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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 

Due to some special features like being highly reliable and having long lifetime, solar thermoelectric generators (STEGs) are 
appropriate to convert solar energy into electrical energy directly. In this investigation, an oxide-based TEG is examined under 
different solar concentrations. To increase the energy absorbance by the TEG, a self-adhesive graphite sheet is attached to the 
surface of the TEG. For both STEG systems, the variation of the temperatures on the hot and cold sides of the TEG, open circuit 
voltage and short circuit current are obtained and compared. I-V-P curves for both STEG systems are achieved and discussed. 
The results indicate the significant effect of using graphite sheet in the STEG system on the power generation and all 
abovementioned parameters. 
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1. Introduction 

Fast depletion of the fossil fuels makes clean and renewable alternative energies very important. Sun is an unlimited 
source of energy. Solar energy can be converted to electricity by different devices. STEGs are promising devices which 
can be used for harvesting solar energy. TEGs have no moving parts and working silently with high reliability, therefore, 
TEGs have been used in different applications like waste heat recovery [1, 2], low power remote applications [3, 4], 
space probes [5], hybrid solar-TEG systems [6–8] and so on. Using low-temperature TEGs in STEG systems have been 
investigated in many references but there are fewer studies on the application of high-temperature TEGs in STEG 
systems. One of the first studies with remarkable results has been presented by Telks [9]. The efficiency of the STEG 
system for the solar concentration less than 50 reached to 3.35 %. In the recent years, new investigations of different 
aspects of STEG systems have been done. Kraemer et al. [10] presented a STEG system which was arrived at 4.6 % 
conversion efficiency. This efficiency is more than 7 times higher than the formerly obtained maximum value for a flat-
panel STEG. Later in another study, Kraemer et al. [11] suggested a numerical model and an optimization approach for 
the terrestrial STEGs. The conversion efficiency was reached to 5 % in the new design of the STEG system.  

With the development of the high-temperature TEGs, the capability of using concentrated solar radiation has 
been investigated [12] and a new category of the STEG systems have been established. A general model for power 
generation and efficiency of the STEG systems has been offered by Cai et al. [13]. Impact of different parameters 
including input energy, the thermal conductivity, the absorptivity and emissivity of the heat collector, and the 
cooling water were investigated. The results illustrated that increasing input energy and absorptivity, enhance the 
performance of the STEG while low emissivity of the heat collector is beneficial to achieve a high-performance 
STEG system. Kutt et al. [14] optimized a concentrated STEG system. The optimum number of commercial TEGs 
that should be used in the STEG system is determined. 

Baranowski et al. [15] divided the STEG into two subsystems including TEG and solar absorber in the modeling 
procedure. To achieve 85 % efficiency for the absorber they used two different methods that are using the solar 
selective absorber and thermally insulating cavities. The predicted efficiency for the used TEG materials and for 
solar concentration between 250 to 300 suns was 15 %. A SiGe-based STEG system was examined by Pereira et al. [16] 
under high solar concentration values (˃100) and high-temperature condition (˃450 °C). The maximum efficiency 
of the system was obtained 1.8 % which is for the lowest emissivity value. The feasibility of direct transformation of 
concentrated high-temperature solar radiation into electricity was investigated experimentally by Tomes et al [17]. 
The impact of coated graphite layer on the hot side of the TEG on the temperature difference, maximum power 
generation by the system and the efficiency of the system are also determined. The results showed that coating the 
graphite layer on the hot surface leads to having a higher temperature difference between hot and cold sides of the 
TEG and the maximum power and efficiency of the system improves substantially.  

Oxide-based STEGs are appropriate for working under high solar concentrations and high-temperature 
conditions. These materials are more efficient in the high-temperature ranges. In this study, an oxide-based STEG 
system is examined experimentally under different solar concentration values. In the next step, to increase the 
absorbance of the STEG system, a self-adhesive graphite sheet is attached to the top surface of the TEG. An 
inclusive evaluation of the performance of both STEG systems with and without graphite sheet is carried out. The 
temperature gradient between the hot and cold side of the TEG, open circuit voltage, short circuit current, and 
maximum output power are obtained and compared for both STEG systems. 

2. Experimental setup 

Flat plates, parabolic troughs, Fresnel lenses and parabolic dishes are mostly used as the solar collector in the 
experiments. In this investigation, a high-flux solar simulator consists of 10 xenon arc lamps cooled with 
high-pressure water (see Fig. 1) is used to provide the concentrated light. Very high solar concentration (until 11000 
suns) can be simulated in the focal point [18, 19]. To deliver a uniform light over the surface of the TEG, an optical 
mixer located in front of the STEG system. In order to produce 0 to 338 suns, just 6 lamps are used in the 
experiments. All the experimental results are taken in Solar Technology Laboratory of Paul Scherrer Institute (PSI). 

