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Abstract— Thermoelectric coolers (TECs) are widely used in 
state-of-the-art thermal management systems. Recently, there is a 
big trend that is to power TECs using thermoelectric generators 
(TEGs). Mainstream research efforts focus on attaining a higher 
figure of merit (ZT) of thermoelectric material, which now faces a 
great challenge. Alternatively, this paper proposes a different 
approach to improve the performance of TEC, i.e., integration of 
a thermoelectric generator (TEG) with a TEC. The TEG converts 
the collected heat energy into electric current, which reduces the 
power consumption and enhances the cooling capacity of the TEC. 
Using different methods of connecting the TEC and TEG, two 
thermoelectric collaborative cooling systems are proposed. 
Accurate SPICE models of the two cooling systems are established. 
Experimental results demonstrate that the discrepancy between 
the currents flowing through the TEC in the experiments and in 
the SPICE models is less than 4.8% on average. Based on the 
verified SPICE models, the proposed TEC-TEG collaborative 
cooling systems are assessed in terms of power consumption, 
cooling capacity, coefficient of performance, and cooling efficiency. 
Compared with a typical Peltier cooling system, the two 
collaborative cooling systems achieve significant performance 
improvements.  

Index Terms— Energy harvesting, collaborative cooling, 
electro-thermal conversion, thermoelectric cooler (TEC), 
thermoelectric generator (TEG). 

I. INTRODUCTION 
HE rapidly growing integrated circuits (ICs) industry has 
pushed engineers to place a dramatically increasing number 
of transistors into an IC chip with continuously shrinking 

size. Massive transistors opening and closing at a high 
frequency result in tremendous power consumption, which 
leads to a significant temperature increase in the chips. 
Although a recent research has shown that high temperature 
compensated voltage reference integrated circuit [1] fabricated 
by silicon carbide (SiC) material is able to work at up to 300℃
, such high temperatures inevitably have many negative effects. 
For example, temperature rises can cause gate leakage current 
[2] and introduce threshold voltage variation in MOS transistors 

[3]. Moreover, the temperature difference between various parts 
of the clock tree can exacerbate clock skew [4]. 

Developing an effective measure for cooling ICs is a crucial, 
but challenging, task. Many works have been done to address 
this issue, including air-cooling [5], water-cooling [6], and air-
water hybrid cooling [7]. However, it is difficult to integrate 
these traditional methods with IC systems. Thermoelectric 
cooler (TEC) is a solid-state device which is able to transfer 
heat from one side of the device to the other with the 
consumption of electrical energy. It is the most suitable and 
promising cooling solution for IC systems and has attracted 
considerable attention [8-11] due to its small size and ease of 
integration in IC chips.  

TEC is implemented using thermoelectric material. To 
evaluate properties of thermoelectric materials, the most 
important performance index is the dimensionless figure of 
merit ZT that measures the electro-thermal conversion 
efficiency. ZT is defined as 

  
2S TZT σ
κ

=                                   (1) 

where S is Seebeck coefficient, σ is electrical conductivity, κ is 
thermal conductivity, and T is temperature. To improve the 
performance of TEC, many works [12-14] attempted to 
maximize the coefficient of performance (COP) or cooling 
capacity (Qc) of TEC by applying external current/voltage 
sources and determining the best working conditions. Another 
approach is to use a thermoelectric generator (TEG) [15-21] as 
an energy harvesting engine for TEC, leading to self-powered 
TEC-TEG combined cooling systems [22-28]. For example, in 
[22], the possibility of using solar TEG to power TEC was 
investigated. The results show that ten solar TEG modules are 
required to power a small TEC at optimum performance. 
Manikandan and Kaushik studied a TEC-TEG combined 
system using the maximum power point tracking (MPPT) 
technique to maximize the cooling power and overall efficiency 
[25]. With the MPPT technique, the overall efficiency can be 
increased from 2.606% to 4.375% when the temperature 
difference between the two sides of the TEG is 150 K and that 
of the TEC is 10 K. A TEG-TEC integrated system was 
proposed with two separated single-stage TEGs [27]. With the 
multi-objective optimization, the maximum cooling capacity 
was improved by 35.33%. Also, Wiriyasart [28] presented a 
thermoelectric closed-loop control method based on TEC and 
TEG systems. By increasing the number of TEGs, the thermal 
performance of the TEC system was enhanced, further resulting 
in a greater temperature difference for TEGs system. The 
available TEC-TEG combined cooling systems use TEG as the 
only power source for TEC. However, due to the low thermo-
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electric conversion efficiency of currently TEGs, most existing 
TEC-TEG combined cooling systems require multiple TEGs to 
power TEC and the cooling performance is limited.  

