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Abstract 

End-of-Life, or discarded, Solar Photovoltaic panels are 

rising in huge numbers every year throughout the world. 

This is of grave concern as the environmentally safe han-

dling of EoL-PV is not yet established fully. We propose a 

novel approach to upcycle End-of-Life (EoL)-PV as a 

building material that can extend the life of PV by another 

2~3 decades. PV panels are a multi-layered laminate of dif-

ferent materials. In the course of environmental exposure 

and use, degradation induces variation in the optical prop-

erties of EoL-PV. Variations in thermal properties have not 

been explicitly examined, which has a bearing on the ther-

mal performance of a building when integrated as a build-

ing material. This work studies the influence of the ther-

mal conductivity and solar transmittance of PV panels on 

the surface temperatures using a steady-state energy bal-

ance model. Also, through the whole building simulation, 

the implications on the mean radiant temperature and the 

heating/cooling load of the building by using EoL PV com-

pared to a new PV are understood. Other factors, like the 

area of PV to wall ratio, seasonal changes, and climate 

zone are found to play  a role in the relative changes in the 

MRT and Heating/Cooling Load attributed to EoL-PV in-

tegration in buildings.   

1. Introduction

Solar Photovoltaic (PV) installations are growing ex-

ponentially worldwide, leaving behind a massive 

pile of PV waste after its decommissioning. By 2050, 

cumulative PV waste would be 60~78 million tons 

(IEA-PVPS and IRENA, 2016). Currently, most PV 

panels end up in shredders and/or landfills, contam-

inating and disrupting our ecosystem. We propose 

a novel approach to upcycle  End-of-Life (EoL)-PV 

as a building material that can extend the life of PV 

by another 2~3 decades. On another note, the num-

ber of people living in slums or informal settlements 

is over 1 billion, with 80 % in Eastern and South-

Eastern Asia, sub-Saharan Africa and Central and 

Southern Asia. About 3 billion people will require 

adequate and affordable housing by 2030 (United 

Nations, 2021).  

EoL-PV panels are a low-cost alternate durable op-

tion as a building material, and this approach pro-

motes planetary wellness  by offsetting the use of 

conventional materials and preventing toxic ele-

ments in PV entering the ecosystem. On using PV 

panels as a building façade, the occupants are ex-

posed to the backsheet of the PV panel. Backsheet 

chalking (presence of white coloured powder on the 

backsheet) is commonly observed in field degraded 

PV. In a few cases, it has been investigated and dis-

covered to be TiO2 (Gebhardt et al., 2018), and usage 

of such PV panels in buildings exposes the occu-

pants to such powders. Also, the release of fluorine 

from the backsheet has been examined at high tem-

peratures (> 300 °C) (Danz et al., 2019). The release 

of fluorine at  room temperature or the nature of the 

impact of chalking on occupants has not been un-

derstood. Studies involving any emissions from PV 

backsheet (due to cracking, chalking, burns, etc.) 

and its negative impact on occupants is essential.     

PV panels are laminate of different materials. A typ-

ical PV panel configuration is Glass / EVA / Cell / 

EVA / Backsheet and layers of anti-reflective coating 

subject to the manufacturer. A commonly observed 

degradation mode in PV is EVA (ethylene vinyl ac-

etate) discoloration, which occurs due to acetic acid 

formation (Pern & Czanderna, 1992). Also, the ad-

hesion strength of the EVA (primarily used as an ad-

hesive layer in panels) is compromised in aged PV 

(Desai et al., 2022), which could lead to delamina-

tion of PV panels. A change in vinyl acetate (VA) 
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content has been reported in the aged PV panel (De-

sai et al., 2022). VA content change can imply a 

change in the thermal conductivity of the EVA (Jia 

and Zhang, 2022) layer in the PV panel. Also, due to 

discoloration of the EVA layer, optical transmit-

tance is reported to have dropped (Desai et al., 2020; 

Jeong et al., 2013). Due to the inherent nature of PV 

panels being composed of multiple layers of differ-

ent materials, unlike a homogenous panel, physical 

and chemical changes in any layer impact the opti-

cal and thermal properties of the bulk material. Our 

preliminary investigations include understanding 

the influence of physical degradation on optical and 

thermal transmittance of EoL-PV (aged) and its in-

fluence on the building's thermal performance and 

indoor thermal comfort. A steady-state energy bal-

ance model is used to understand the effect of 

changes in optical and thermal properties on PV 

surface temperatures. When PV panels are inte-

grated as a building elements, multiple other factors 

influence the thermal performance of the building. 

Hence, a whole building simulation is performed 

using Design Builder software with EoL-PV inte-

grated with the building.  

