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Abstract

Thermoelectric refrigeration systems employing the Peltier effect are widely applied in
electronic cooling and environmental control. The performance of such systems is influ-
enced by inevitable uncertainties in key parameters that can lead to noticeable variations in
system responses. However, previous sensitivity analyses have been limited to flat-plate
thermoelectric systems; annular thermoelectric refrigeration systems have not been ana-
lyzed. Accordingly, this study conducted a dispersion analysis of an annular thermoelectric
refrigeration system by treating the input parameters as random variables that follow nor-
mal distributions and generating samples using Latin hypercube sampling. The changes in
three response indicators—the cold-end temperature, refrigeration efficiency, and exergy
efficiency—with small shifts in the mean and standard deviation of each input parameter
were subsequently calculated to determine their influence on system performance. The
results indicated that a slight decrease in the hot-side temperature significantly enhanced
overall system performance, with an average influence weight of 0.45, and a moderate
increase in the cold-side heat absorption improved both the refrigeration and exergy ef-
ficiencies, with an average influence weight of 0.29; by contrast, changes in the annular
geometric parameter had relatively weak effects on system performance and the disper-
sion of system responses, exhibiting an average influence weight of only 0.02. Therefore,
this study demonstrated an effective approach for evaluating the uncertainty inherent in
annular thermoelectric refrigeration systems and provides a reference for optimizing their
designs to ensure reliability.

Keywords: annular thermoelectric cooler; uncertainty analysis; Latin hypercube sampling;
sensitivity analysis

1. Introduction

Thermoelectric refrigeration technology enables direct solid-state conversion between
electrical and thermal energy [1-3]. The advantageous lack of mechanical movement,
silent operation, compact size, and precise temperature control provided by thermoelectric
refrigeration have led to its widespread application in fields such as the thermal regulation
of medical devices [4] and LiDAR systems, as well as small-scale vehicle refrigeration [5].
Furthermore, its ability to provide accurate thermal management for power batteries can
extend battery life and ensure the safe operation of new energy vehicles. However, con-
ventional thermoelectric refrigeration systems exhibit low energy conversion efficiencies,
rarely exceeding 10% [6]. This poor efficiency can primarily be attributed to the inherent
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limitations of thermoelectric technology, such as Joule heat loss in thermoelectric materials
and irreversible heat conduction [7,8].

Research on improving the performance of thermoelectric refrigerators has focused on
two approaches. The first approach seeks to develop new thermoelectric materials with
higher performance indices. For example, Yang et al. [9] achieved a high figure of merit of
1.4 at 375 K using BiSbTe composite materials, Kim et al. [10] improved the figure of merit
for GeTe by doping it with Al, Xie et al. [11] employed nanocrystalline porous materials
to improve device performance, and Wang et al. [12] applied high-pressure torsion to
BipTes powders to enhance their material performance. Furthermore, Ji et al. [13] suggested
that reducing the lattice thermal conductivity could effectively increase the figure of merit
for thermoelectric devices, and Ali et al. [14] improved thermoelectric performance by
employing InpSSeTe materials.

The second approach focuses on optimizing the thermoelectric device structure and geom-
etry. For example, Liu et al. [15] developed and implemented a novel three-dimensional ther-
moelectric cooler model incorporating ten different leg geometries, and Gao et al. [16] adopted
a honeycomb structure to enhance thermoelectric performance. In addition, Zhang et al. [17]
designed a novel sandwich structure that simultaneously achieved a high power output, a high
coefficient of performance, and a compact size; Tsai et al. [18] introduced a herringbone-like
device structure that realized excellent thermoelectric performance.

Although improving the materials and structures applied in thermoelectric refrigera-
tors can boost cooling performance, the actual cooling effect consistently depends on the
balance between the heat absorption capacity on the cold side and the heat dissipation
capacity on the hot side. This balance is influenced by multiple parameters, including
the structural characteristics, material properties, and operating conditions of the device.
However, most previous studies employed fixed values for these parameters and rarely
considered the random uncertainties present in actual engineering applications, thereby
likely underestimating the effects of parameter changes on cooling performance. Further-
more, only a few uncertainty studies have been conducted on thermoelectric devices, most
of which have focused on flat-plate systems. For example, Zhang et al. [19,20] analyzed
the failure probabilities of various multistage thermoelectric generators using Latin hyper-
cube sampling, and Wang et al. [21] conducted a variance-based sensitivity analysis of a
thermoelectric generator using fuzzy and stochastic theories. Overall, studies investigat-
ing the effects of uncertainty on the performance of annular thermoelectric refrigeration
systems, which are designed to meet the refrigeration requirements of annular spaces,
remain limited.

