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Abstract

Thermal electricity generation (TEG) is a potential method to utilize energy emitted from the built
environment. This work presents a prototype of the low-cost full-day power generation solar building
component, which can be integrated as the building fabric or as a part of the solar panels. The size of the
prototype is 0.04 m? The overall cost is less than 25 USD. The prototype is tested in various
environments to validate its performance. The first experiment tests its performance under the radiation
of a high-temperature source, the prototype can generate the highest voltage of 0.8 V. In onsite
experiments, it can reach a maximum value of 10 mW/m? under sunlight. It can also work at night
depending on the thermal radiation of the environment. It can also be used in different weather; the
performance is even better than the nighttime. The experiments indicate that radiation heat transfer has
a stronger influence on energy conversion than the convective heat transfer. The relative humidity has a
certain influence on its performance, but there is no obvious effect of radiation heat transfer. Although
the prototype has great potential, there are still limitations, and this article also discusses the problems.
Meanwhile, this article also points out possible directions for improving design in the future. The results
in this article might be helpful for zero-energy buildings and low-carbon buildings.
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1. Introduction

Energy is an important material foundation for social development and an economic driving force.
Energy use in the building sector involves multiple stages of design, construction, operation, and
demolition, and most of its energy consumption occurs during the construction and operation stages. The
final energy consumption of global buildings in 2018 increased by 1% compared to 2017 and has
increased by 8 EJ since 2010 [1]. The massive increase in energy consumption in the building sector is

since the growth of building area and population has surpassed the increase in energy efficiency, and the




growth of the building area far exceeds energy demand. In terms of carbon emission, the Architecture,
Engineering, and Construction (AEC) Industry is also a major carbon emitter. The global construction
industry status report shows that the global construction industry-related energy consumption accounts
for 36% of the world, and the construction sector’s carbon emissions reach 11Gt, accounting for 39% of
the world, of which 11% comes from the production of construction materials such as steel, cement, and
glass [2]. In 2018, the building area increased by 3% compared with 2017, which is a cumulative increase
of 23% since 2010. By 2050, as the global population increases by 2.5 billion, new buildings will have
an important impact on future energy use and emissions associated with buildings [1].

Consequently, renewable energy and zero-energy buildings are in the ascendant. Solar energy, wind
energy, and other renewable technologies gained massive investments. By 2017, renewable sources
provided about 18% of the world's energy supply [3]. Among them, building solar energy harvesting
systems are increasingly common[4,5], due to its advantage of utilizing the building exterior structures
for electricity generation.

TEG applications on waste heat as the renewable energy source emerged [6]. There are studies [7,8]
designing a system to reuse waste heat from coalfield subsurface fires. The system was mainly heat
recovery; the electric heat conversion efficiency was not ideal. To improve thermoelectric conversion
efficiency, Ye et al. [9] designed multi-stage waste heat recovery to harvest heat from ship chimneys. Al-
Nimr et al. [10] used TEG to harvest solar energy and to produce distilled water at the same time. In
addition to natural heat transfer, there are also studies on the use of industrial waste heat. Chiarotti et al.
[11] designed a smaller power prototype to recover heat from industrial water. Cheng et al. [12]
developed a 1.2 kW TEG project by using industrial waste heat. Following similar purposes, Abbasi
and Tabar [13] measured the vehicles’ waste energy and attached TEG units to the exhaust for energy
harvesting. Garcia-Contreras et al. [14] validated TEG energy conversion performance from exhaust
gases.

The temperature differences of TEG applications is constantly decreasing, from coalfield subsurface fires
to the human body. A quantitative study measured the power output converted from the human body and
concluded that the forehead was the maximum source for energy conversion [15]. Elmoughni et al. [16]
integrated TEG into textiles for body heat harvesting, and the output was about 47 mV. Hyland et al. [17]
tested a flexible TEG T-shirt and compared its performance on different body locations with experiments.

By the time Yuan and Zhu [18] applied flexible TEG for powering wearable devices from body heat, the
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output power had reached 4.95 mW. Although the human body's heat production does not reach the high-
temperature difference in the industry, it also has stable power output. These works further expand the
potential of TEG working in a low-temperature difference environment.