2. Methodology

2.1 Energy Balance Model 

An optical model considering the interaction of light 

through multiple layers of PV is used to calculate 

the spectral transmittance, reflectance and absorp-

tance of the PV panel at each layer (Lu & Yao, 2007). 

The heat transfer modes among the layers consid-

ered are shown in Fig. 1. The transmittance, reflec-

tance, and absorptivity of n (number of layers) lay-

ers of the PV panel are calculated using the multi-

layered optical model developed (Lu & Yao, 2007). 

Fig. 1 - Heat transfer modes at different layers of a typical PV module 

A steady-state energy balance model for PV panel is 

used, which considers the heat transfer through 

multiple layers of PV panel (Glass, EVA, ARC, Si-

cell, EVA, Tedlar).  The angle between the sun and 

the normal to PV panel is calculated using the fol-

lowing equations 

𝑎 = (𝑠𝑖𝑛 ∅ . 𝑠𝑖𝑛 𝛿 . 𝑐𝑜𝑠 𝛽) − (𝑐𝑜𝑠 ∅ . 𝑠𝑖𝑛 𝛿 . 𝑐𝑜𝑠 𝛾𝑚 . 𝑠𝑖𝑛 𝛽) (1) 

𝑏 =  (sin ∅ . 𝑐𝑜𝑠 𝛿 . 𝑐𝑜𝑠 𝛾𝑚 . 𝑠𝑖𝑛 𝛽) + (𝑐𝑜𝑠 ∅ . 𝑐𝑜𝑠 𝛿 . 𝑐𝑜𝑠 𝛽) (2) 

𝑐 = (𝑐𝑜𝑠 𝛿 . 𝑠𝑖𝑛 𝛾𝑚 . 𝑠𝑖𝑛 𝛽) (3) 

𝜃 = 𝑐𝑜𝑠(𝑎 + 𝑏 𝑐𝑜𝑠 𝜔 + 𝑐 𝑠𝑖𝑛 𝜔) (4) 

Electricity generated depends on the net radiation 

transmitted through the first three layers and the ef-

ficiency of the solar cell (Zarei & Abdolzadeh, 2016). 

The rate of energy absorption by a Solar cell de-

pends on the absorptivity of the cell layer. 

𝒒𝟒 = ∫ 𝐴𝑐𝑒𝑙𝑙(𝜆). 𝑔(𝜆) 𝑑𝜆
∞

0

 (5) 

𝒒𝟏 =   𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  ∫ 𝜏𝑢(𝜆). 𝑔(𝜆) 𝑑𝜆
∞

0

 (6) 

Bi-directional (towards the upper and lower layers) 

conduction from the cell depends on the tempera-

ture differences and the thermal conductivity of the 

corresponding layers (Zarei & Abdolzadeh, 2016). 

𝒒𝟐,𝟑 =
𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑢,𝑏

𝑅𝑢,𝑏

(7) 

Convective heat transfer occurs at the top layers-air 

interface, and the bottom layers-air interface is a 

function of the temperature difference and heat 

transfer co-efficient. The heat transfer coefficient ap-

proximations are adapted from (Zarei & Abdolza-

deh, 2016). 

𝒒𝟓,𝟔 = ℎ𝑢,𝑏 . (𝑇𝑢,𝑏 − 𝑇𝑎𝑖𝑟−𝑓𝑖𝑙𝑚 𝑢,𝑏) (8) 
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Radiative heat transfer between the top layers-sky, 

top layers-ground and bottom layers-sky, bottom 

layers- ground is a function of view factor and tem-

perature difference (Zarei & Abdolzadeh, 2016). 

 

𝒒𝟕 =  휀𝑢𝜎𝐹𝑢,𝑠𝑘𝑦,𝑔𝑟𝑜𝑢𝑛𝑑  (𝑇𝑢
4  −  𝑇𝑠𝑘𝑦,𝑔𝑟𝑜𝑢𝑛𝑑

4) (9) 

 

𝒒𝟖 =  휀𝑏𝜎𝐹𝑏,𝑠𝑘𝑦,𝑔𝑟𝑜𝑢𝑛𝑑  (𝑇𝑏
4  −  𝑇𝑠𝑘𝑦,𝑔𝑟𝑜𝑢𝑛𝑑

4) (10) 

  

𝒒𝟗,𝟏𝟎 =   ∫ 𝐴𝑢,𝑏(𝜆, 𝜃). 𝑔(𝜆) 𝑑𝜆
∞

0

 (11) 

 

The above system of equations was solved for top, 

bottom, and cell temperatures through an iterative 

approach. The thickness of Glass, EVA, Cell and 

Backsheet is in the range of 3~4 mm, 0.4~0.5 mm, 

0.2~0.4 mm, and 0.1~0.35 mm, respectively. 