Before starting the experiments, a thermogage is used to measure and calibrate the distribution of the solar radiation. 
Thus, the most homogeneous heat flux over the area of 42 mmꞏ42 mm can be found and TEG can be located in that area. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.07.080&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
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systems. One of the first studies with remarkable results has been presented by Telks [9]. The efficiency of the STEG 
system for the solar concentration less than 50 reached to 3.35 %. In the recent years, new investigations of different 
aspects of STEG systems have been done. Kraemer et al. [10] presented a STEG system which was arrived at 4.6 % 
conversion efficiency. This efficiency is more than 7 times higher than the formerly obtained maximum value for a flat-
panel STEG. Later in another study, Kraemer et al. [11] suggested a numerical model and an optimization approach for 
the terrestrial STEGs. The conversion efficiency was reached to 5 % in the new design of the STEG system.  

With the development of the high-temperature TEGs, the capability of using concentrated solar radiation has 
been investigated [12] and a new category of the STEG systems have been established. A general model for power 
generation and efficiency of the STEG systems has been offered by Cai et al. [13]. Impact of different parameters 
including input energy, the thermal conductivity, the absorptivity and emissivity of the heat collector, and the 
cooling water were investigated. The results illustrated that increasing input energy and absorptivity, enhance the 
performance of the STEG while low emissivity of the heat collector is beneficial to achieve a high-performance 
STEG system. Kutt et al. [14] optimized a concentrated STEG system. The optimum number of commercial TEGs 
that should be used in the STEG system is determined. 

Baranowski et al. [15] divided the STEG into two subsystems including TEG and solar absorber in the modeling 
procedure. To achieve 85 % efficiency for the absorber they used two different methods that are using the solar 
selective absorber and thermally insulating cavities. The predicted efficiency for the used TEG materials and for 
solar concentration between 250 to 300 suns was 15 %. A SiGe-based STEG system was examined by Pereira et al. [16] 
under high solar concentration values (˃100) and high-temperature condition (˃450 °C). The maximum efficiency 
of the system was obtained 1.8 % which is for the lowest emissivity value. The feasibility of direct transformation of 
concentrated high-temperature solar radiation into electricity was investigated experimentally by Tomes et al [17]. 
The impact of coated graphite layer on the hot side of the TEG on the temperature difference, maximum power 
generation by the system and the efficiency of the system are also determined. The results showed that coating the 
graphite layer on the hot surface leads to having a higher temperature difference between hot and cold sides of the 
TEG and the maximum power and efficiency of the system improves substantially.  

Oxide-based STEGs are appropriate for working under high solar concentrations and high-temperature 
conditions. These materials are more efficient in the high-temperature ranges. In this study, an oxide-based STEG 
system is examined experimentally under different solar concentration values. In the next step, to increase the 
absorbance of the STEG system, a self-adhesive graphite sheet is attached to the top surface of the TEG. An 
inclusive evaluation of the performance of both STEG systems with and without graphite sheet is carried out. The 
temperature gradient between the hot and cold side of the TEG, open circuit voltage, short circuit current, and 
maximum output power are obtained and compared for both STEG systems. 

2. Experimental setup 

Flat plates, parabolic troughs, Fresnel lenses and parabolic dishes are mostly used as the solar collector in the 
experiments. In this investigation, a high-flux solar simulator consists of 10 xenon arc lamps cooled with 
high-pressure water (see Fig. 1) is used to provide the concentrated light. Very high solar concentration (until 11000 
suns) can be simulated in the focal point [18, 19]. To deliver a uniform light over the surface of the TEG, an optical 
mixer located in front of the STEG system. In order to produce 0 to 338 suns, just 6 lamps are used in the 
experiments. All the experimental results are taken in Solar Technology Laboratory of Paul Scherrer Institute (PSI). 

Before starting the experiments, a thermogage is used to measure and calibrate the distribution of the solar radiation. 
Thus, the most homogeneous heat flux over the area of 42 mmꞏ42 mm can be found and TEG can be located in that area. 
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Fig. 1. (a) Schematic of experimental setup; (b) solar simulator used in this study [20]. 

A commercial oxide TEG model CMO-25-42S with 50 uni-couples and size of 42 mmꞏ42 mm, Fig. 2(a), which 
the materials of N-Type and P-Type are CaMnO3 (Mn-113) and Ca3Co4O3 (Co-349) [21] respectively, is used in the 
experiments. In order to enhance the energy absorbed from the solar simulator, a self-adhesive graphite sheet [22] is 
attached to the surface of the TEG. Fig. 2(b) shows the schematic of the STEG system including TEG with graphite 
layer on top and heat exchanger with water, as the working fluid. 