In this paper, we propose to use TEG as a supplementary 
power source for TEC to save the power supply from main 
source and to improve cooling performance. Unlike previous 
configurations in which where TECs and TEGs are connected 
in series, this paper reports two different methods to incorporate 
TEG with TEC. SPICE models of the two systems are 
established, optimized, and verified by experiment. The results 
show that the proposed two systems significantly improve the 
performance compared to the typical cooling model.  

The rest of the paper is organized as follows. Following the 
introduction, typical cooling model and key parameters of TEC 
are reviewed in Section II. In Section III, the schematics and 
equivalent SPICE models of two different collaborative cooling 
systems are proposed and verified. Section IV evaluates the 
performance of the proposed models by SPICE simulation and 
experiment. Finally, conclusions are drawn in section V. 

II. TYPICAL PELTIER COOLING MODEL 

A. General Analytical Models of TEC and TEG 
TECs and TEGs, are Thermoelectric modules, which are thus 

correlated with three thermoelectric phenomena involving 
Seebeck, Peltier, and Thomson effects. The Seebeck effect is 
the phenomenon whereby the temperature difference between 
the two sides of a TEG can generate a voltage, which can be 
calculated by: 

g g gV S T= ∆                                         (2) 
where Vg, Sg and ΔTg are the Seebeck voltage, Seebeck 
coefficient, and temperature difference between the two sides 
of the TEG, respectively. The Peltier effect describes the 
phenomenon whereby the electric current applied to a TEC can 
lead to the generation of temperature difference. The heat 
absorbed at the cold side and released at the hot side is 
determined by (3) and (4), respectively. 

21 ( )
2c c c c c c h cQ S I T I R K T T= − − −                    (3) 

21 ( )
2h c c h c c h cQ S I T I R K T T= + − −                   (4) 

where Qc, Qh, Tc, Th, Sc, Ic, Rc, and K are the heat absorbed at 
the cold side, heat released at the hot side, temperature at the 
cold and hot sides, Seebeck coefficient, electric current flowing 
through the TEC, resistance, and thermal conductivity of the 
TEC module, respectively. Considering the power generated 
from working against the Seebeck voltage and Joule power, the 
electrical power consumption Pe is given by 

2 ( )e c c c c h cP I R S I T T= + −                           (5) 
Currently, the COP is widely used to describe the cooling 

performance [12-14]. This can be expressed as 
2

2

1 ( )
2COP

( )

c c c c c h c
c

e c c c c h c

S I T I R K T T
Q
P I R S I T T

 − − −  = =
+ −

         (6) 

However, a more accurate parameter for evaluating the cooling 

performance is ψ, which comes from exergy analysis, and is 
given by 

= exergy_out
exergy_in

ψ                                     (7) 

Equation (7) is derived from exergy analysis [29], which 
defines ψ as the ratio of exergy output and exergy input, where 
the former is only a part of Qc and the latter is the electrical 
power consumption Pe 

  _ eexergy in P=                                    (8) 

                     _ 1h
c

c

T
exergy out Q

T
 

= − 
 

                         (9) 

Thus, ψ can be described as 

( 1)c h

e c

Q T
P T

ψ = −                                     (10) 

Substituting (3) and (5) into (10), ψ can be written as 

2

2

1 ( ) 1
2

( )

h
c c c c c h c

c

c c c c h c

TS I T I R K T T
T

I R S I T T
ψ

  − − − −     =
+ −

           (11) 

The maximum value of ψ is 

max

1

1 1

h
m

c

m

TZT
T

ZT
ψ

+ −
=

+ +
                                (12) 

where Z and Tm are defined as 
2

c

c

S
Z

R K
=                                         (13) 

2
h c

m
T T

T
+

=                                      (14) 

The parameter ψ and the COP will be used to evaluate the 
performance of the TEC-TEG collaboration systems described 
in Section III. 