The thermal conductivity of Glass, EVA, Cell and 

Backsheet are in the range of 0.98 – 1.8 W/(m K), 

0.23~0.35 W/(m K), 148~150 W/(m K), and 

0.2~0.36 W/(m K), respectively (Chamkha & Selime-

fendigil, 2018; Hammami et al., 2017; Lee et al., 2008; 

Popovici et al., 2016; Sahli et al., 2018; Syafiqah et al., 

2019). The thickness and thermal conductivity used 

as a base case in the steady-state model: glass (3 mm, 

0.98 W/(m K)), EVA (0.5 mm, 0.35 W/(m K)), cell 

(0.4 mm, 148 W/(m K)), back sheet (0.1 mm, 

0.2 W/(m K)).  

To understand the influence of the thermal conduc-

tivity of each layer on the surface temperatures, 

thermal conductivity values were varied 

from -100 % ~ +200 % of the base-case values.  

2.2 Design Builder Model 

A whole building simulation has been performed 

for the modified BESTEST case 600FF (Design-

Builder v6.1 with EnergyPlus v 8.9, 2021) model (a 

block of 6 m X 8 m and height of 2.7 m) (Fig. 2). PV 

panels have been integrated in the buildings as 

Glazing integrated Photovoltaics. PV panels are ap-

plied to substitute for the walls and roof and not 

over the existing wall or roof. The properties of the 

PV (250 Wp typical crystalline Silicon PV panel): (a) 

front and back emissivity is 0.8, infrared transmit-

tance is 0.2, inside and outside reflectance (solar and 

visible) is 0.1, and the thermal conductivity, solar 

transmittance is varied in the range tabulate in Ta-

ble 1. The PV panels are not connected to any power 

sources in the simulation and are only considered a 

building material. Simulations are performed for 

varying PV area in the wall (varied as window-to-

wall ratio in the Design Builder) for two cases, 25 % 

and 75 %. Multiple scenarios of PV integration in all 

four walls and roof are considered. The wall (with-

out PV) is the ‘BESTEST Lightweight Wall’, which 

has a concrete cast (dense) with a thickness of 0.1m 

(see Fig. 2). The floor construction is ‘BESTEST 

Ground Floor’, which has a thickness of 0.225 m and 

a U value of 0.039 W/(m2 K). The roof (without PV) 

is ‘BESTEST Roof’ with a U value of 0.319 W/(m2 K) 

and thickness of 0.1 m. The simulation is performed 

with an occupancy density of 0.04 people/m2 and no 

furniture/furnishings in the building. The BESTEST 

building being simulated is a block with a heating 

and cooling setpoint temperatures of 20 °C and 

26 °C, respectively. India has varied climate zones, 

and simulations are performed for five representa-

tive cities corresponding to five climate zones (Ta-

ble 2).  

 

 

Fig. 2 – Design Builder model (600FF) modified by integrating PV 

in all the walls and roof 

The thermal conductivity of the EVA layer varies 

due to the variation in the % VA content. An empir-

ical relation has been proposed (Jia et al., 2022) to 

describe the relationship between thermal conduc-

tivity and % VA content. 

With ageing, a maximum change in VA content in 

EVA was seen, with an increase from 18.1 % to 

21.9 % (Desai et al., 2022). This is estimated to cause 

a drop in thermal conductivity of EVA and the bulk 

of PV panels. But this does not explain any changes 

in the bulk thermal conductivity. There are possibil-

ities of reduction in the thickness (Hu et al., 2016; 

Jahn, 2018) of the back sheet due to weathering, and 
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this can cause the bulk thermal conductivity to rise. 

Hence, there is a possibility that the bulk thermal 

conductivity may get altered depending on the com-

bination and severity of multiple degradation 

modes. To accurately quantify the change in  thick-

ness, thermal conductivity of the individual layers 

and bulk properties associated with aged PV panels 

(EoL-PV) requires sophisticated measurements. To 

broadly understand the impact of such a change at 

the building level, we have varied the bulk thermal 

conductivity (equivalent thermal conductivity of a 

PV panel including all the layers) and solar trans-

mittance of the PV panels in 5 steps each. A total of 

25 scenario combinations of PV panel have been 

considered for whole building simulations (Table 1). 