Therefore, this study established a one-dimensional steady-state model of an annular
thermoelectric refrigeration system based on existing research, then employed Latin hy-
percube sampling to perform a dispersion analysis, yielding the uncertainty distributions
of the different considered input and response parameters. A sensitivity analysis was
subsequently combined with normalization processing to investigate the responses of
three system performance parameters (the cold-end temperature, refrigeration efficiency,
and exergy efficiency) to variations in the input parameter uncertainty distributions. The
results provide theoretical guidance and data support for the structural parameter op-
timization, operating condition regulation, and reliable engineering design of annular
thermoelectric refrigerators.

2. Numerical Model of the Annular Thermoelectric Refrigerator
2.1. Working Principle

The core structure of an annular thermoelectric refrigerator consists of p- and n-type
semiconductor elements sandwiched between a heat source and a heat sink to achieve
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cooling by directly converting electrical energy into thermal energy through the Peltier
effect. The general structure of an annular thermoelectric refrigerator is shown in Figure 1,
where r; represents the radial distance from the center to the cold side and r, denotes the
radial distance from the center to the hot side.

Figure 1. General structure of an annular thermoelectric refrigerator.

When direct current passes through the p-n semiconductor circuit, directional heat
absorption and release occur at the junctions where the semiconductors contact the cold
and hot sides. Thus, heat is absorbed on the cold side to produce a cooling effect and
released on the hot side to complete the thermal cycle. The following assumptions were
made in this study based on conventional thermodynamic analysis methods and practical
engineering considerations to simplify the resulting theoretical model:

(1) The physical properties of the semiconductor materials, including the Seebeck coef-
ficient, thermal conductivity, and electrical resistivity, were assumed to be constant
and independent of the temperature and spatial position, so the Thomson effect was
neglected [22].

(2) Only steady-state refrigeration conditions were considered.

(38) The lateral surfaces of the refrigeration system were assumed to be adiabatic, and only
one-dimensional steady-state radial heat transfer was considered with heat flowing
along the radial direction from the cold side to the hot side.

(4) The thermal conductivities and electrical resistivities of the p- and n-type semicon-
ductors were considered equal to each other and equivalent to those of the complete
device; the Seebeck coefficient for the p-type semiconductor was assumed to be
positive, that for the n-type semiconductor was assumed to be negative, and both
were set to half of that for the complete device to ensure structural and performance
symmetry [23].

It should be noted that the present model is established based on a simplified theoreti-
cal framework reported in previous studies. Therefore, its applicability may vary under
different engineering conditions, and further modifications may be required for specific
practical applications.

2.2. Evaluation of Refrigeration Performance

The performance of the considered annular thermoelectric refrigerator was quantified
by conducting energy and exergy analyses based on previous studies [19]. The cold-side
temperature, refrigeration efficiency, and exergy efficiency were selected as the performance
evaluation indicators for this analysis [24] and were modeled by applying the heat transfer
equations with nondimensional transformations.

The laws of energy conservation and thermoelectric conversion theory were considered
to express the heat transfer equations for heat absorption on the cold side per unit time (Q.)
and heat release on the hot side per unit time (Qy,) as follows:
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Qe = alTe —K(Ty — To) = 5I°R, (1)
1
Qn = al Ty = K(Ty — Te) + 5 I°R, 2)

(14 VI T 4ZTm) (S, + 1)In(S;) <— S DQ(UAZ T VIHAZIINGY) | 7 | AT 47T (S, — 1)K0Th) o)

where T. denotes the cold-side temperature, T}, denotes the hot-side temperature, « denotes
the Seebeck coefficient of the device, K denotes the thermal conductivity of the device, I
denotes the applied current, and R denotes the electrical resistance of the device.

The influences of the annular geometry on R and K were characterized using dimen-
sionless expressions based on the annular parameter (S, = rq/r2) [25], as follows:

R _ (S + 1)In(Sy) 3)

Ry Sy —1 !

K 45—

Ko  In(S)(S:+1)
where the referenced thermal conductance K and electrical resistance R are based on the
position rg, rg = (r1 +12) /2.