B. Typical SPICE Models of TEC and TEG 
For the convenience of analyzing the performance of TEC 

and TEG in electronic circuit terms, the analytical models 
should be transferred into the equivalent SPICE models by 
employing the analogies between thermal and electrical 
variables [30]. Corresponding SPICE models include electrical  

VP

Rc

Vc

RP

Ic

       
(a)                                                    (b) 

 
(c) 

Fig. 1. Equivalent SPICE model of TEC and TEG including: (a) Electrical part 
of TEC; (b) Electrical part of TEG; (c) Thermal part of TEC and TEG. 
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TABLE I 
SYSTEM SPECIFICATIONS OF THE THERMOELECTRIC MODULES USED IN THIS 

WORK 
Module Name TEG-450-0.8-1.0 TEC-12710 
Dimensions (mm) 54 × 54 40 × 40 
Imax (A) 0.75 10 
ΔTmax (oC) 270 66 
Vmax (V) 21 15 
Pmax (W) 5 85 
S (V/K) 0.191 0.055 
K (W/K) 1.45 0.87 
R (Ω) 28 1.8 

 
and thermal parts. The thermal part is usually fixed, while the 
electrical part, which depends on external circuit structures of 
the TEC, is changeable. Fig. 1 shows a typical SPICE model of 
a TEC and a TEG. In the electrical part shown in Fig. 1(a), VP 
is a voltage source that drives the TEC to work, RP is the internal 
resistance of voltage source, Rc is the internal resistance of the 
TEC, and Vc is the Seebeck voltage of the TEC. Fig. 1(b) shows 
the electrical part of the TEG, where Rg and Vg represent the 
internal resistance and generated voltage of TEG, respectively. 
In the thermal part as shown in Fig. 1(c), the heat flow Qc is 
divided into two parts. One is represented by current source Px 

21
2x c c c c cP S I T I R= −                               (15) 

where Ic can be formulated according to Fig. 1(a) as 
P c c

c
P c

V S T
I

R R
− ∆

=
+

                                 (16) 

The second part is the current flowing across the resistance Rth, 
where 

1thR K=                                        (17) 
The TEG functions as a power supplier and works without a 
voltage supply. The generated voltage of the TEG depends on 
the Seebeck coefficient and the temperature difference between 
the hot and cold sides. Therefore, comparing with TEC, TEG 
can be modeled as a voltage-controlled voltage source as shown 
in Fig. 1(b) and Fig. 1(c) with same thermal part but different 
electrical parts [31].  

C. Simulation Setup, Results, and Analysis 
Table I lists the basic parameters of the TEC and TEG used 

in this study. K is the thermal conductance, S is the Seebeck 
coefficient, and R is the internal resistance of the TEC or TEG. 
The internal resistance of the voltage source is modeled as an 
equivalent resistance RP with a constant approximate value of 2 
Ω. 

From Eqs. 3 and 5, Pe gradually increases with the increase 
of VP while Qc first increases and then decreases under different 
working conditions (Tc). In this work, simulations were carried 
out with fixed hot side temperature Th=300K [32]. By 
substituting the values of Qc and Pe into Eq. 10, the conversion 
efficiency ψ was obtained. Under different Tc, a peak value of 
ψ can always be produced by selecting an optimal VP. The value 
of ψ can change significantly with different VP. In this work, we 
propose to enhance the cooling efficiency of the TEC by 
connecting it with a TEG to adjust Qc and Pe. The performance 
can be improved over a wider range of VP than a typical Peltier 

cooling system. However, one could also develop an MPPT 
technique to make the proposed TEC-TEG collaborative 
cooling system work at the maximum efficiency by adjusting 
Vp.  

III. SPICE MODELS OF COLLABORATIVE COOLING SYSTEMS 
In this work, the heat energy harvested by the TEG is 

employed as an extra power source for the TEC. By integrating 
an additional TEG, the performance of the typical Peltier 
cooling system, which employs only one TEC, can be 
enhanced. However, note that the way in which TEG is 
connected with the TEC is of great importance. In this section, 
two collaborative cooling systems with different connection 
methods are proposed. The SPICE models of the two systems 
are developed and then validated through a series of 
experiments.  

