic modeling of multi-element single-stage thermoelectric generator (TEG) 
and thermoelectric heat pumps (TEHP) with both external/internal irreversibilities is 
done through finite-time thermodynamic principles. The thermodynamic modeling of the 
proposed TEs has been carried out based on the following assumptions.

• Steady-state one-dimensional heat flow has been considered.
• The exoreversible configurations with negligible contact/interconnection 

resistances are considered.
• The Thomson effect in thermoelectric elements is not taken into account.
• Convection and radiation losses in thermoelectric elements are not considered.
• The material used for TECs is assumed to be Bismuth Telluride (Bi2Te3).

The following temperature reliant properties of the thermoelectric materials, as given 
by Xuan et al. (2002) are used in the present study.

2 9( ) 2 (22224.0 930.6 0.9905 ) 10 /p n av avT T V Kα α α − = − − = × + − ×   
(1)

2 10(5112.0 163.4 0.6279 ) 10 /n p av avT T mρ ρ −= = + + × Ω
   (2)

2 4(62605.0 277.7 0.413 ) 10 /n p av avk k T T W mK−= = − + ×
   (3)

2 9( ) 2 (930.6 1.981 ) 10 /p n av avT T V Kτ τ τ − = − − = × − ×     (4)

2
h c
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T TT + =  
 

              (5)

p p n n

p n
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k A k AK
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= +  
 

              (7)

Thermodynamic Modeling of Single-Stage Thermoelectric Generator (TEG)

The TEG model with P/N type semiconductor legs is illustrated in Figure 1(a). The 
thermoelectric couples are arranged in electrical series and thermally parallel configurations 
in pursuance of generating a considerable voltage output from the system. The generalized 
TEG model revealing the heat flow and generating the electrical output is presented in 
Figure 1(b). In corresponding figures, TH and Th signifies the input source/hot junction 
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temperatures whereas the TL and Tc are the heat sink and cold junction ones. Larger 
the differential temperature amongst the two junctions, more is the potential difference 
generated at external resistance RL. 

Figure 1. (a) Single-stage TEG; and (b) Generalized FTT model of TEG

(a) (b)

The energy equations for P-type semiconductor legs can be written as 

QKin-QKout+QJ =0                          (8)

where, QKin and QKout are the heat input/output of the thermoelectric elements by 
conduction and QJ is the Joule heat generated in the element. Equation 8 can be rewritten as

( ) 2( ) 0P P P
P P P P P P P

P P

dT A L dxd T dT k A k A J
dx dx Lσ

+ − + =         (9)

 Similarly, the equation for N-type semiconductor leg can be stated as

( ) 2( ) 0N N N
N N N N N N N

N N

dT A L dxd T dT k A k A J
dx dx Lσ

+ − + =   (10)

Boundary conditions for P/N types semiconductor leg can be given as

(0) (0)P N cT T T= =        (11)

( ) ( )P P N P hT L T L T= =      (12)

The temperature dependent thermoelectric properties kP, σP are the functions of TP and 
kN, σN are the functions of TN. Putting the boundary conditions to Equations (9) and (10) 

and substituting k, σ by their mean values k and σ , differential equations can be given as
2 2

2 0P
P P

P P

d T Ik A
dx Aσ

+ =       (13)
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2 2

2 0N
N N

N N

d T Ik A
dx Aσ

+ =        (14)

The total heat flows via the hot-side/cold-side junctions are

( )
P N

P N

NP
h Ph Nh h P P N Nx L x L

x L x L

dTdTQ N T I k A k A
dx dx

α α
= =

= =

 
= − + +  

 
   (15)

( ) 0 0
0 0

NP
c Pc Nc c P P N Nx x

x x

dTdTQ N T I k A k A
dx dx

α α
= =

= =

 
= − + + 

 
   (16)

The rate of heat flows from heat source/sink are given as

( )H H H hQ K T T= −                                                                             (17)

( )C L c LQ K T T= −                                                                                  (18)
The heat flows from hot/cold junctions are given as

2[ ( ) 0.5 ]h h h h cQ N IT k T T I Rα= + − −                                     (19)

2[ ( ) 0.5 ]c c c h cQ N IT k T T I Rα= + − +                                    (20)

Where,

h hp hnα α α= − and c ch cpα α α= −

According to heat flow balance, one can have following condition as 

H hQ Q=                                   (21)

