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Abstract

The energy storage batteries, employed in solar systems installed on lampposts, are usually placed in devices such as
switchboards fixed at an elevation near the top of the column. However, this storage solution becomes inefficient, because it is
not possible to guarantee the control of the working temperature of the batteries, due to the low thermal insulation capacity of
these storage devices. In this sense, an underground compartment made of concrete, steel plate and rock wool were created,
embedded in the foundation of the lamppost, with the purpose of using geothermal energy to maintain an adequate temperature
inside the compartment. To verify the temperature inside the battery storage compartment, a thermal analysis was performed,
where heat transfer by conduction, convection and radiation was considered. Analyses were performed in steady state, and later,
transient state, considering the initial temperatures of the thermal study in the previous steady state. With a storage volume of
1m3 and the base of the compartment at a depth of 2m, it was verified that it is possible to use geothermal energy to cool or heat,
depending on the season, a system through geothermal energy. Considering a typical day in July, with room temperature of 35°C,
a reduction of approximately 8°C was obtained inside the storage compartment, compared to the ambient temperature.
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1. Introduction

In the scope of energy efficiency, autonomous lampposts using photovoltaic panels and energy storage batteries
have been installed. In this type of application, deep cycle batteries are normally used since most of their capacity
are regularly used. Given their affordability, lead/gel batteries are a commonly used solution. Concerning
installation, batteries are commonly placed in devices such as switchboards or inside the structure of lampposts,
however, due to the low insulation capacity of the compartment, an adequate operating temperature cannot be
guaranteed. In the case of lead/gel batteries, they can operate in more extreme temperature ranges, however the
maximum useful life of these devices is only guaranteed by the producers at an ambient temperature of 25°C
(Ultracell, 2022). High temperatures increase the capacity but decrease its lifetime, and low temperatures decrease
its capacity (Vicent, 1997). In this context, several studies have been carried out on the influence of temperature
variation in the charging and discharging processes, and on the useful life of batteries (Gencten, Déonmez and Sahin,
2016; Plangklang and Pornharuthai, 2013; Wang et al., 2022; Choi and Park, 2022). Several methods of controlling
the operating temperature of the batteries have also been tested, namely through liquids or cooling gases (Jouharaa et
al., 2022; Jilte and Kumar, 2018) or by creating a compartment with insulating materials to provide a stable
operating ambient (Singh and Nguyen, 2022). With the studies already carried out, it is evident that extreme
temperatures affect the life of batteries, causing premature aging, as well as impairing the performance since the
capacity to charge and discharge is compromised (Hasan et al., 2017).

In this sense, within the VALLPASS project, this work aims to validate the installation of the batteries in an
underground compartment, incorporated in the foundation of a lamppost, testing the possibility of using geothermal
energy to maintain an adequate temperature for the operation of the batteries.

2. Methodology
2.1. Geothermal energy

Geothermal energy is an alternative and clean energy source already associated with numerous areas, including
the climatization of buildings, electronic equipment, and agricultural greenhouses among other applications in which
this energy source acts to provide favorable thermal conditions for the purpose in question. According to Calado
(2016), through experimental measurements at various soil depths, he verified that due to the thermal inertia of the
soil, there is a decrease in the thermal amplitude with advancement in depth. At deeper levels the soil presents a
more stable thermal environment, exposing less significant temperature variations than those seen at depths closer to
the surface which reveal a greater tendency to approach the thermal amplitudes felt in the outdoor environment, with
higher diurnal and seasonal fluctuations.

Table 1 shows the measurements taken at the surface and at various depths at the site identified by Calado (2016)
as "Site B" in his paper.