A. TEC-TEG Parallel-Connected Cooling (PCC) System 
Fig. 2(a) shows the schematic of the proposed TEC-TEG 

parallel-connected cooling (PCC) system. In this system, the 
employed TEG has its hot and cold sides connected with a heat 
source and a heat sink, respectively, which ensures a sufficient 
temperature difference for the TEG. Through the Seebeck effect, 
the current generated by the TEG flows across the TEC, 
contributing to a portion of the power supply. 

The thermal part of the system is the same as Fig. 1(c) as the 
modification is to the external circuit structure rather than the 
internal topology of the TEC. The electrical part of the SPICE 
model of the PCC system is shown in Fig. 2(b).  

Note that the current flow across the TEC (Ic) is one of the 
most important parameters in evaluating the cooling 
performance. By substituting Ic into (3), (6), and (11), the 
cooling capacity Qc, power consumption Pe, and overall cooling 
efficiency ψ of the TEC in this collaborative cooling system can 
be determined. 

According to Kirchhoff's current law, the current flow across 
the TEC (Ic) in the PCC system can be formulated as  

  c g PI I I= +                                   (18) 
where Ig and Ip are given by  

cP c c c
P

P

V S T I R
I

R
− ∆ −

=                          (19) 

g

g g c c c c
g

S T I R S T
I

R
∆ − − ∆

=                      (20) 

Substituting (19) and (20) into (18), the expression of Ic can be 
rewritten as  

gc || ||
( )g c c g P cP c

c
P g c

S T S T R R RV S T
I

R R R
∆ − ∆− ∆

= +              (21) 

The difference between the currents through the TEC of the 
proposed PCC system and that of the typical cooling system is  
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∆ = + −  

  + +
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     (22)  

Hot Side
Cold Side

Heat Sink

TEC

Processor

Heat Sink

`

TEG

RPVP

IP
Ig

Ic

VP

IP

Ic

Ig

RP

Rg Vg

Rc Vc

 
(a)                                                         (b) 

Fig. 2. (a) Schematic view and (b) electrical SPICE model of the proposed TEC-
TEG parallel-connected collaborative (PCC) cooling system. 

 
Fig. 3. Calculated difference between the currents through TEC of the proposed 
PCC system and that of the typical cooling system with different ΔTg and Vp. 

The calculated ΔIc_pcc is plotted in Fig. 3 for different values of 
ΔTg and VP. For most conditions, Ic is larger in the PCC system 
than in the typical cooling system, indicating an improved 
cooling performance. However, as the external voltage VP 
increases, ΔIc_pcc becomes smaller, indicating that the merit of 
integrating TEG in the PCC system is decreasing. To avoid this, 
another method of utilizing the TEG is proposed in the next 
subsection.  

B. Voltage-Controlled Current-Source Cooling (VCC) System 
Figs. 4(a) and 4(b) show a schematic view of the proposed 

voltage-controlled current-source cooling (VCC) system and its 
electrical part in the equivalent SPICE model. In this system, an 
operational amplifier (AD741CN) with the specifications listed 
in Table II is employed. Theoretically, the amplifier has high 
input resistance with an equal voltage between the in-phase and 
out-phase ends, which means that no electric current can flow 
through the out-phase end while VG generated from the TEG 
can be exerted on the resistance RT, which is about 3 Ω 
calculated by matching the internal resistance of TEC and 
power supply to obtain large current flowing through TEC. 
However, in reality, a resistance of 500 KΩ is connected to the 
input terminal of the AD741CN to minimize the current flow 
across the TEG.  

Assuming the current flow across the TEG is zero, Ig can be 
written as 

  g
g

T

V
I

R
=                                     (23) 

As the current Ic through the TEC in the VCC system is the sum 
of Ig and IP, where  

cP c c c
P

P

V S T I R
I

R
− ∆ −

=                          (24) 
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Fig. 4. (a) Schematic view and (b) electrical SPICE model of the proposed TEC-
TEG voltage-controlled current source cooling (VCC) system. 