C cQ Q=                                              (22)

The output is given by

h cP Q Q= −                                               (23)

By putting the values of Qh and Qc in Eq. (23) from Equations (19) and (20)

( )h h c cP NI T T IRα α= − −                      (24)

The efficiency is given by

2

[ ]
[ ( ) 0.5 ]

h h c c

h h h h c

NI T T IRP
Q N IT k T T I R

α αη
α

− −
= =

+ − −
             (25)  

Putting, h cα α α= =

From above Equations, one can get Th and Tc as
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2 3 2 2

2 2 2

0.5 ( 0.5 ) ( )
( ) ( )

L H H H H L L L H H
h

H L H L L H

N RI N Rk NRK I N K T I NK K T K T K K TT
N I N I K K NK K K K K

α α
α α

+ − − + − + −
=

+ − − + −
     

          (26)

2 3 2 2

2 2 2

0.5 ( 0.5 ) ( )
( ) ( )
H L L H H L L L H L

c
L H H L L H

N RI N Rk NRK I N K T I NK K T K T K K TT
N I N I K K NK K K K K

α α
α α

+ + + + + +
=

− + − + + +
     

          (27)

TEG Model with Heat Leak between Source and Sink

The heat flows from hot/cold junctions due to small heat leak is given as
' 2

0[ ( ) 0.5 ( )]
c c c h c c LQ N IT k T T I R K T Tα= + − + + −     (28)

' 2
0[ ( ) 0.5 ( )]

c c c h c c LQ N IT k T T I R K T Tα= + − + + −     (29)

The output is given as
' '
h c

P Q Q= −                        (30)

The efficiency in this case can be given as

' 2
0

[ ]
[ ( ) 0.5 ( )]

h

h h c c

h h h c H h

NI T T IRP
Q N IT k T T I R K T T

α αη
α

− −
= =

+ − − + −             (31)

The values of various parameters used in FTT modeling of multi-element TEG is 
given in Table 1.

Table 1
Value (s) of various parameters 

Parameters Values
R 2.885 × 10-3 Ω
K 0.02772 W/K
α 425 × 10-6 V/K
TH 400 K
TL 300 K
N 127
KH=KL 10W/K

Source: (Chen et al., 2005)
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Thermodynamic Modeling of Single-Stage Thermoelectric Heat Pump (TEHP) 

The TEHP model with P/N type semiconductor legs is illustrated in Figure 2(a). The 
thermoelectric couples are arranged in electrical series and thermally parallel configurations. 
The generalized TEHP model revealing the heat flow and with the electrical input is 
presented in Figure 2(b). In corresponding figures, TH and Th signifies the input source/
hot junction temperatures whereas the TL and Tc are the heat sink and cold junction ones. 

When electrical current, ‘I’ flows through TEHP, heat flows cN ITα and hN ITα  are captivated 
from the surroundings and rejected to the space to be heated. The heat source is maintained 
at low temperature whereas the sink i.e., heated space is maintained at high temperature.

Figure 2. (a) Single stage TEHP; and (b) Generalized FTT model of TEHP

The energy equations of P-type semiconductors are given as 

QKin-QKout+QJ =0                            (32)

where, QKin and QKout are the heat input/output of the thermoelectric element by 
conduction and QJ is the Joule heat generated in the element. Eq. 32 can be rewritten as

( ) 2( ) 0P P P
P P P P P P P

P P

dT A L dxd T dT k A k A J
dx dx Lσ

+ − + =           (33)

Similarly, the equation for N-type semiconductor leg can be written as

( ) 2( ) 0N N N
N N N N N N N

N N

dT A L dxd T dT k A k A J
dx dx Lσ

+ − + =     (34)

Boundary conditions for P and N type semiconductor legs can be given as

(0) (0)P N cT T T= =          (35)



Thermodynamic Analysis of Thermoelectric Generator & Heat Pump Systems

1983Pertanika J. Sci. & Technol. 26 (4): 1975 - 1998 (2018)

( ) ( )P P N P hT L T L T= =          (36)

The temperature dependent thermoelectric properties kP, σP are the functions of TP and 
kN, σN are the functions of TN. Putting the boundary conditions to Equations (33) and (34) 
and substituting k, σ by their mean values k and σ , differential equations can be given as

2 2

2 0N
N N

N N

d T Ik A
dx Aσ

+ =         (37)