With the development of technology and process, TEG can provide power during nighttime through heat
transfer. The reviews [19,20] summarized the application of TEG in walls, and its primary function was
for heat recovery from PV panels. Also, PV-TEG integration in walls can improve the thermal
performance [19]. The use of TEG can effectively make up for building-integrated solar systems’
problems of power generation during the night. The building envelope can not only provide conditions
for radiation heat exchange in the night sky but also has long-term radiation heat exchange with the
surrounding environment, which can provide a stable source of thermoelectric conversion for TEG.
Recently, Fan et al. [21] reached more than 2 W/m? via a vacuum chamber connected with radiative
cooling, while the cost is much higher than previous studies. Technological progress has allowed TEG
to have more applications in buildings. Aksamija et al. [22] integrated TEG with building facade systems
and tested its performance under different temperatures from -18 °C to 32 °C. Their study proved the
application of TEG in building facade systems under experimental environments.

Meanwhile, although TEG has gradually been widely used in buildings, its cost is still not low, and the
TEG of the building maintenance structure in the past research is embedded in the wall, there are
difficulties in maintenance and replacement, so it is necessary to reduce costs and provide flexible
maintenance plan. In recent years, Raman et al. [23] powered a LED using night sky radiation with TEG
units of 0.04 m? for about 30 USD. To utilize the advantage of TEG and lower the cost, this study
presented a prototype of a full-day electricity building fabric component using TEG. It can be integrated
into the facade systems or installed as exterior shading. The design of the component is explained. The
component was tested in an experiential environment to assess its peak performance. A field test is
conducted later to understand its on-site performance. After assessing the performances of the full day
power generation component, the limitations and suggestions are discussed for optimizing the design.
2. Methodology

The section explains the structure of the full day power generation solar building component,
experimental conditions, and devices used for the tests.

2.1. The structure of the component



The component has five layers, which are consist of aluminum heatsinks, aluminum plate, thermal grease,

TEG units, polyethylene aluminum foil, and polyethylene aluminum foil, as shown in Figure 1.
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Fig. 1. The structure of the full day power generation solar building component.

The aluminum heatsinks, with thermal conductivity of 209 W/(m*K), are to increase the area for heat
transfer. The aluminum plate, with thermal conductivity of 237 W/(m*K), is to stick the heatsinks and to
connect the TEG units. The thermal grease, on both sides of the TEG units, is to enhance heat transfer.
The TEG unit has an internal resistance of 2 Q. The thermal isolation layer used polyethylene aluminum
foil, is to make sure heat transfer only goes through the TEG units. The graphite copper foil layer, with
a vertical thermal conductivity of 600 W/(m*K), is to enhance heat transfer. The parameters of the layers
are listed in Table 1. The prototype is inserted into a 5 cm Expand Aple Poly Ephylene framework as

shown in Figure 2.
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Fig. 2. The prototype of the component



Table 1

The parameters of the layers in the component.

Name Size Amount
Graphite copper foil 0.05*200%200 mm 1
Aluminum heatsink 40*40*11 mm 25
Aluminum plate 200*200*0.5 mm 2

TEG unit 40*40*3.8 mm 4

2.2. The theoretical model of the prototype
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Fig. 3. The theoretical working conditions of the prototype.

When the layers are connected, the prototype could convert heat transfer to electricity. The working
conditions are as shown in Figure 3. Assuming the air temperature is T,1 and the environment temperature
is Tg1, the heat convection on the aluminum heatsink side is Qci, and the radiation heat transfer is Qri,
Qc1 and Qri can be calculated with Equation (1) and (2). The heat conduction between the aluminum

heatsink and the TEG units can be calculated through Equation (3).
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Where h is the convective heat transfer coefficient, A is the surface area, C; is the surface radiant heat
transfer coefficient, and A is the thermal conductivity. Similarly, Qc2, Qr2, and q; on the graphite copper

foil can be calculated.
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The electricity generated from the TEG units can be calculated with Equation (4) [24,25], where S is the
Seebeck coefficient. Since q equals to the sum of the amount of radiation and convection, the connection
of electricity generated by the prototype and the environmental temperature can be computed through
Equation (1), (2), (3), and (4).