TABLE II 
PERFORMANCE SPECIFICATIONS OF AD741CN 

Module Name AD741CN 
Supply Voltage (V) ±18 
Power Dissipation (mW) 500 
Differential Input Voltage (V) ±30 
Input Voltage (V) ±15 
Quiescent Current (mA) 1.7 
Storage Temperature Range (°C) -65 to +150 
Output Short Circuit Duration Indefinite 

Ic can be obtained as follows: 
1 ( )g P

c P c h c
P c T

V R
I V S T T

R R R
 

= + − − +  
             (25) 

Subsequently, the electric current difference between the 
VCC system and the typical cooling system can be 
determined by  

_ vcc ( ) ( )
g P P

c g
c P T c P

V R RI I
R R R R R

∆ = =
+ +

              (26) 

The calculated ΔIc_vcc is plotted in Fig. 5 for different values of 
ΔTg and VP. It can be concluded from (26) and Fig. 5 that ΔIc_vcc 

is a positive constant. This means that the proposed VCC 
system always has a larger current through the TEC than in the 
typical cooling model. The increment is independent of the 
externally applied voltage VP and the internal resistance Rg of 
the TEG. It should be noted that an extra differential DC source 
(±18 V) is needed to drive the AD741CN. However, the 
maximum power consumption of AD741CN is small, i.e., only 
550mW. Moreover, when Vp =18 V, the power consumption of 
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the entire VCC system is 34.74 W, which is significantly larger 
than that of the amplifier. Thus, the power consumption of the 
amplifier was neglected in the subsequent calculation.  

C. Validation of SPICE Models  
The effects of the integrated TEG on the cooling performance 

for the two models can be evaluated by several parameters such 
as Ic, Qc, ΔTc, and ψ. Among these parameters, only Ic and ΔTc  

 
Fig. 5. Calculated difference between the currents through TEC of the proposed 
VCC system and that of the typical cooling system with different ΔTg and Vp. 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Experiment setup of the (a) typical, (b) PCC, and (c) VCC cooling 
systems.  

can be directly obtained from experiments, thus they are used 

to verify the accuracy of the proposed SPICE models. A 
specific model in SPICE was used to model AD741CN. 

Figs. 6(a) to 6(c) show the experimental setups for the 
typical, PCC, and VCC cooling systems, respectively. The 
temperature difference ΔTc and the current flow Ic across the 
TEC can be easily measured using a thermometer and 
multimeter. Note that the thermometer and multimeter are not 
shown in Fig. 6 for reasons of clarity. As shown in Fig. 6, water 
tanks were used to stabilize the cold side temperature of TEC 
and TEG in experiments. The water tanks had a capacity of 
about 500 ml and the maximum value of Qc was up to 37.3 W, 
which is sufficient for experiments lasting several minutes. 
Additionally, a high-power resistor was used in the 
experimental setup to represent the RP of 2 Ω, this was used to 
regulate the current flow across TEC in this work. We used a 
high-power resistor because the current flow across it can be as 
large as 2 A while a low-power resistor could be damaged by 
the large current.  

Figs. 7(a) to 7(c) plot the simulated and measured variations 
of Ic with VP in the typical Peltier, PCC, and VCC systems, 
respectively, with the temperature difference ΔTc fixed at 60℃. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Simulated and measured variation of Ic with Vp of the (a) typical Peltier, 
(b) PCC, and (c) VCC systems with ΔTc = 600C.  
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TABLE III 
RELATIVE ERROR OF PROPOSED SPICE MODEL FOR THE PCC AND VCC 

SYSTEMS UNDER DIFFERENT ΔTC 
Temperature 
difference of 

TEG 
(℃) 

Average relative error 
(%) 

Maximum relative error 
(%) 

PCC VCC PCC VCC 
60 3.6 4.0 16.8 7.3 
80 4.7 5.8 12.5 10.5 
100 2.3 5.1 12.2 13.7 

It is observed from the figures that the simulated Ic agree quite 
well with the measured results. Compared with typical Peltier 
and PCC systems, a higher current value can be obtained using 
PCC system at the same externally applied voltage. Moreover, 
Table III summarizes the average and maximum relative errors 
of the proposed collaborative systems under different ΔTc.  

The limited experimental conditions in our laboratory, means 
that the test results are not very precise. To overcome this 
limitation, each system was tested five times and the average 
value was used. As the typical, PCC, and VCC cooling systems 
were tested in a similar environment, we can conclude that the 
results showing that PCC and VCC systems outperform the 
typical Peltier cooling system, despite some possible test errors. 
This is a promising result. 