2 2

2 0N
N N

N N

d T Ik A
dx Aσ

+ =        (38)

The total heat flows via the hot-side/cold-side junctions are

( )
P N

P N

NP
h Ph Nh h P P N Nx L x L

x L x L

dTdTQ N T I k A k A
dx dx

α α
= =

= =

 
= − − −  

 
   (39)

( ) 0 0
0 0

NP
c Pc Nc c P P N Nx x

x x

dTdTQ N T I k A k A
dx dx

α α
= =

= =

 
= − − − 

 
    (40)

The rate of heat flows from heat source/sink are given as

( )H H h HQ K T T= −                                                                                     (41)

( )C L L cQ K T T= −                                                                                          (42)

The rate of heat flows from hot/cold junctions are given as
2[ ( ) 0.5 ]h h h h cQ N IT k T T I Rα= − − +      (43)

2[ ( ) 0.5 ]c c c h cQ N IT k T T I Rα= − − −      (44)

Putting,

h cα α α= =

According to heat flow balance, one can have following condition as

H hQ Q=                                                           (45)

C cQ Q=                                                                   (46)

The heating power is given by

h cP Q Q= −                                               (47)
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The COP of TEHP can be calculated as

h

h c

QCOP
Q Q

=
−                                                                                         (48)

From Eqs. (45) and (46), one can get Th and Tc as
2 3 2 2

2 2 2

0.5 ( 0.5 ) ( )
( ) ( )
L H H H H L L L H H

h
H L H L L H

N RI N Rk NRK I N K T I NK K T K T K K TT
N I N I K K NK K K K K

α α
α α

+ + + + + +
=

− + − + + +
   

          
          (49)

2 3 2 2

2 2 2

0.5 ( 0.5 ) ( )
( ) ( )

L H H H H L L L H H
c

L H H L L H

N RI N Rk NRK I N K T I NK K T K T K K TT
N I N I K K NK K K K K

α α
α α

+ − − + − + −
=

+ − − + −
   

          (50)

TEHP Model with Heat Leak between Source and Sink

The heat flows from hot/cold junctions due to small heat leak is given as

' 2
0[ ( ) 0.5 ( )]

h h h h c H hQ N IT k T T I R K T Tα= + − − − −                           (51)

' 2
0[ ( ) 0.5 ( )]

c c c h c c LQ N IT k T T I R K T Tα= + − + − −                             (52)

The heating power is given as

' '
h c

P Q Q= −                                                                            (53)

The COP of TEHP with heat leak
'

' '
h

h c

Q
COP

Q Q
=

−           (54)

The values of various parameter used in FTT modeling of multi-element TEHP system 
is given in Table 2.
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DISCUSSION 

Figure 3 shows the variations of output power (P) with electric current (I) for various values 
of sink temperature (TL), assuming a fixed source temperatures (TH) of multi-element TEG. 
The output power is a parabolic function of “I” and its peak value decreases as TL increases. 
For a fixed value of source temperature, as TL increases the temperature differences (DTG) 
between the heat source/sink decreases and power output eventually falls down. 

Likewise, the variation of output power (P) with electric current (I) for various values 
of source temperatures (TH), assuming a fixed sink temperature (TL) of TEG is demonstrated 
in Figure 3. The output power is a parabolic function of I and its maximum value increases 
with increase in the value of TH. For a fixed value of sink temperature, as TH increases the 
temperature differences (DTG) between heat source and sink increases and power output 
ultimately goes up.

Figure 5 and Figure 6 shows the parabolic variations of first law efficiency (η) with 
I for different values of TH and TL respectively. The thermal efficiency increases as TH 
increases (for fixed value of TL) and drops with increase in TL (for fixed value of TH). The 
reason behind this is, as the value of DTG increases in TEG system the first law efficiency 
goes up and vice versa. 

The variation of P with I for different number of thermoelectric elements (N) is 
illustrated in Figure 7. The output power attains its peak at an optimum value of N, nearly 
120. Number of thermoelectric elements affects power output of TEG system for optimal 
values.