Table 1 – Range of Thermal conductivity and Solar Transmittance 

values. Corresponding SHGC and U-value of all the possible 

combinations 

Parameter Range Steps 

Thermal Conductivity 0.1 ~ 2.8 W/(m K) 0.7 W/(m K) 

Solar Transmittance 0.1 % ~ 16 % 4 % 

SHGC (calculated) 0.271 ~ 0.408 - 

U- Value (calculated)
4.763 ~ 5.782 

W/(m2 K) 
- 

Table 2 – The representative cities selected for each climate 

zone in India 

Climate 

Zone 

City Lat/Long 

(oNorth / 
oEast) 

Mean Daily 

Temp (°C) 

(min ~ max) 

Temperate Bangalore 12.97 / 77.58 15.0 ~ 33.9 

Composite Lucknow 26.75 / 80.88 7.3 ~ 40.3 

Warm-

Humid 
Kolkata 22.65 / 88.45 13.7 ~ 35.7 

Hot-Dry Ahmedabad 23.07 / 72.63 13.1 ~ 41.4 

Cold Shillong 25.58 / 91.89 4.4 ~ 24.0 

To allow for a comparative assessment between an 

EoL PV panel and a new panel, the new panel has 

been considered to have a thermal conductivity of 

0.7 W/(m K) and 8 % solar transmission. Mean 

Radiant Temperature (used as a heat index to indi-

cate thermal comfort) and Heating/Cooling loads 

resulting from 25 combinations of PV panels have 

been analyzed. Simulations are performed to under-

stand the influence of PV covered area to wall area 

ratio, the direction of the envelope on which the PV 

panels are integrated and Climate zone. 

3. Results and Discussion

When the thermal conductivity of the glass layer is 

varied from -100 % to 200 % of its reference value 

(0.9 W/(m K)), the top layer’s thermal resistance in-

creases exponentially with the decrease in the ther-

mal conductivity of glass. The increase in the ther-

mal resistance in the top layer causes a drop in the 

rate of conduction heat transfer between cell and top 

layer. This causes a reduction in the top layer en-

ergy, as the radiation absorption by the top layer is 

unaffected by the change in the thermal conductiv-

ity of the glass. The decrease in the top layer energy 

is associated with the reduction in the top layer tem-

perature. As the energy balance between energy 

into the cell and out of the cell has to be maintained 

at  the steady-state, the conduction heat transfer be-

tween cell-bottom layer increases. This causes the 

bottom layer energy to increase and results in the 

rise in temperature of the bottom layer (Fig. 3). Each 

layer’s thermal conductivity variation impacts the 

PV panel's bulk thermal conductivity (equivalent 

thermal conductivity). The PV panel's bulk thermal 

conductivity (equivalent thermal conductivity) was 

varied to understand the bottom surface tempera-

ture variation, as this is the surface that will interact 

with the indoor air when integrated in the building. 

A surface temperature calculation is made for the 

scenario where the PV panel is horizontal, and solar 

radiation of 900 W/m2 is incident on the PV panel 

(Fig. 4). Further, in the whole building simulation, 

the degradation of PV was parameterized as a vari-

ation in solar transmittance (tau) and thermal con-

ductivity (k) (equivalent thermal conductivity) of 

PV. The different scenarios of PV are compared with 

the base case of PV, and only relative changes in 

MRT and Heating Cooling load with respect to the 

base case is reported throughout. 
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Fig. 3 – Bottom surface temperature variation with variation in the 

thermal conductivity of each layer of PV module 

 

Fig. 4 – PV bottom surface temperature variation with the bulk ther-

mal conductivity of PV panel (equivalent thermal conductivity of PV 

panel) 

PV was integrated in the roof, and a typical summer 

week simulation revealed that, as the solar transmit-

tance drops, there is about 2 % and 15 % drop in the 

relative change in Mean Radiant Temperature 

(MRT) and Heating Cooling load, respectively 

(Fig. 5). We understand from the literature that 

there are higher chances of solar transmittance drop 

due to EVA degradation, glass degradation, etc. The 

maximum and minimum relative changes in MRT 

and Heating Cooling load occur at maximum and 

minimum solar transmittance conditions. A typical 

summer week and winter week are compared for 

the maximum and minimum relative changes. Fig. 6 

shows that the ranges of relative changes are broad-

ened during winter, indicating that the external 

temperature has a role in indoor and MRT changes. 