IV. RESULTS AND DISCUSSION 
As the SPICE models were verified by comparing the current 

through the TEC in the experimental and SPICE simulations, 
the current-dependent parameters obtained from the SPICE 
simulation can be considered accurate and used to evaluate the 
cooling performance. These parameters include the power 
consumption ratio RPe, cooling capacity Qc, COP, and electro-
thermal conversion efficiency ψ.  

Note that Qc, COP, and ψ can be obtained by substituting Ic 
into (3), (6), and (10), respectively. The power consumption 
ratio RPe is defined as the ratio of the power supply from the 
heat source (TEG) and the power supply from the voltage 
source:  

        _

_

e hs
e

e vs

P
RP

P
=                                   (27) 

For the typical Peltier cooling system which only has a TEC, 
the external voltage source is the only power supply, and so 
RPe=0. For the PCC system, according to Fig. 2(b), 

    2
_e hs g g g gP V I I R= −                            (28) 

                                   2
_e vs P P P PP V I I R= −                            

(29) 
Therefore, RPe for the PCC system can be obtained by 
substituting (28) and (29) into (27). Different from the PCC 
system, the power supply from the heat source (Pe_hs) of the 
VCC system cannot be simply determined from (28) because 
the circuit structure has been changed. Alternatively, Pe_hs can 
be obtained using the total power consumption of the TEC 
minus the power supply from the voltage source: 

_ _e hs e e vsP P P= −                            (30) 
By substituting (30) and (4) into (27), RPe can be determined 
for the VCC system. The calculated values of RPe, Qc, COP, 
and ψ in the typical Peltier, PCC, and VCC systems under 
condition of TH =300K, ΔTg = 80℃, and VP ranging from 4 V 
to 30 V when the cold side temperature of the TEC is specified 
at 263K, 273K, and 283K are summarized in Tables IV and V.  

As illustrated in Table IV, the power consumption ratio RPe 
has a maximum (average) value of 3.67/1 (0.42/1) for the PCC 
system and 11.03/1 (1.07/1) for the VCC system. This indicates 
that the heat energy harvested by the TEG constitutes a 
significant portion of the total power supply in the proposed 
collaborative systems. Moreover, compared with the typical 
cooling system, the increment of the maximum (average) 
cooling capacity in various operating voltages can exceed 3% 
(18%) for the PCC system, and a further enhancement 9% (33%) 
can be observed for the VCC system.  

Also, as shown in Table V, the two collaborative cooling 
systems have significantly improved performance compared to 
the typical Peltier cooling system in terms of the coefficient of  

 
TABLE IV 

COMPARISON IN TERMS OF RPE AND QC BETWEEN THE TYPICAL COOLING SYSTEM AND THE PROPOSED COLLABORATIVE COOLING SYSTEMS UNDER CONDITION OF 
TH=300K, ΔTG=80℃, AND VP RANGES FROM 4V TO 30V WHEN TC = 263K, 273K, AND 283K. 

Parameters Power consumption ratio RPe Cooling capacity Qc (W) 

Temp. 
(K) Value 

Systems Systems Comparison  
Typical PCC VCC Typical PCC VCC (PCC-Typical)/Typical (VCC-Typical)/Typical 

263 Max. 0/1 0.85/1 4.69/1 20.04 20.81 22.63 3.85% 12.94% 
Ave. 0/1 0.2/1 0.77/1 14.19 17.22 20.87 21.35% 47.07%                      

273 Max. 0/1 3.67/1 11.03/1 27.01 27.91 29.90 3.32% 10.71% 
Ave. 0/1 0.42/1 1.07/1 19.12 22.76 26.44 19.04% 38.29% 

283 Max. 0/1 3.02/1 7.09/1 34.06 35.09 37.27 3.05% 9.41% 
Ave. 0/1 0.37/1 0.88/1 23.81 28.18 31.89 18.36% 33.92% 

 
TABLE V 

COMPARISON IN TERMS OF COP AND Ψ BETWEEN THE TYPICAL COOLING SYSTEM AND THE PROPOSED COLLABORATIVE COOLING SYSTEMS UNDER CONDITION OF 
TH=300K, ΔTG=80℃, AND VP RANGES FROM 4V TO 30V WHEN TC = 263K, 273K, AND 283K. 