The variations in P and η with I for different values of thermal conductance at hot and 
cold junction (KH and KL) are illustrated in Figure 8 and Figure 9. As the value of KH and KL 
increases, maximum values attained by P and η also go up. The power output and thermal 
efficiency first increases with current but afterwards it decreases due to dominating effect 

Table 2
Value (s) of various parameters 

Parameters Values
R 2.885 × 10-3 Ω
K 0.02772 W/K
α 425 × 10-6 V/K
TH 300 K
TL 250 K
N 127
KH=KL 100 W/K

Source: (Chen et al., 2008)
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of Joule internal irreversibility (I2R). Therefore, one has to obtain the optimum current 
with respect to desirable power output and thermal efficiency of the system for given set 
of design variables. 
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Figure 3. Power output vs ‘I’ with different values 
of ‘TL’ and fixed value of TH for TEG

Figure 4. Power output vs ‘I’ with various values of 
‘TH’ and fixed value of TL for TEG
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Figure 6. Thermal efficiency vs ‘I’ with different 
values of ‘TL’ and fixed value of TH for TEG
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Figure 10 to Figure 12 show the relationship of thermal efficiency with current for 
different values of TH, TL and thermal conductance (KH and KL) with addition of an external 
irreversibility K0 in the system. This external irreversibility K0 is because of heat leak 
between source/sink, due to which there is considerable drop in the value of maximum 
thermal efficiency attained by the device. 

Figure 13 shows the variations of COP with electric current (I) for various values of 
sink temperature (TL), assuming a fixed source temperatures (TH) of multi-element TEHP. 
The COP initially increases up to a maximum limit and declines afterwards with working 
electrical current for all chosen values of TL. The TEHP yields better COP as the value of 
sink temperature goes up because for fixed heat source temperature, as the temperature 
difference between source and sink (DTHP) decreases COP rises ultimately. Similarly, the 
variation of COP with electric current (I) for different values of source temperatures (TH), 
assuming a fixed sink temperature (TL) of TEHP is demonstrated in Figure 14 The TEHP 
yields reduced COP as the value of heat source temperature goes up because for fixed heat 
sink temperature, as DTHP increases COP drops considerably.

Figure 15 shows the variations of heating capacity (Qh) with I for various values of TH 
assuming a fixed heat sink temperature. The system attains a maximum heating capacity of 
nearly 115 Watts at TH=300K and minimum heating capacity of nearly 18Watts at TH=375K. 
Hence, increase in source temperature inversely affects heating capacity of the system. 
The variation of COP and Qh with I for different number of thermoelectric elements (N) is 
illustrated in Figure 16 and Figure 17. The heating capacity Qh significantly goes up with 
number of thermoelectric elements. The maximum COP accomplished by multi-element 
TEHP system is higher for higher values of N.

Figure 10. Thermal efficiency vs ‘I’ with different 
values of ‘TH’ and fixed ‘TL’ for TEG with heat leak 
between source and sink

0 2 4 6 8 10 12 14
0

5

10

15

20

25

30

35

40

Current, I (A)

Po
w

er
 O

ut
pu

t, 
P 

(W
at

ts
)

 

 
KH=KL=5 WK-1

KH=KL=10 WK-1

KH=KL=15 WK-1

KH=KL=20 WK-1

KH=KL=25 WK-1

0 2 4 6 8 10 12 14 16 18
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

Current,I (A)

E
ff

ic
ie

nc
y,

 η

 

 
TH= 350 K

TH=400 K

TH=450 K

TH=500 K

TH=550 K

Figure 9. Power Output vs ‘I’ with different values 
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The graphical relationships of COP and Qh with I for different values of thermal 
conductance at hot and cold junction (KH and KL) are demonstrated in Figure 18 and Figure 
19. As the value of KH and KL increases, maximum value attained by COP decreases and 
Qh increases ultimately.

Figure 20 and Figure 21 show the relationship of Qh with current for different values 
of N and thermal conductance (KH and KL) with addition of an external irreversibility K0 in 
the system. This external irreversibility K0 is because of this additional heat leak between 
source/sink, due to which there is considerable drop in the value of maximum heating 
capacity attained by the system, as we compare these values from Figure 17 and Figure 
19. Correspondingly, by comparing Figures 22 to 23 and Figures 16 to18, one can make 
out the fall in COP of TEHP due to heat leak between source and sink.