The value of T. was used as a performance indicator because it limits the refrigeration

(4)

capacity of the device; it was determined by
Sy +1)Qcln(Sy) +4Ko Ty (Sr — 1)
2Ko(1+ V1+4ZTy)(S: —1)

where ZT;,; denotes the figure of merit for the device.
The refrigeration efficiency (#) performance indicator was defined as the ratio of the

T. = ( (5)

cooling capacity at the cold side to the input electrical power, as follows:

_ (8¢ +1)QcIn(Sy) +4KoTp(5r — 1) 6)
T K (L4 VAT 42 ) (S — 1)

The exergy efficiency () performance indicator, which reflects the energy utilization

efficiency of the device, was defined as the ratio of the exergy output on the cold side to the
input electrical power [26,27], as follows:

o Qc Th
g2 ?

where Py, is the input electrical power.
Assuming P, = Qy — Qc, Equation (7) can be reformulated to obtain [28]

=

327 Tig (UGN 1 KoTy (S, — 1) ) (Sr = VKoTh ((VIF 42T +2) 2Ty + Y15 7Tm 4 1)

(8)

3. Dispersion Analysis Based on Latin Hypercube Sampling

The performance of an annular thermoelectric refrigerator generally exhibits signifi-
cant uncertainty according to the variations in its multiple input parameters. Therefore, the
influences of input parameter uncertainties on the model-output performance parameters
were evaluated using the Latin hypercube sampling (LHS) method to sample the parameter
space. This method divides the probability distribution of each random input parameter
into several subintervals with equal probabilities, then randomly draws a sample from
each. These samples are subsequently randomly combined to form a multidimensional
sample matrix, thereby ensuring a uniform distribution of samples throughout the entire
parameter space [29-31].

https://doi.org/10.3390 /machines14060653


https://doi.org/10.3390/machines14060653

Machines 2026, 14, 653

50f13

Notably, LHS provides a higher sampling efficiency and better spatial coverage than
the traditional Monte Carlo method when obtaining the same number of samples [32],
effectively reducing the estimation variance. The samples generated in this study were
substituted into the numerical device model derived in Section 2 to obtain the statistical
characteristics of the output performance parameters and thereby facilitate the subsequent
uncertainty propagation analysis. The LHS-based dispersion analysis procedure applied
in this study comprised the five steps shown in Figure 2 and described in the remainder
of this section. All numerical calculations and data visualization associated with the LHS
analysis were performed using Python 3.11.

[ Determine the means and standard deviations of the input parameters ]

l

[ Establish the probability density functions of the input parameters ]

l

Construct the stratified uniform probability
space by dividing the interval [0,1]

Map the samples to the physical paramtere space
using the inverse cumulative distribution function

|

Substitute the samples into Egs. (5), (6), and (8) to
compute the distribution of output response parameters

Figure 2. Flowchart of the LHS analysis.

Step 1: Determine the means and standard deviations of the input parameters.

According to Equations (5), (6), and (8), the performance of an annular thermoelec-
tric refrigerator is affected by S;, Ty, ZTm, Qc, and Ky. The uncertainties of these input
parameters were captured by representing them as random variables that follow normal
distributions. The means and standard deviations of these distributions were determined
based on Ref. [24] and engineering experience and are presented in Table 1.

Table 1. Normal distribution parameters of the input parameters.

Parameter Mean Standard Deviation
Sy 0.6 0.03
Th 300 5
ZTm 0.6018 0.03
Qc 0.75 0.0375
Ky 0.05 0.0025

Step 2: Establish the probability density functions for the input parameters.
The probability density function for a random variable X; ~ N (j;,0;%*) was deter-

mined as follows:
1 (x —p)?
(x) = exp|———5—/|, 9
sz( ) o; ﬁzn_ p [ 20.i2 ( )
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where y; denotes the mean and ¢; denotes the standard deviation for input parameter i,
and x denotes the value of the random variable X;.

The probability density functions of the input parameters Sy, Ty, ZTm, Qc, and Ky
were constructed in this study using the values reported in Table 1.

Step 3: Construct the stratified uniform probability space.

The stratified uniform probability space was constructed by dividing the interval [0, 1]
into N subintervals with equal probability as follows:

88} ) )

and then selecting a random point within each subinterval to obtain uniformly distributed
samples in each subinterval from throughout the probability space.