Table 1 — Annual temperature outside and at various depths

Temperature [°C]
Maximum  Minimum  Average  Thermal amplitude

Profundity [m]

Ambient temperature 29.4 9.7 18.3 19.7
1 229 9.0 15.0 13.9
2 20.6 11.2 15.1 9.4
3 19.5 12.8 15.5 6.7
4 18.4 13.5 15.8 49
5 18.9 14.7 16.3 4.2

2.2. Heat transfer

Heat transfer occurs when there is a temperature difference between two regions, and energy is exchanged from
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the high temperature region to the lower temperature region through three modes of heat transfer:
- Conduction - a mode of heat transfer in which energy exchange takes place from the high temperature region to the
lower temperature region by the kinetic motion or direct impact of molecules in the case of fluids at rest, or by the
motion of electrons in the case of metals.
- Convection - mode of heat transfer between a surface and a moving fluid. The fluid can flow over a surface and
heat transfer occurs if the temperature of the fluid is different from the temperature of the surface. In the case of
natural or free convection, the fluid moves due to the rise caused by the density difference caused by the temperature
difference of the fluid.
- Radiation - heat transfer process originated by the emission of electromagnetic radiation due to the temperature of
the bodies. The bodies/surfaces besides emitting, can also receive and reflect radiation (Cengel, 2003).

Concerning heat transfer by radiation, the net rate of radiation heat transfer to a surface exposed to solar and
atmospheric radiation is determined from an energy balance using the following formula (Cengel, 2003):

‘?net, rad = s Gsorar + 80'(Ts4i{y - Ts4) (1)

where, qpet, raq is the net rate of heat transfer by radiation, in W/m?, a, is the radiation absorption coefficient,
Gsoiar 1s the total incident solar energy, in W /m?, & corresponds to the emissivity of a surface, o corresponds to the
Stefan Boltzan constant equal to 5,670 x 1078 [W/m? - K*], T, represents the surface temperature in K, Tory
represents the atmospheric temperature, in K. The value of Tg,, depends on the atmospheric conditions. It ranges
from about 230 K for cold, clear-sky conditions to about 285 K for warm, cloudy-sky conditions.

The solar absorptivity a and the emissivity € of some materials used in this study are shown in Table 2.

Table 2 - Comparison of the solar absorptivity ag of some surfaces with their emissivity € at room temperature (Cengel, 2003; Martinez, 2022).

Surface Absorption coefficient (@) Emissivity (£)

Concrete 0,60 0,88

Granite 0,46 0,95
Carbon steel 0,20 0,2...0,6

To obtain the solar irradiance values, the "PVGIS tool" available in the Photovoltaic Geographic Information
System was used, and direct, diffuse, and global solar irradiance values were obtained for each month, following the
southward orientation and according to the inclination with respect to the horizontal plane of 0° in Table 3 and 90°
in Table 4.

Table 3 — Annual variation of solar irradiance for a 0° angle in the city of Braganca (PVGIS, 2022)

Month Jan. | Feb. | Mar. | Apr. | May | Jun. | Jul. | Aug. | Sep. | Oct. | Nov. | Dec.
Direct irradiance 175 [ 285 [ 362 | 405 | 530 | 602 | 718 | 656 514 | 313 | 200 169
Diffuse irradiance | 139 | 164 | 207 | 247 | 244 | 240 | 193 | 184 191 | 175 | 146 130
Global irradiance | 313 | 449 | 569 | 652 | 774 | 842 | 910 | 840 706 | 488 | 346 | 299

Table 4 — Annual variation of solar irradiance for a 90° angle in the city of Braganga (PVGIS, 2022)

Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Direct irradiance 332 400 345 249 222 203 269 384 408 376 349 359
Diffuse irradiance 117 136 148 151 137 129 109 118 139 140 125 120
Global irradiance 480 581 550 466 437 416 468 550 618 565 509 509

Regarding the heat transfer process by natural convection, the following steps were followed to obtain the free
convection heat transfer coefficient for each exposed surface. Initially, the average temperature of the film generated
between the surface and the convective air current was calculated using the expression (Cengel, 2003):

Tr = (Ts + To,) /2 (2)
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where, T is the film temperature, T is de exposed surface temperature and T, is the room temperature, all in K.
Subsequently, some air properties at different temperatures were obtained according to Table 5:

Table 5 - Air properties at atmospheric pressure (Incropera et al., 2017).