0 5 10 15 20 25
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Current, I (A)

Ef
fic

ie
nc

y,
 η

 

 
TL=200 K

TL=250 K

TL=300 K

TL=350 K

TL=400 K

0 5 10 15
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Current, I (A)

Ef
fic

ie
nc

y,
 η

 

 
KH=KL=5 WK-1

KH=KL=10 WK-1

KH=KL=15 WK-1

KH=KL=20 WK-1

KH=KL=25 WK-1

Figure 11. Thermal efficiency vs ‘I’ with different 
values of ‘TL’ and fixed ‘TH’ for TEG with heat 
leak between source and sink

Figure 12. Thermal efficiency vs ‘I’ with different 
values of KH and KL for TEG with heat leak 
between source and sink

0 5 10 15 20 25 30 35 40 45 50
1

1.5

2

2.5

3

3.5

4

4.5

5

Current, I (A)

C
O

P

 

 

TL=255 K

TL=265 K

TL=275 K

TL=285 K

0 5 10 15 20 25 30 35 40 45 50
1

1.5

2

2.5

3

3.5

4

4.5

5

Current, I (A)

C
O

P

 

 

TH=300 K

TH=325 K

TH=350 K

TH=375 K
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and fixed value of TH for TEHP
Figure 14. COP vs ‘I’ with different values of TH 

and fixed value of TL for TEHP
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Figure 15. Heating capacity vs ‘I’ with different 
values of TH and fixed value of TL for TEHP

Figure 16. COP vs ‘I’ with different values of 
number of thermoelectric elements for TEHP
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Figure 17. Heating capacity vs ‘I’ with different values 
of number of thermoelectric elements for TEHP

Figure 18. COP vs ‘I’ with different values of KH 
and K L for TEHP
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Figure 19. Heating capacity vs ‘I’ with different 
values of KH and K L for TEHP

Figure 20. Heating capacity vs ‘I’ with different values 
of ‘N’ for TEHP with heat leak between source and sink
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Effect of Geometric Parameters on the Single-Stage TEG and the Systems

The power output/first law efficiency of TEG depends on the working electric current, 
I and for given design parameters, there exists optimal electric current related to which 
peak power and thermal efficiency can be obtained. Similarly, maximum COP and heating 
capacity can be obtained for optimal values of working electrical current. From the previous 
literature, it can be observed that geometry of thermoelectric elements can significantly 
affect the performance parameters viz. output power, first law efficiency, COP and heating 
capacity of thermoelectric devices. The geometric parameters comprises length and area 
of thermoelectric elements. 

0 10 20 30 40 50 60 70 80 90 100
-40

-20

0

20

40

60

80

100

Current, I (A)

H
ea

ti
ng

 C
ap

ac
it

y,
 Q

h 
(W

at
ts

)

 

 
KH=KL=150 WK-1

KH=KL=200 WK-1

KH=KL=250 WK-1

KH=KL=300 WK-1

0 5 10 15 20 25 30 35 40 45 50
1

1.5

2

2.5

3

3.5

4

Current, I (A)

C
O

P

 

 

N=150
N=120
N=90
N=60

0 5 10 15 20 25 30 35 40 45 50
1

1.5

2

2.5

3

3.5

4

Current, I (A)

C
O

P

 

 
KH=KL=150 WK-1

KH=KL=200 WK-1

KH=KL=250 WK-1

KH=KL=300 WK-1

Figure 21. Heating capacity vs ‘I’ with different 
values of KH and KL for TEHP with heat leak 
between source and sink

Figure 22. COP vs ‘I’ with different values of ‘N’ for 
TEHP with heat leak between source and sink

Figure 23. COP vs ‘I’ with different values of KH and KL for TEHP with heat leak between source and sink
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Figure 24 shows the variations of electric current and length with area of thermoelectric 
couples. It is observed that length possess a linear relationship with the corresponding area 
of thermoelectric elements whereas the working electrical current initially increases with 
increase in area and stabilizes afterwards. It is clearly shown that the working electrical 
current is influenced by the geometric parameters of thermoelectric elements. Therefore, 
variations in length and area can considerably vary the required performance characteristics 
of thermoelectric devices. These geometric parameters are associated with the economical 
aspects of designing and hence, their optimum value should be chosen by appropriate 
numerical computations.  

Figure 25 demonstrates the variations of power output with area for different values 
source side temperature TH  for an irreversible single stage TEG system. For numerical 
computation the values of other parameters are chosen as TL=300K, KH=KL=10W/K, 
L=0.5mm, I=5A and N=127.For a fixed value of sink side temperature TL, as TH goes up 
the value of ∆T(TH-TL) increases and as a result the corresponding power output enhances. 
Initially the power output sharply rises with area ‘A’ but subsequently attains almost steady 
values. As the area of thermoelectric element increases more thermoelectric material is 
required which directly affects the cost of the system.