2.3. Tests in the various environments
The component is firstly tested indoor with a radiative heater and then tested on-site. Table 2 illustrates
the devices used in the experiments.

Table 2

The Devices in the experiments.

Device Parameters

MDN-RT605 radiative heater 600 W

UT71A digital multimeters Maximum Precision (mV): £ (0.1%+8)
UT71D digital multimeters Maximum Precision (V): + (0.05%+5)

Maximum Precision (mA): £ (0.15%+15)
RS-WS-WIFI-6 thermo-hygrometer Relative Humidity: + 3%
Temperature (K): + 0.5

FLIR C3 thermal camera Temperature (K): +2

The indoor temperature is maintained at 299.15 K, relative humidity is around 80%. The straight-line
distance between the component and the radiative heater is 52 cm as shown in Figure 4. UT71D is used
to measure the voltage and current during this phase. A thermal camera is used to measure the
temperatures.

The outdoor experiment was conducted in a three-story building in Changsha. The site environment is
shown in Figure 5, the location is in red. The location is surrounded by trees and other buildings. The
experiment lasted six days, from August 19th to 25th. The sunlight simulation, run by Ladybug using the

weather file of Changsha, indicated the location could have 40-72 hours of sunshine.
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Fig. 5. The site of the outdoor experiment.



The prototype is placed Scm from a window of the building, which is about 7 meters above the ground.
In the first three days, the aluminum heatsinks are facing outside. The graphite copper foil is facing
outside in the following three days. A thermo-hygrometer is placed by the side of the prototype, another
is placed indoor by the window. Two laptops are used to connect the multimeters for data logging. The

collected data are processed and plotted with Matplotlib.

Fig. 6. The position of the component during the outdoor experiment.

3. Findings

The indoor experiment tested its power generation ability under radiation as shown in Figure 7. The heat
source could reach 453 K when working.

The results are plotted in Figure 8. During the first 180 seconds when the radiative heater is offline, the
prototype could a voltage of about 0.03 V due to the differences in convective heat transfer coefficient
on both sides, the heat transfer flows from the aluminum heatsinks to the graphite side. When the heater
is working, affected by radiation, the heat flow reverses and the value of voltage increases increasingly
fast. The highest voltage could reach 0.8 V under the radiation of the high-temperature source. The

temperature difference between the two sides of the sample plate gradually decreases, and the heat



conduction gradually decreases. When the voltage reaches the maximum value, the voltage gradually
decreases, and the rate of decrease becomes slower and slower. After 4000 seconds, the voltage stabilizes

at0.51 Vto 0.52 V.

3MIK K 453.4 Bxi
322.8K

325.0K
4534 K® Graphite

vigminum nearsink

Fig. 7. Thermal performance of the prototype during the indoor test.
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Fig. 8. The voltage generated by the prototype during the indoor test.

Thereafter, the prototype is placed at the position as shown in Figure 6. The aluminum heatsinks were
facing outside in the first three days. The performance and surrounding environments are plotted in
Figure 9. Voltage and current reached the maximum values in the daytime. The voltage could reach 30
mV to 35 mV, and the current could reach 5 mA to 7mA. The reason for the steep rise and fall of the
curve in the image is the influence of solar radiation. When the indoor temperature is higher than the
outdoor temperature, the prototype can absorb the indoor heat radiation to generate extremely low voltage

power. Figure 10 demonstrates the performance during the following three days when the graphite copper
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foil was facing outside. The changes in thermoelectric conversion are the same. The higher conversion

volume on August 25 may be due to the increase in the temperature difference between indoor and

outdoor caused by rainfall.

7
—— Current
6
5
%\4
23
S
2
1
0
08-20 00 08-20 12 08-21 00 08-21 12 08-22 00
— Voltage
30
5
E 20
o
i
S
10
0
08-20 00 0820 12 08-2100 0821 12 08-22 00
320
80
Al} —— Indoor Temperature
M ~—— Outdoor Tempcrature
315 N ' 70
—~ |
g | -
o !i \ “ 60
£310 |\ N‘J\ *
B ) i\ g
N £
& 305 AN / N\ o
40 \
- — Indoor Humidity
30 W —— Outdoor Humidity
08-20 00 08-20 12 08-21 00 08-2112 08-22 00 08-20 00 08-20 12 08-21 00 08-21 12 08-22 00

Fig. 9. Performance of the prototype when the aluminum heatsinks facing outside.
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Fig. 10. Performance of the prototype when the graphite facing outside.