Surface Ambient temperature Film temperature (7)) Kinematic ;/iscosity (v) Thermal conductivity prandtl
temperature (T.)[°C] K] [m?/s] (k) number
() [°C] “ £ 10° [w/m.k]
0.0 -5.0 270.7 12.10 0.02391 0.00369
30.0 25.0 300.7 15.80 0.02629 0.00333
40.0 35.0 310.7 16.80 0.02705 0.00322

The properties shown in the previous Table were used to determine the Rayleigh number using the following
equation (CENGEL, 2003):

gB(Ts — Too)L? p
=———Pr

Ra
U2

3

where, g is the gravitational acceleration in m/s?, g = Ti in k™1, T, is the surface temperature in K, T, is the
f

room temperature in K, L is the characteristic length in m, v is the kinematic viscosity in m?/s and Pr is the Prandtl
number.
Afterward, the calculation of the Nusselt number as well as the characteristic length varies according to the
geometry of the surface and its arrangement, and these parameters are determined using the expressions shown in
Table 6:

Table 6 — Empirical correlations for the average Nusselt number for natural convection over surfaces, adapted from (CENGEL, 2003).

Geometry Characteristic length L, Range of Ra Nu
10* — 10° Nu=0,59Ra**  (4)
10° — 1013 Nu = 0,1Ra'/3 (5)
( )
i 18 1
0,387Ras
g L ) Nu={————& 6)
Entire range 9135
0.492\16
[+ (52"

(Complex but more accurate)
Fot sxeace £ p 10* — 107 Nu = 0,54Ra'*  (7)
s/p 107 — 10" Nu = 0,15Ra'/?  (8)

Finally, the natural convection heat transfer coefficient was determined using the equation (CENGEL, 2003):

k
h=—Nu 9
L¢
where, h is the convective heat transfer coefficient in w / m? - K, k is the thermal conductivity in w/m - K, L. is the
characteristic length in m and N,, is the Nusselt number.
Regarding the process of heat transfer by conduction, it was not necessary to perform any calculations prior to the
simulation, since, with the creation of the geometries for all constituent materials of the column-foundation
assembly, including a soil control volume, it was only necessary to provide the properties of the constituent material
of each component such as thermal conductivity and density.
Regarding soil properties, it is constituted of solid particles of different shapes and sizes and empty spaces occupied
by air and water. Its thermal properties are therefore dependent on the water and air that fill its voids, and the
different particles that constitute the solid phase (Lopes, Vieira and Soares, 2019). According to the work to
determine the thermal conductivity of soil prepared by Lopes, Vieira and Soares (2019), it is verified that the
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reference thermal conductivity for dry sandy soils is in the range between 0.3 w/m - K and 0.9 w/m - K. These
values are in agreement with the work of McCorry and Jones (2011) that present conductivity values for different
types of soils and stones based on the German standard VDI 4640 (2010).

Thus, to consider the heat transfer by conduction, it was necessary to define the properties related to each constituent
element of the column-foundation assembly, as summarized in Table 7:

Table 7 — Some properties of used materials (Santos and Matias, 2006)

Material  Density, p [kg/m*] Thermal conductivity, 2 [W/(m.°C)]

Alloy steel 7700 50
Air 1.1 0.027
Rockwool 50 0.04

Granite 2500 2.8
Concrete 2300 1.65

Sandy soil 1330 0.6

2.3. Thermal analysis

In order to predict the temperature variation inside the battery storage compartment, SOLIDWORKS software
was used to design and geometrically model a lighting column, as well as the different constituents that make up the
foundation where the storage compartment is incorporated. This way the variations and heat transfers were
calculated automatically through the creation of a control volume involving the various constituent materials of the
post and foundation, including the air present inside both. Figure 1 shows on the left side a front view of the
column-foundation assembly and on the right a cross section view of the assembly with the respective numbering
and legend of the various constituent materials of the assembly.