The parallel variations are observed for the thermal efficiency of an irreversible 
single stage TEG system with area, for different values of TH in Figure 26. For numerical 
computation the values of other parameters are chosen as TL=300K, KH=KL=10W/K, 
L=0.5mm, I=5A and N=127.For a fixed value of TL as TH enhances, higher values of thermal 
efficiency are attained for higher ∆T (TH-TL). The thermal efficiency increases with the 
area of thermoelectric elements initially whereas, attains almost steady values afterwards. 
It is recommended to choose the optimum values of area of thermoelectric elements from 
economical point of view.
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Figure 27 and Figure 28 demonstrate the effects of area of thermoelectric couples on 
output power and thermal efficiency for a predetermined value of TH and various values 
of TL. For numerical computation the values of other parameters are chosen as TH=450K, 
KH=KL=10W/K, L=0.5mm, I=5A and N=127.As the value of ∆T (TH-TL) rises, both power 
output and thermal efficiency consequently goes up. Hence, the temperature difference 
source and sink side plays an important in obtaining higher values of performance 
characteristics of thermoelectric devices. In the beginning, there exists a linear relationship 
of area of thermoelectric elements and performance parameters, but afterwards power 
output and efficiency get stabilize.

Figure 29 and Figure 30 exhibit the effects of area of thermoelectric couples on output 
power and thermal efficiency for different values of external thermal conductance. For 
numerical computation the values of other parameters are chosen as TH=450K, TL=300K, 
L=0.5mm, I=5A and N=127. The output power increases gradually as external thermal 
conductance increases. 

Figure 31 and Figure 32 demonstrate the effects of area of thermoelectric couples on 
coefficient of performance (COP) and heating capacity for some predetermined values of 
TL and various TH values. For numerical computation the values of other parameters are 
chosen as TL=250K, KH=KL=100W/K, L=0.5mm, I=9A and N=127.As the value of ∆T 
(TH-TL) rises, COP of an irreversible single stage TEHP system consequently goes down. 
With the increase in area, COP initially increases and attains a stable value afterwards. 
Hence, to design a practical space conditioning system one should judiciously chose the 
area of thermoelectric elements as area effect the economic aspects of the system. Figure 
32 illustrates the relationship of area and heating capacity for an irreversible single stage 
TEHP system for a predetermined value of TL and different values of TH. The heating 
capacity possesses inverse relationship with area and ∆T (TH-TL). 

Figure 33 and Figure 34 exhibit the effects of area of thermoelectric couples on 
coefficient of performance (COP) and heating capacity for a predetermined TH value and 
different TL values. For numerical computation the values of other parameters are chosen 
as TH=300K, KH=KL=100W/K, L=0.5mm, I=9A and N=127.As the value of ∆T (TH-TL) 
rises, COP of an irreversible single stage TEHP system subsequently declines. Figure 34 
illustrates the relationship of area and heating capacity for an irreversible single stage TEHP 
system for a predetermined value of TH and different values of TL. The heating capacity 
possesses inverse relationship with area and ∆T (TH-TL). 

Figure 35 and Figure 36 exhibit the effects of area of thermoelectric couples on COP 
and heating capacity for different values of external thermal conductance. For numerical 
computation the values of other parameters are chosen as TH=300K, TL=250K, L=0.5mm, 
I=9A and N=127. The COP of an irreversible single stage TEHP system declines with rise 
in external thermal conductances. The heating capacity of the system declines with the rise 
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in area of thermoelectric couples as shown in Figure 36. Hence, COP and heating capacity 
attain their maximum values for different values of area of thermoelectric elements and 
for practical design one has to optimize both simultaneously. 