 

Fig. 5 – Relative change (%) in the Mean Radiant Temperature and 

Heating+Cooling Load for a typical summer week in Bangalore 

 

Fig. 6 – Weekly maximum and minimum relative change in MRT 

and Heating+Cooling Load when PV is integrated in North wall, 

South wall, East wall, West wall and Roof 

The relative changes in MRT and Heating Cooling 

load variation with thermal conductivity of PV are 

investigated with a simulation of PV in the roof for 

a summer month (Fig. 7). The trend is similar to the 

trend observed using the steady-state energy bal-

ance model at the PV panel level (Fig. 4). The area 

ratio of PV to the wall also magnifies the range of 

minimum and maximum relative changes in the 

MRT and Heating Cooling load (Fig. 8). 
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Fig. 7 – Influence of Solar Transmittance and Thermal Conductivity 

on the Relative change in MRT and Heating+Cooling Load 

Fig. 8 – Influence of ratio of PV area-to-wall area on minimum and 

maximum relative changes in annual mean MRT and heating/cool-

ing load 

Annual mean MRT and Heating Cooling loads are 

calculated based on simulations run for all the days 

of the year. Such a simulation was performed to 

compare the relative changes in different climate 

zones and the location of application of PV in a 

building. 

Fig. 9 – Minimum and Maximum relative changes in annual mean 

MRT for different cities and PV application location in building 

Fig. 9 and Fig. 10 tabulate the relative changes in the 

annual mean MRT and Heating Cooling load for dif-

ferent cities and the location in the building where 

PV is applied. The application of EoL PV on the roof 

seems to be more beneficiary in terms of reduction 

in MRT and Heating Cooling load. This could be 

possible due to the larger area exposed to the sun 

for longer hours than the walls.  

4. Conclusion

This work has discussed a novel approach to up-

cycle EoL PV panels into building applications. The 

bottom surface temperature of PV rises when the 

thermal conductivity of the PV panel reduces. Spe-

cifically, glass layer’s thermal conductivity varia-

tion has a dominant impact on temperature varia-

tion due to its thickness. Furthermore, whole build-

ing simulations also confirm the exponential tem-

perature variation of mean radiant temperature 

with thermal conductivity. Our simulation indicates 

a drop of about 2 % in MRT and close to 13 % in 

Heating Cooling load due to the loss in solar trans-

mittance and thermal conductivity of PV. The re-

duction of solar transmittance due to EVA degrada-

tion is widely reported in the literature, making it 

favorable for EoL PV in building applications. The 

application of EoL PV on the roof seems to be more 

beneficiary in terms of reduction in MRT and Heat-

ing Cooling load. 
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Fig. 10 – Minimum and Maximum relative changes in annual mean 

Heating Cooling load for different cities and PV application location 

in building 

The benefit is achieved in the case of lower solar 

transmittance conditions, which also implies lesser 

daylight entry into the building. The implication of 

this on the marginal rise in electricity consumption 

for artificial lighting is the scope of further study. 

There is no significant difference in the magnitude 

of relative changes in MRT or Heating Cooling loads 

at different climate zones. At this point, it can be ar-

gued that application of EoL PV has the potential to 

be used as a building material in general and pro-

vide better thermal performance at the same time. A 

more detailed understanding of the variations of op-

tical and thermal properties due to different degra-

dation modes permits us to speculate on the possi-

ble implication of EoL-PV applications in buildings 

more accurately. 

Nomenclature 

Symbols 

𝐴𝑐𝑒𝑙𝑙,𝑢,𝑏 Absorptivity (cell, upper or bot-

tom layers)  

𝐹𝑏,𝑠𝑘𝑦,𝑔𝑟𝑜𝑢𝑛𝑑  View Factor (bottom layer - sky or 

bottom layer - ground) 

𝐹𝑢,𝑠𝑘𝑦,𝑔𝑟𝑜𝑢𝑛𝑑 View Factor (upper layer - sky or 

upper layer - ground) 

ℎ𝑢,𝑏  Convectional heat transfer coeffi-

cient (W/m2K) (upper or bottom 

layers) 

𝑅𝑢,𝑏  Resistance in conduction (K/W) 

(upper or bottom layer) 

𝑇𝑎𝑖𝑟−𝑓𝑖𝑙𝑚 𝑢,𝑏 Temperature (oC) (air film upper 

or bottom layers) 

𝑇𝑐𝑒𝑙𝑙,𝑢,𝑏 Temperature (oC) (cell, upper or 

bottom layer) 

𝑇𝑠𝑘𝑦,𝑔𝑟𝑜𝑢𝑛𝑑 Temperature (oC) (sky or ground) 

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 PV conversion efficiency 

𝜏𝑢,𝑏 Transmittivity (upper or bottom 

layers) 

∅  Latitude  

𝑔 Solar radiation (W/m2) incident on 

PV panel 

tau Solar Transmittance 

𝛽 Tilt angle (degrees from horizon-

tal) 

𝛿 Declination angle (degrees) 

𝜃 Inclination angle (degrees) be-

tween sun and normal to PV panel 

𝜔 Hour angle (degrees) 
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