 

 
Fig. 2. (a) Oxide TEGs used in experiments; (b) physical model of the STEG system. 

The mass flow rate of the water in the heat sink is 5 Lit/min that is constant during all experiments. All the 
temperatures and I-V-P curves are recorded with a data acquisition and control systems based on National 
Instruments cRIO. 2 T-type thermocouples are used to measure the temperatures on the hot side. For the cold side 
and ambient temperature, 3 and 1 T-type thermocouples are used, respectively. 

3. Results and discussion 

The temperature gradient across the TEG and figure of merit of the TEG are two main parameters in power 
generation by the TEG. In the first step of experiments, TEG without graphite layer on top is examined. In this 
condition due to having more reflection from the top surface of the TEG, less input energy can be absorbed; 
therefore, higher solar radiation can be applied to the STEG system. In the next step, a self-adhesive graphite sheet 
is attached to the hot side of the TEG and consequently, TEG has more absorbance rather than when there is no 
graphite sheet. In this situation, the solar radiation that can be applied to the system is less than STEG system 
without graphite sheet. As mentioned before, 6 lamps are used in the experiments that all of them are kept on during 
the tests and the magnitude of the solar concentration is controlled by a shutter that is located in front of the lamps. 
Table 1 shows the values of the solar concentrations that are applied to the both STEG systems along with the 
open-rate percentage of the shutter.  
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 Table. 1. Solar radiation on the TEGs versus open-rate percentage of the shutter. 

Shutter percentage, % 5 10 15 20 25 30 40 50 60 70 

Solar radiation for STEG without Gr, kW/m2 30 56 - 107 - 155 205 252 292 338 

Solar radiation for STEG with Gr, kW/m2 30 56 74 107 128 - - - - - 

 
The maximum solar concentration that is applied to the STEG system with graphite layer is 128 suns. The reason 

is that the maximum temperature that the graphite sheet can tolerate to stay attached to the hot surface of the TEG is 
400 °C. Fig. 3 illustrates the hot and cold side temperatures of the TEG in both STEG systems.  

 

  
 (a) (b) 

Fig. 3. Hot and cold side temperatures of the STEG: (a) with graphite sheet; (b) without graphite sheet, versus solar concentration. 

With increasing the solar radiation and therefore the heat flux through the TEG, the temperature of the hot and 
cold sides will enhance. The rate of increment of the hot side temperature is more than cold side temperature, 
therefore, the temperature difference increases as well. Due to the higher rate of energy absorbed from the simulator 
and consequently higher heat flux across the TEG, the temperature of the STEG system with graphite layer increases 
in the lower solar concentrations. For solar concentration 128 suns, the temperatures of the hot and cold sides of the 
TEG in the STEG system with graphite sheet is almost the same with STEG system without graphite sheet and solar 
concentration 292 suns. 

  
 (a) (b) 

Fig. 4. Open circuit voltage and short circuit current versus solar concentration for STEG: (a) with graphite sheet; (b) without graphite sheet. 
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and ambient temperature, 3 and 1 T-type thermocouples are used, respectively. 

3. Results and discussion 

The temperature gradient across the TEG and figure of merit of the TEG are two main parameters in power 
generation by the TEG. In the first step of experiments, TEG without graphite layer on top is examined. In this 
condition due to having more reflection from the top surface of the TEG, less input energy can be absorbed; 
therefore, higher solar radiation can be applied to the STEG system. In the next step, a self-adhesive graphite sheet 
is attached to the hot side of the TEG and consequently, TEG has more absorbance rather than when there is no 
graphite sheet. In this situation, the solar radiation that can be applied to the system is less than STEG system 
without graphite sheet. As mentioned before, 6 lamps are used in the experiments that all of them are kept on during 
the tests and the magnitude of the solar concentration is controlled by a shutter that is located in front of the lamps. 
Table 1 shows the values of the solar concentrations that are applied to the both STEG systems along with the 
open-rate percentage of the shutter.  
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 Table. 1. Solar radiation on the TEGs versus open-rate percentage of the shutter. 

Shutter percentage, % 5 10 15 20 25 30 40 50 60 70 

Solar radiation for STEG without Gr, kW/m2 30 56 - 107 - 155 205 252 292 338 

Solar radiation for STEG with Gr, kW/m2 30 56 74 107 128 - - - - - 

 
The maximum solar concentration that is applied to the STEG system with graphite layer is 128 suns. The reason 

is that the maximum temperature that the graphite sheet can tolerate to stay attached to the hot surface of the TEG is 
400 °C. Fig. 3 illustrates the hot and cold side temperatures of the TEG in both STEG systems.  