The similar effect has been observed for the length of thermoelectric couples on output 
power /thermal efficiency for TEG system and COP/heating capacity for TEHP system. The 
direct relationship of area and length has been shown in Figure 24. It is concluded from 
above studies that for geometric parameters put considerable effect on the performance 
parameters as well as economic aspects of designing of thermoelectric devices. Cost of 
thermoelectric material is concerned with the geometry of thermoelectric elements. For real 
designing, performance and cost should be optimized simultaneously in order to achieve 
most effective operation of thermoelectric devices in minimum possible cost.    
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Figure 25. Power output vs area with different 
values of ‘TH’ and fixed value of TL for TEG

Figure 26. Efficiency vs area with different values 
of ‘TH’ and fixed value of TL for TEG

Figure 27. Power output vs area with different 
values of ‘TL’ and fixed value of TH for TEG

Figure 28. Thermal efficiency vs area with different 
values of ‘TL’ and fixed value of TH for TEG
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Figure 29. Power output vs area with different 
values of ‘KH’ and ‘KL’ for TEG

Figure 30. Thermal efficiency vs area with different 
values of ‘KH’ and ‘KL’ for TEG

Figure 31. COP vs area with different values of ‘TH’ 
and fixed value of ‘TL’ for TEHP

Figure 32. Heating capacity vs area with different 
values of ‘TH’ and fixed value of ‘TL’ for TEHP

Figure 33. COP vs area with different values of ‘TL’ 
and fixed value of ‘TH’ for TEHP

Figure 34. Heating capacity vs area with different 
values of ‘TL’ and fixed value of ‘TH’ for TEHP
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Figure 35. COP vs area with different values of 
‘KH’ and ‘KL’ for TEHP

Figure 36. Heating capacity vs area with different 
values of ‘KH’ and ‘KL’ for TEHP

Validation of the Study

In order to verify/validate the thermodynamic modeling of TEG and TEHP systems, the data 
stated in the previous studies are utilized and the comparison is done as illustrated in Table 
3. For TEG, the obtained outcomes show an agreement with that of stated in Hogblom and 
Andersson (2014). Conversely, COP of TEHP obtained in the present work matches with 
that of stated in Nami et al. (2017) whereas heating capacity matches with that of reported 
in Kuashik et al. (2015), on the basis of same operating conditions and input parameters. 

Table 3 
Comparison of designing and performance parameters with previous literature

Comparative
Investigations

Designing Parameters Performance Parameters
TEG TEHP TEG TEHP

I
(A)

Th

(K)
Tc

(K) N
I

(A)
Th

(K)
Tc

(K) N
P 

(W) η QH

(W) COP

Present Study 2.5 400 300 127 5.12 300 250 127 4.85 0.02 15.12 4.6
Hogblom and 
Andersson 
(2014)

4.26 158 65 - - - - - 5.7 - - -

Kaushik et al. 
(2015) - - - - 5.65 313 303 - - - 14.72 -

Nami et al. 
(2017) - - - - 5.6 310 300 - - - - 3.76
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CONCLUSION

Finite time thermodynamic analysis carried out on multi-element irreversible TEG and 
TEHP devices directs the major concluding points as follows:  

• The generalized finite time thermodynamic models of TEG and TEHP systems 
are established considering inner geometrical dimensions, heat transfer in external 
mode and temperature dependent physical properties.

• Formulation of performance parameters of thermoelectric devices in context with 
electric current, thermoelectric couples, temperature of hot/cold side and thermal 
conductances of hot/cold side is presented. 

• The analytical formulation of hot/cold sides temperature based on energy 
balanced equation is achieved for TEG and TEHP devices. The proposed system 
configurations are investigated with and without heat leak between heat source 
and sink.

• The effects of design factors on power output/first law efficiency and heating 
capacity/ coefficient of performance are analyzed.

•  The effect of area and length on power output/thermal efficiency, COP and heating 
capacity is investigated with variations in TH, TL, KH/KL for single stage TEG and 
TEHP systems.

• It is concluded from above studies that for geometrical parameters put considerable 
effect on the performance parameters as well as economic aspects of designing 
of thermoelectric devices. Cost of thermoelectric material is concerned with the 
geometry of thermoelectric elements. For real designing, performance and cost 
should be optimized simultaneously in order to achieve most effective operation 
of thermoelectric devices.    

• It is also observed that various parameters impact the design variables in different 
ways and performance parameters of thermoelectric devices. The thermodynamic 
optimization is mandatory and operative for practical operations at variable 
conditions. The varying features of various input and geometric/design variables 
obtained in this study is utilized as the benchmark for assessing the effects of 
external/internal irreversibility on optimum performances of TEG and TEHP 
systems. Moreover, a practical setup of the proposed thermoelectric systems could 
be fabricated based on the obtained optimal values of design parameters. 
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