02000 s)

Fig. 1 — Column and foundation assembly

In Table 8 are presented the boundary conditions relative to the various heat transfer modes for each simulation. It

was decided to analyze the temperature variation inside the foundation in three different months. Initially the month
of January since this is when the minimum global irradiance occurs at a slope of 0° and has the lowest average
annual temperatures. The month of July was also chosen because this month has the maximum global irradiance at a
slope of 0° and is one of the hottest months of the year. Finally, the month of September was analyzed since it
presents the maximum global irradiance at an inclination of 90°.
In each simulation the boundary conditions regarding the ground temperature were implemented and were obtained
based on Tablel. Also, to make each simulation more realistic, it was decided to place two batteries with dimensions
typical of models found in the market, considering a heat generation relative to the charging and discharging
processes of these equipment’s, by defining these elements as heat sources.
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Table 8 - Boundary conditions for each simulation

Simulation 1 Simulation 2 Simulation 3
January July September
(Too =—=5°C) (Too=35°C) (T =25°C)
Une lateral surface of the column (global rad. at 90°)[w/m?] 64.6 16.3 65.7
& Three lateral surfaces of the column (diffuse rad. at 90°) [w/m?] -8.0 -55.5 -30.1
;‘g’ Column and flange top surface (global rad. at 0°) [w/m?] 31.1 104.7 83.3
&  Concrete surface (global rad. at 0°) [w/m?] 49.7 205.8 168.9
Sidewalk surface (global rad. at 0°) [w/m?] -5.1 51.4 49.9
< lateral surfaces of the column [w/m?K] 2.6 2.2 2.3
£ Flange surface [w/m?K] 4.4 4.1 4.2
§ Top surface of the column [w/m?K] 5.0 4.6 4.7
S Concrete surface [w/m?K] 4.0 3.7 3.7
“  sidewalk surface [w/m2K] 2.7 2.5 2.5
Temperature at a depth of three meters [°C] 15.0 16.0 19.0
Temperature on the laterals of the soil control volume [°C] 6.0 24.0 21.0
Power dissipated by one battery* [W] 0.5 0.5 0.5

“For the calculation of the power dissipated, the Ultracell battery model UCG75-12 was considered, with an internal
resistance of 6.6 mQ. Admitting an operating voltage equal to 12V and an electric current requested equal to 8.75 A,
a power dissipation of 0.5W per battery was obtained.

3. Results and Discussion

As already mentioned, the thermal conditions inside the battery storage compartment were analyzed in the
months of January, July, and September, but due to space limitations only the heat transfer simulation images for
July will be presented in this section. Still, the results for the three months are compared in the conclusions.

3.1. Temperature variation

Figure 2 shows the temperature variation inside the foundation on a typical day in July, where the maximum
global solar irradiance is at 0°. In this analysis an ambient temperature of 35°C was considered.

Temp (Celsius) Temp (Celsius)

201
190
179

[E=TPlot Step: 60[]

i

b)

Fig. 2 - Temperature variation inside the foundation: a) steady state analysis; b) transient analysis after temperature stabilization (time=60min)
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Through the graph in Figure 3 it is possible to observe the temperature variation over time inside the battery
storage compartment, embedded in the foundation:
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Fig. 3 - Temperature variation inside the battery storage compartment over one hour: a) location of the measurement points; b) temperature
evolution

4. Conclusion

In summary, Table 9 shows the temperature values inside the storage compartment of the batteries, through the
thermal analyses performed.

Table 9 — Results of the thermal analysis

Thermal analysis S1 S3 sS4

Month January  Jun September
Ambient temperature [°C] -5,0 35,0 25,0
Temperature inside the compartment [°C] 6,0 27,0 23,0
Temperature variation [°C] +11,0 -80 -2,0

With the values obtained, it was found that it is possible to use geothermal energy to cool or heat, depending on
the season, a system through the soil. During the simulations it was verified that the performance of the battery
storage compartment is influenced essentially by the depth, the thickness of the walls and the internal area.

In the analyses carried out, a depth of 3 meters was chosen, and it was verified that the depth of the compartment is
a preponderant factor, since the soil presents a more stable thermal environment at higher depths, exposing less
significant temperature variations than those verified at levels closer to the surface.

In the same sense, the thickness of the materials that constitute the battery storage compartment also influence the
performance of the compartment, verifying that the increase in the thickness of the insulating material, contributed
favorably to maintain a more stable operating environment and less susceptible to variations due to external
environmental conditions. The insulating material chosen was rock wool with a thickness of one hundred
millimeters.

Concerning the storage volume, a volume of 1m?® was used and it was found that that increasing the volume
contributed favorably to maintaining a more stable environment inside the battery storage compartment.
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