Parameters COP  ψ (%) 

Temp. 
(K) Value 

Systems Comparison  Systems Comparison  
Typical PCC VCC PCC/Typical VCC/Typical Typical PCC VCC PCC/Typical VCC/Typical 

263 Max. 0.49 0.77 1.88 1.57 3.84 6.91 9.07 15.63 1.31 2.26 
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Ave. 0.35 0.47 0.75 1.34 2.14 4.97 6.33 8.03 1.28 1.62 

273 
Max. 0.90 2.22 4.58 2.47 5.09 8.91 18.2 88.53 2.04 9.93 
Ave. 0.59 0.86 1.28 1.46 2.17 5.87 8.57 13.01 1.46 2.22 

283 Max. 1.80 8.13 18.2 4.52 10.1 10.8 43.4 84.8 4.02 7.86 
Ave. 0.97 1.70 2.75 1.75 2.84 5.81 8.96 11.67 1.54 2.01 

TABLE VI  
PERFORMANCE SPECIFICATIONS OF THE PROPOSED PCC AND VCC COOLING 

SYSTEMS 
Cooling Systems PCC VCC 

Qc_max (W) 35.09 37.27 
Imax (A) 1.67 3.75 

Ψave 0.0896 0.1167 
COPave 1.75 2.84 

 
TABLE VII 

PERFORMANCE SPECIFICATIONS COMPARISON BETWEEN THE STATE-OF-THE-
ART TEC-BASED COOLING SYSTEMS AND THE PROPOSED VCC COOLING 

SYSTEM 

Works [12] [13] [14] This 
Work 

Optimization 
Mode 

Multi-
Start 

Adaptive 
Random 
Search 

Effectiveness-
Number of 
Transfer 

Units 

Multi-Couple 
Thermoelectric 

Cooling 
VCC 

Tc (K) 297 275 273 273 
Th (K) 330 300 300 300 
Pe (W) 14.3 12.72 28.69 10.11 
Qc (W) 13.33 13.33 13.33 13.33 
COP 0.932 1.053 0.465 1.339 

ψ 0.099 0.148 0.065 0.188 
 

performance COP and the thermoelectric conversion efficiency 
ψ. Table VI further summarizes the performance specifications 
of the proposed PCC and VCC cooling systems. Both of the 
proposed systems offer improved performance compared with 
the typical Peltier cooling system. The increment in the VCC 
system is 2-3× that in the PCC system, which means that the 
VCC system is applicable in condition where more cooling 
capacity is required. However, the compactness and ease to 
integration of the PCC system, make it a more appropriate 
choice when space is a major constraint. 

Moreover, to further demonstrate the superiority of the 
proposed collaborative system, the proposed VCC cooling 
system is further compared with other state-of-the-art TEC-
based cooling systems [12-14] in Table VII. Note that the 
cooling capacity is determined by the TEC module and the 
input power. To facilitate a fair comparison, we set all the 
systems to have the same cooling capacity of Qc = 13.33 W and 
compare their power consumption, COP, and overall cooling 
efficiency. To reach the same cooling capacity, the proposed 
VCC method has the minimum power consumption. The VCC 
method also obtains the maximum COP of 1.339 and the 
maximum conversion efficiency ψ of up to 0.188. 

V. CONCLUSION 
This paper, has described two TEC-TEG collaborative 

cooling systems, namely the parallel-connected cooling (PCC) 
system and the voltage-controlled current-source cooling 
(VCC) system. These systems provide an alternative approach 
to improve the performance of TEC-based cooling systems. 
SPICE models of the two collaborative systems were developed 

and verified through a series of experiments. By comparing the 
currents flowing across the TEC in the simulations and 
experiments, the accuracy of the developed SPICE models was 
validated. Subsequently, the power consumption ratio RPe, 
cooling capacity Qc, COP, and electro-thermal conversion 
efficiency ψ of the two collaborative cooling systems were 
obtained via SPICE simulations. They were then compared with 
those of the typical Peltier cooling system to demonstrate the 
superiority of the PCC and VCC systems. 
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