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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Thermoelectric devices have significant thermal stress and deformation affected by the temperature difference, which 
affecting their working stability and life span. In this paper, thermoelectric pairs are allocated in the x, y and z directions 
respectively to a single thermoelectric pair. And the maximum stress and deformation in all schemes are calculated by the finite 
element analysis. The results show that the interaction of the thermoelectric pairs in the z direction makes the maximum stress 
and the deformation decrease. The interaction of the z-direction thermoelectric pairs is beneficial to the reliability of 
thermoelectric devices. When designing thermoelectric devices, reducing the number of arrangement in the x, y directions and 
increasing the number of arrangement in the z direction can effectively improve their working stability and life span. 
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1. Introduction 

Thermoelectric technology is a new method of directly converting the heat into electricity using Seebeck effect. It 
is in line with the trend of times. Thermoelectric devices are widely used in various fields, which can use industrial 
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waste heat, flue gas waste heat and some low-grade heat sources for power generation. It also can be used in solar 
power generation [1], aerospace [2], automotive waste heat recovery [3] and other fields. At present, researchers have 
achieved remarkable results in improving the efficiency of thermoelectric power generation from many aspects, 
such as thermoelectric materials, energy transmission characteristics, geometric parameters and so on [4-5]. Up to now, 
the stress and deformation distributions of various thermoelectric devices have been studied. So far, researchers 
have analyzed the mechanical properties of thermoelectric devices from the aspects of stress distribution, 
thermoelectric materials and geometrical parameters [6-8]. But the basic research on thermoelectric devices is still 
lacking. Therefore, this paper purposes with the basic single thermoelectric pairs and explores the influence of the 
interaction between thermoelectric pairs on the reliability of thermoelectric devices. First, the stress and deformation 
distributions of single thermoelectric pair are analysed. And then we construct three contrast schemes to analyze the 
stress and deformation variation of single thermoelectric pairs after allocating two thermoelectric pairs in three 
directions. Through analysis, which scheme is most favourable for the reliability of thermoelectric devices can be 
found. 

2. Modeling

2.1. Model description 
The main factor affecting the stability and life span of thermoelectric devices is the failure of the welding layer in 

the module. Stress is the main factor that destroys the weld layer. Factors of affecting stress include temperature and 
material properties. The physical parameters of each part of the thermoelectric modules are shown in Table 1. 
 

Table 1 Physical parameters of each part of the thermoelectric devices [9]. 

 
The thermoelectric pair is basic structure of a thermoelectric module, including insulators, copper sheets, and a p-

n thermoelectric unit, as shown in Fig 1 (a). The thermoelectric unit is a cube with length of side a = 1 mm, spacing 
of thermoelectric units d = 0.5 mm, thickness of copper sheets m = 0.1 mm, thickness of insulator l = 0.5 mm. 

Three contrast schemes are constructed, which are called scheme I, II and III. The central thermoelectric pairs of 
the three schemes are taken for analysis. Interface between insulator and copper interface at the hot end is the 
studied interface. Lines a and b on the interface are set as studied objects, which is shown in Fig 1 (b). The cold end 
temperature of thermoelectric modules is 313 K and the hot end temperature is 333 K. In Scheme III, the cold end 
temperature is 293 K and the hot end temperature is 353 K to ensure that the central thermoelectric pair has same 
temperature difference. All interfaces are adiabatic except for the upper and lower surfaces. 
 

 
Fig. 1. Related research objects: (a) Diagram of the single thermoelectric pair; (b) model of Scheme I 

 

 Coefficient of thermal 
expansion / K-1 Elastic modulus / GPa Poisson ratio Coefficient of thermal 

conductivity / W·m-1·K-1 
Al2O3 ceramics 0.65×10-5 380 0.26 17 
Copper sheet 1.8×10-5 110 0.34 401 
P-type semiconductor 1.68×10-5 47 0.4 1.3 
N-type semiconductor 1.68×10-5 47 0.4 1.2 
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2.2. Governing Equations 
The heat conduction differential equation of three-dimensional steady state without internal heat source in 

Cartesian coordinate system is: 
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Where, ρ is the density of an object, c is specific heat capacity, λ is the thermal conductivity, and T is the 

temperature at x. 
The linear stress σx、σy、σz and shear stress τxy、τyz、τzx can be obtained from the coupled thermal-structural 

governing equations in three directions. From the fourth strength theory we can know: 
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σr4 is the von mises stress. When σr4 is less than the allowable stress [σ], the microelement is elastic deformation, 

and on the contrary, the microelement is plastic deformation. 
 