Correlations among input parameters were eliminated by independently and ran-
domly permuting the samples in each dimension, resulting in an LHS matrix given by:

u= ul-]-, (11)

where i denotes the input parameter and j denotes the sample.

Step 4: Map the samples to the physical parameter space.

The uniformly distributed samples were mapped onto the physical parameter space
using the inverse cumulative distribution function of the target distribution, given by

Xij = ¢~ (wij; i, 03), (12)
to obtain the sample matrix of input parameters required for the subsequent calculations.

Step 5: Calculate the distributions of response parameters.

The generated random input samples were substituted into the numerical model
defined by Equations (5), (6), and (8), then the corresponding response parameters (T, 7,
and 1) were calculated for each sample. The distributions of these response parameters are
shown in Figure 3, in which the vertical axis represents the probability density, reflecting
the relative likelihood of a sample occurring within a unit interval of the given parameter.
It can be observed that all three response variables exhibit a certain degree of dispersion,
indicating that the uncertainty in input parameters leads to noticeable variability in the
system performance. Note that the area of each histogram was normalized to unity,
allowing the distributions to be interpreted as probability density functions and facilitating
a consistent comparison of their statistical characteristics.

0.101
150 1 500 -
0.08 1
400 1
Z°0.06 1 27100 A Z
& @ Z 300 1
a a a
0.041 2001
50 1
0.02 1 100 -
0.00- 0 , 0-
210 220 230 0.02 0.03 0.04 0.0100 0.0125 0.0150
T, n L0

Figure 3. Probability density histograms of the response parameters.

4. Sensitivity Analysis

The sensitivity analysis represents a valuable method for evaluating the influences
of input parameter variations on model outputs to identify key controlling variables and
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quantify the contribution of each parameter to system performance [33]. This study sys-
tematically investigated the effects of input parameter uncertainty on the model responses
in terms of Tc, 17, and 9. The sensitivity analysis applied to do so independently shifted the
means and standard deviations of each input parameter distribution; its influence on the
system performance was reflected by the output parameter dispersions.

4.1. Mean Shift Analysis

The mean shift analysis changed the mean value of a selected input parameter by a
certain percentage while keeping its standard deviation and the remaining parameter dis-
tributions unchanged. The modified parameter distribution was subsequently substituted
into the numerical model for recalculation to determine the resulting variation in the mean
response parameters.

Letting 19 denote the baseline mean value of an input parameter X, the shifted mean
value can be expressed as

w(X) =puo(1+p), p€[-01,01], (13)

where B represents the relative shift; in this study, the shift applied to the mean value for
each input parameter was consistently varied in increments of 2% within +10% of the
original value.

The shifted values were applied in Equations (5), (6), and (8) to determine the resulting
magnitude of change in each output performance parameter and thereby determine the

sensitivity index as follows:
5 — max(Y;) — min(Yi)’ (14)
Yo

where S; denotes the sensitivity index for input parameter i, Y; represents the output
parameter value obtained after that input parameter was shifted, and Y{, denotes the output
parameter value under the baseline condition.

The S; values were subsequently normalized to obtain the weight coefficient W; for
each input parameter as follows:

W= i (15)
2121 Si
such that the W; of all input parameters for each output parameter satisfied:
Y Wi=1 (16)

4.1.1. Sensitivity of Output u(T¢)

As presented in Figure 4 and Table 2, the sensitivity of the output y(T¢) to the different
input parameters varied significantly. The shift in j(T},) exerted the most pronounced
effect on u(T.) (W; = 0.776), which increased with increasing y(T},), indicating that the
temperature difference across the system was strongly controlled by Tj,. Physically, an
increase in T, weakens the heat rejection capability of the system, leading to a rise in the
overall temperature level of the device. In the annular thermoelectric configuration, heat is
mainly transferred along the radial direction, causing the hot-side boundary condition to
strongly influence the entire temperature field. Consequently, the cold-end temperature
exhibits high sensitivity to variations in hot-side temperature. The value of y(ZTy,) had the
second greatest influence on u(T.) (W; = 0.183), which decreased with increasing p(Z T, ).
By contrast, the values of u(Q.), #(Kp), and pu(S;) had relatively weak effects on u(T¢),
with all three parameters showing W; values below 0.02 and the corresponding curves
exhibiting only slight variations.
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Figure 4. Variation in p(T.) with shifted (a) u(Ty,), (b) #(ZTm), (c) #(Qc), (d) u(K), and (e) u(S,).