4. Discussions

The section discussed the parameters affecting the performance of the prototype. The limitations and the
possible methods to improve the performance are also included.

4.1. Key factors on the performance
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The materials are the basics. The differences in the radiant heat transfer coefficient, convective heat
transfer coefficient, and the heat capacity make the prototype produce a stable temperature difference on
both sides, which can be converted into electrical energy

Solar radiation has a great impact on performance. Due to the black surface, when the graphite side faces
outward, the effects of radiative heat transfer is obvious considering the curve in Figure 8. Comparing
Figure 9 and Figure 10, voltage fluctuations when the graphite is facing outside are particularly severe.
Since the radiation and convection of the graphite copper foil are much higher than the other side, when
there is solar radiation on the graphite, the heat transfer of graphite copper foil accelerates, and the voltage
rises. When the clouds block the sunlight, the graphite copper foil dissipates heat quickly, and the voltage
increases rapidly in the other direction.

Environmental temperatures also have influences on performance. Although it is not obvious during the
day when the indoor temperature at night is higher than the outdoor temperature, the prototype can still
convert part of the radiant heat exchange into electricity relative humidity may also influence the
performance. The rainfall on August 25 caused a higher conversion volume at nighttime. The increase
might be caused by relative humidity and temperature change considering the curve changes in Figure
10.

4.2. Limitations

The experiments have proved the usability of the prototype. However, there are still some limitations.
Generally, the power generated by the 0.04 m? prototype is low, the maximum value is only 10 mW/m?,
which is much lower than the power in [21,23], even though the environments are different. Secondly,
the prototype did not have an external protective layer, meaning that the winds could affect heat
convention. Because of the area of the prototype, whether the effects of wind could increase or decrease
electricity generation has not been studied in-depth in this work. Meanwhile, the temperatures of both
sides of the prototype are not measured, due to the limit of the prototype’s area and the measuring
instruments. Also, the structure of the device needs to be enhanced. The prototype could generate over 1
V during indoor tests when first assembled. However, because the structure is not tight enough, there are
gaps between the layers, resulting in a decrease in heat transfer capacity, which in turn affects the
conversion of thermal energy to electricity.

4.3. Possible methods for improvements

12



There are several possible ways to improve the prototype. The first option is to optimize the materials
used in it, enhancing heat transfer through the characteristics of the material itself. Strengthening the
structural design to reduce the gap between the layers is also an option, and the closer bonding of the
layers also helps to maintain heat transfer. Another possible method is to add a controllable frame to
effectively track the source of heat radiation. It is also an option to combine the prototype with
photovoltaic (PV) panels. The temperature of the PV panels will reach 328.15 K to 338.15 K when
working [26,27]. Combining with the full day power generation solar building component, it could

reduce the back-sheet temperature of the PV panel and increase the conversion of heat to electricity.

5. Conclusions

This paper presents a prototype of the low-cost full-day power generation solar building component. It
can be integrated as the building fabric or as a part of the solar panels. The contributions are concluded
as followings:

(1) The low-cost full-day power generation solar building component is presented. The prototype can
work all day, even in rainy conditions.

(2) This research has done experiments on the prototype and tested its performance. It reaches a
maximum of 10 mW/m? under sunlight. It can also work at night depending on the thermal radiation
of the environment.

(3) In the experimental environment, the radiation heat transfer has a stronger influence on energy
conversion than the convective heat transfer. When optimizing the prototype in similar environments,
it is necessary to take full advantage of solar radiation.

(4) The relative humidity has certain influence on its performance, but there is no obvious effect of
radiation heat transfer.

Although the prototype has great potential, there are still shortcomings, and this article also discusses the

problems. Meanwhile, this article also provides possible directions for improving design in the future.

The results in this article might be helpful for zero-energy buildings and low-carbon buildings.
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