3. Results and discussion 

3.1. Stress-deformation analysis of single thermoelectric pair 
 

 
Fig. 2 Single thermoelectric pair: (a) Distribution of stress; (b) Distribution of deformation

Fig 2 (a) shows the equivalent stress diagram of a single thermoelectric pair. The stress concentration appears at 
the interface between insulator and copper sheet at the hot end. The maximum stress appears at the corner of the 
interface, and its value is about 36.741 MPa. Fig 2 (b) shows the deformation distribution of the single 
thermoelectric pair. The deformation distribution is regular and spherical around the central point. The maximum 
deformation appears at the edge of insulator with a value about 0.361 μm. The stress distributions of lines a and b 
are shown in Fig 3. The maximum stress appears at both ends of lines a and b. Because of the phenomenon of stress 
concentration at both ends, the local minimum value of 34.174 MPa appears at y = 0.05 mm and 0.95 mm on line a. 
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Fig. 3 The equivalent stress distribution: (a) Line a; (b) Line b 

 
3.2. Analysis of x-direction thermoelectric pairs 

 

 
Fig. 4 Comparison of transverse modules: (a) Comparison of line a stress;(b) Comparison of line b stress. 

 
Maximum stress of the central thermoelectric pair is about 43.471 MPa. The maximum deformation is about 

0.336 μm. Stress comparison with the original single thermoelectric lines a and b is shown in Fig 4. The stress of 
line a increases obviously. Stress fluctuations still appear at y= 0.05 mm and 0.95 mm. Maximum increment of 
stress in middle area is about 1.314 MPa. Scheme I makes the stress at the studied interface increase and stress 
increment at both sides of the x-direction is larger. 

 
3.3. Analysis of y-direction thermoelectric pairs 

 

 
Fig. 5 The equivalent stress distribution: (a) Line a; (b) Line b 

 
Maximum stress of the central thermoelectric pair is about 49.967 MPa. Maximum deformation is about 0.362 
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μm. Fig 5 shows stress comparison of lines a and b with the original single thermoelectric pair. The stress on line a 
increases significantly. Maximum increment of stress is about 6.957 MPa except the maximum value points. It is 
much smaller than the maximum stress increment. In addition, the stress fluctuations at y = 0.05 mm and 0.95 mm 
disappear. The maximum increment is about 18.714 MPa in the middle area. In summary, the stress on the studied 
interface of the central thermoelectric pair increases. The increment of both sides in the y direction is larger, which 
leads to the disappearance of the stress fluctuation in the line a. 

 
3.4. Analysis of z-direction thermoelectric pairs 

The maximum stress of the central thermoelectric pair is about 36.126 MPa. The maximum deformation is about 
0.332 μm. Stress comparison of lines a and b with the original single thermoelectric pair is shown in Fig 6. The 
stress reduction occurs at all points of line a. The maximum reduction is about 1.336 MPa. The stress on line b has 
the same properties and the stress is significantly reduced. The maximum reduction is about 2.247 MPa. Stress and 
deformation of the studied interface in the central thermoelectric pair decrease. It is beneficial to the stability of the 
central thermoelectric pair. 

 

 
Fig. 6 The equivalent stress distribution: (a) Line a; (b) Line b 

 
3.5. Comprehensive analysis 

Overall analysis, in the central thermoelectric pair of Scheme I, the maximum stress increases and the maximum 
deformation decreases. In the central thermoelectric pair of scheme II, the maximum stress increases, and the 
increment is bigger than that of scheme I. The maximum deformation increases slightly. In the central 
thermoelectric pair of scheme III, both the maximum stress and the maximum deformation decrease. Scheme III is 
the best. Compared with scheme II, scheme I is a better solution. When designing the thermoelectric modules, the 
optimization sequence of allocating the thermoelectric pairs is z > x > y. 
 

4. Conclusions 

Through the numerical simulation of the thermal-structural coupling among the single thermoelectric pair and the 
three thermoelectric modules, the interaction of the thermoelectric pairs in x, y and z directions is analysed. And the 
following conclusions are obtained: 
(1) The single thermoelectric pair is deformed by the temperature difference. The maximum stress of the single 

thermoelectric pair appears at the corners of the interface between the copper sheet and the insulator at the hot 
end. The maximum deformation appears at the edge of insulator. 

(2) The interaction of x-direction thermoelectric pairs makes the deformation decrease and the stress increase. And 
the stress increases more significantly along both sides of the x-direction. The interaction of thermoelectric 
pairs in the y-direction makes the stress increase, which is more significant along both sides of the y direction. 
And the deformation increases slightly. The interaction of z-direction thermoelectric pairs makes the maximum 
stress and deformation decrease. Therefore, the scheme of allocating thermoelectric pairs in the z direction is 
the most advantageous. 
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