Table 2. Sensitivity of y(T.) to changes in the mean input parameters.

Shifted Input Parameter S; Ww; Direction of Influence
u(Th) 0.195 0.776 Positive
#(ZTm) 0.046 0.183 Negative
1#(Qe) 0.005 0.020 Positive
1(Ko) 0.005 0.020 Negative
u(Sr) 0.001 0.001 Negative

4.1.2. Sensitivity of (1)

Figure 5 and Table 3 illustrate the responses of j(7) to shifts in the mean values of the
input parameters. The p(T},), #(Q.), and u(Ko) values all had significant effects on (1)
(W; = ~0.26), whereas y(ZTy ) had a slightly smaller effect (W; = 0.20), and (S;) exhibited
the least effect (W; = ~0.02), presenting a nearly flat curve.

(@) %102 () %102 (©) %102
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~3.1 ~3.1 ~31
X 30 <30 <30
2.9 2.9 2.9
2.8 2.8 2.8
2.7 : . . ' 2.7 . . : 2.7 14 ! . : ;
270 285 300 315 330 0.542 0.572 0.602 0.632 0.662 0.675 0.713 0.75 0.788 0.825
/’(Th) ,“(ZTm) .“(Qr)
(d) x10-2 (©) %102
3.3 33
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<30 T304 T————
2.9 2.9
2.8 2.8
2.7 L : ; ; 274 . . . !
0.045 0.0475 0.05 0.0525 0.055 054 057 0.6 0.63 0.66
p(Ko) n(Sy)

Figure 5. Variation in y(17) with shifted (a) u(T},), (b) #(ZTm), (c) #(Q.), (d) u(K,), and (e) p(S,).
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Table 3. Sensitivity of y(#) to changes in the mean input parameters.

Shifted Input Parameter S; Ww; Direction of Influence
u(Th) 0.202 0.260 Negative
#(ZTm) 0.156 0.200 Negative
1#(Qe) 0.200 0.258 Positive
1(Ko) 0.202 0.260 Negative
#(Sr) 0.017 0.022 Negative

4.1.3. Sensitivity of ()

Figure 6 and Table 4 present the responses of (1) to shifts in the mean input parame-
ters. The variations in j(¢) with the shifts in the mean input parameters were generally
similar to those in .(#7); however, u(1) was less sensitive to changes in y(ZTy ), and all of
the S; values were slightly smaller (by approximately 0.02), indicating that () was less
sensitive to variations in the mean input parameters than p ().

(a) w102 (b) w102 () x102
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1.225 1 1.225 1.225
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1.075 1.075 1.075

270 285 300 315 330 0.542 0.572 0.602 0.632 0.662 0.675 0.713 0.75 0.788 0.825
w(Th) wW(ZT) Q)
(@) x10-2 (©) %1072

1.275 1 1.275

1.250 1.250

1.225 1.225
— 1200 1 —1.200
21175 BT —————
<7150 <1150

1.125 1 1.125 1

1,100 1,100

1.075 - 1.075 |

0.0450.0475 0.05 0.05250.055 054 057 06 0.63 0.66
1(Ky) 1(Sy)

Figure 6. Variation in (1) with shifted (a) 4(T4,), (b) u(ZTm), (¢) #(Q.), (d) u(K,), and (e) u(S,).

Table 4. Sensitivity of u(¢) to changes in the mean input parameters.

Shifted Input Parameter S; W; Direction of Influence
u(Ty) 0.184 0.320 Negative
1(ZTm) 0.010 0.017 Positive
1(Qc) 0.182 0317 Positive
n(Ky) 0.184 0.320 Negative
u(S,) 0.015 0.026 Negative

4.2. Standard Deviation Shift Analysis

The influence of input parameter uncertainty on the dispersion of the system responses
was analyzed by shifting the standard deviation of each random variable while keeping its
mean value and the distributions for the other parameters unchanged.

Letting 0y denote the baseline standard deviation of an input parameter X, the shifted
standard deviation can be expressed as

o(X) = op(1+7),7 € [-0.1,0.1], (17)
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where 7 represents the standard deviation shift coefficient; in this study, the shift applied
to the standard deviation for each input parameter was consistently varied in increments
of 2% within £10% of the original value.

The LHS process was performed after applying different standard deviation shifts to
each input parameter to calculate the statistical characteristics of the output performance
parameters and thereby evaluate the influence of variations in the uncertainty of the input
on the dispersions of the output.