 

  
 (a) (b) 

Fig. 3. Hot and cold side temperatures of the STEG: (a) with graphite sheet; (b) without graphite sheet, versus solar concentration. 

With increasing the solar radiation and therefore the heat flux through the TEG, the temperature of the hot and 
cold sides will enhance. The rate of increment of the hot side temperature is more than cold side temperature, 
therefore, the temperature difference increases as well. Due to the higher rate of energy absorbed from the simulator 
and consequently higher heat flux across the TEG, the temperature of the STEG system with graphite layer increases 
in the lower solar concentrations. For solar concentration 128 suns, the temperatures of the hot and cold sides of the 
TEG in the STEG system with graphite sheet is almost the same with STEG system without graphite sheet and solar 
concentration 292 suns. 

  
 (a) (b) 

Fig. 4. Open circuit voltage and short circuit current versus solar concentration for STEG: (a) with graphite sheet; (b) without graphite sheet. 
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Fig. 4 illustrates open circuit voltage and short circuit current for both STEG systems. As can be seen, for both 
with and without graphite sheet systems, open circuit voltage and short circuit current have the same linear trend and 
with increasing the solar concentration, the open circuit voltage and short circuit current are enhancing as well. Due 
to the higher energy absorbed by the TEG when graphite sheet is attached, in lower solar concentration the value of 
open circuit voltage and short circuit current are almost the same with open circuit voltage and short circuit current 
without graphite layer and in higher solar concentrations. The value of the open circuit voltage and short circuit 
current in STEG system with graphite sheet and solar concentration 107 are 1.56 V and 1.21 A, respectively while 
these values for the system without graphite sheet and solar concentration 252 are 1.5 V and 1.18 A. 

 

 
(a) 

 
(b) 

Fig. 5. I-V-P curves for the STEG system: (a) with graphite sheet; (b) without graphite sheet, and different solar concentrations. 
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be seen that for the same solar concentration the power generated from the TEG with attached graphite is much 
higher that TEG without graphite sheet. It shows the substantial effect of the graphite sheet on the power generation 
by the system. This technique is very useful in the low concentration applications to compensate the low amount of 
input energy. Comparing Fig. 5(a) and Fig. 5(b) shows that for the same solar concentrations, the power generation 
by the system with graphite sheet is much more than the system without graphite sheet. Fig. 6 illustrates that by 
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increasing the solar concentration, the ratio of the maximum power of the system with graphite sheet to the system 
without graphite sheet is decreasing slightly but this amount for the solar concentration 107 is still 5.8 and it shows 
the significant effect of the graphite sheet. 

 

 

Fig. 6. The ratio of the maximum power for the STEG with graphite sheet to the STEG without graphite sheet versus solar concentration. 

4. Conclusion 

The performance of an oxide-based STEG system is examined under different solar concentrations. 
The temperature of the hot and cold sides of the TEG, open circuit voltage, short circuit current, and I-V-P carves 
are obtained. In the next step of the experiments, a self-adhesive graphite sheet is attached to the hot side of the TEG 
and all abovementioned are obtained and compared with the TEG without graphite sheet. The results show the huge 
impact of using the graphite sheet in the STEG system which plays the role of an absorber to increase the amount of 
absorbed energy from the solar simulator. Furthermore, the ratio of the maximum power in the system with graphite 
sheet to the system without graphite sheet decreases with increasing the solar concentration. 
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Fig. 4 illustrates open circuit voltage and short circuit current for both STEG systems. As can be seen, for both 
with and without graphite sheet systems, open circuit voltage and short circuit current have the same linear trend and 
with increasing the solar concentration, the open circuit voltage and short circuit current are enhancing as well. Due 
to the higher energy absorbed by the TEG when graphite sheet is attached, in lower solar concentration the value of 
open circuit voltage and short circuit current are almost the same with open circuit voltage and short circuit current 
without graphite layer and in higher solar concentrations. The value of the open circuit voltage and short circuit 
current in STEG system with graphite sheet and solar concentration 107 are 1.56 V and 1.21 A, respectively while 
these values for the system without graphite sheet and solar concentration 252 are 1.5 V and 1.18 A. 

 

 
(a) 

 
(b) 

Fig. 5. I-V-P curves for the STEG system: (a) with graphite sheet; (b) without graphite sheet, and different solar concentrations. 
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increasing the solar concentration, the ratio of the maximum power of the system with graphite sheet to the system 
without graphite sheet is decreasing slightly but this amount for the solar concentration 107 is still 5.8 and it shows 
the significant effect of the graphite sheet. 

 

 

Fig. 6. The ratio of the maximum power for the STEG with graphite sheet to the STEG without graphite sheet versus solar concentration. 
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