4.2.1. Sensitivity of o(T)

As shown in Figure 7, variations in the standard deviations of different input pa-
rameters had different effects on ¢(T.). The value of o(T;) increased significantly with
increasing o (Ty,); it also increased with increasing 0 (Z T ), although the magnitude of this
change was relatively small. By contrast, variations in ¢(Q.), o(Kp), and ¢(S,) had weaker
effects on o (T¢), with the corresponding curves exhibiting only minor fluctuations; overall,
changes in the uncertainties of these parameters had limited influence on the dispersion
of T..

(a) (b) (¢)

1.6 1.6 1 4.6
15 15 451
4.4 441 44
& 43 & 431 & 431
5 e S
421 421 424
414 41 414
15 483 517 55 0.027 0.029 0031 0.033 0.0338 0.0363 0.0387 0.0113
U(Th) U(ZTm) ”(Qz‘)
(d e)
461 ) 46 {
45 45
44 44
“ Q] H 2
T 13 o 1.3
42 492
414 411
0.00225 0.00242 0.00258 0.00275 0.027 0.029 0031 0.033
U([X’q)) O'(S,»)

Figure 7. Variation in o(T.) with shifted (a) o(T},), (b) 0(ZTm), (¢) o(Q.), (d) o(K,), and (e) o(S,).

4.2.2. Sensitivity of o (1)

As shown in Figure 8, an increase in ¢(T},) only slightly increased o (#), indicating
that uncertainty in T, has a limited effect on the fluctuation of . By contrast, increases in
0(ZTm), 7(Qc), and o (Kp) caused noticeable increases in o (). However, changes in o (S;)
had little effect on o(#), which remained essentially stable with only minor fluctuations.

4.2.3. Sensitivity of o (1)

As shown in Figure 9, shifts in 0(Q.) and ¢(K|)) had significant impacts on the
uncertainty expressed by o(1). An increase in o (T},) only slightly increased o(¢), which
exhibited a relatively small overall variation, indicating that the uncertainty in T}, had a
limited effect on fluctuations in ¢p. By contrast, changes in ¢(ZTy,) and ¢(S,) had essentially
no effect on o ().
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5. Conclusions

This study evaluated the effects of uncertainty in the input parameters of an annular

thermoelectric cooler on its performance using an LHS-based stochastic analysis model to

conduct a sensitivity analysis. The output T, #, and ¢ of the thermoelectric cooling device

were found to exhibit significant random dispersions. The sensitivity analysis indepen-

dently shifted the mean and standard deviation of each input parameter to determine the

effects on the corresponding means and standard deviations of T, 77, and . The results

of the mean shift analysis indicated that an increase in u(T, ) or decrease in u(ZT )

increased 1i(T¢); a decrease in (T ,), decrease in p(ZT ), increase in y(Q. ), or decrease
in u(K,) all increased u(77); and u(ZT ) had a negligible effect on (). The results of the
standard deviation shift analysis indicated that ¢(T},) and o(ZTy) significantly affected
0(Te); 0(ZTm), 0(Q.), and o(Kg) were all major contributors to the uncertainty expressed
by o(1); and 0(ZTm) exhibited a relatively weak influence on the uncertainty expressed

by o(1). Critically, variations in the mean and standard deviation of S; had little effect on
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any aspect of the overall system performance. These findings may provide useful guidance
for the practical design and operation of annular thermoelectric refrigeration systems. For
example, to achieve more stable refrigeration efficiency, greater attention should be paid to
controlling the stability of cold-side heat absorption conditions, material thermal conduc-
tance, and thermoelectric figure of merit during engineering applications. However, the
parameter perturbations considered in this study were relatively small; these conclusions
may change if larger parameter variations are applied. Therefore, future research should
consider evaluating the effects of larger changes in these input parameter distributions on
the fluctuations in the output performance parameters.

Overall, the results of this analysis indicate that the performance of an annular thermo-
electric refrigerator is highly sensitive to its material properties and the match between heat
absorption and heat dissipation. Therefore, the findings of this study provide a theoretical
basis informing the selection of thermoelectric materials, optimization of structural param-
eters, and matching of operating conditions for thermoelectric refrigerators. The results
also demonstrate that the proposed stochastic analysis method can effectively predict the
performance of these systems and inform design choices to ensure their reliability.
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