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Abstract  
Upcycling End-of-Life Solar Photovoltaic panels in build-

ings is a novel approach to manage the imminent growing 

problem of PV waste. The EoL-PV panels have been char-

acterized to have a high U-value and low thermal mass. To 

address this issue, interventions involving tandem ply-

wood (preferably EoL packaging plywood) have been pro-

posed and tested through whole building simulations in 

our preceding studies. A typical PV panel is encased in an 

aluminium frame whose thermal conductivity is of two or-

ders of magnitude higher than a PV panel. This causes 

thermal bridging, which must be accounted for in the U-

value calculation of PV panels. In this study, the thermal 

bridging effect due to the aluminium frame is analysed us-

ing two-dimensional finite-element method-based tool, 

THERM. A rise in the U-value of around 13% has been es-

timated due to the presence of a frame in PV panel. To 

demonstrate the impact of U-value of PV panel on the 

building’s thermal performance, simulations have been 

performed with lumped-capacitance simple single zone 

model in TRNSYS. One of the interventions, having the 

highest plywood thickness in tandem to the EoL-PV panel, 

was the least sensitive to the thermal bridging effect on an-

nual heating/cooling load and fared best in terms of ther-

mal mass. 

1. Introduction  

The issue of the alarming rise in the End-of-Life 

Photovoltaic (EoL-PV) panels is surfacing world-

wide. By 2050, 60 ∼ 78 million tonnes of PV waste 

(EoL-PV Panels) are expected globally (Weckend et 

al., 2016). Recycling and recovery technologies are 

not currently economically viable (Mathur et al., 

2020). Given the inherent durability of the materials 

comprising PV panels, a hitherto untried upcycling 

solution has been proposed in using EoL-PV panels 

as a building material. The rising need for building 

materials in developing countries is imminent. Most 

conventional building materials are industrially 

sourced and inherently carry a high embodied en-

ergy (Typical brick: 1.26 ~ 3 MJ/kg; Cement: 3.6 ~ 20 

MJ/kg (Praseeda & Venkatarama Reddy, 2017)). 

EoL-PV could be a low-cost, low-embodied energy 

building material. While PV has been integrated as 

a building envelope, the challenge of integrating 

EoL-PV lies in examining the impact of degradation 

on its solar and thermal transmittance properties 

and assessing its climatic-response as a building en-

velope. Experimentally, thermal transmittance 

measurements for building materials are conducted 

in a HotBox facility, wherein the real-life specimen 

is subject to a steady-state temperature difference on 

either side. In the context of EoL-PV, thermal trans-

mittance (U-value) measurements for the thin non-

opaque specimen have been examined in our recent 

study (Rao et al., 2023). A full-scale PV panel (glass-

backsheet crystalline silicon PV) has been tested in 

a state-of-the-art HotBox facility. The U-values of 

the PV panels are estimated based on the heat flux 

and temperature difference in the controlled (envi-

ronment) chamber. The dynamic thermal perfor-

mance of the EoL-PV envelope, integrated as a fa-

çade, has been studied for a prototype structure 

(Fig. 1). The prototype structure was monitored 

real-time for its indoor air temperatures, EoL-PV 

surface temperatures (outdoors and indoors), and 

indoor globe temperature. The whole building sim-

ulations of the same building (calibrated) has been 

performed for different climatic zones in India. The 

decrement factor and time lag were found to be 1.13 

± 0.12(𝑠𝑑) and 1.6 min ± 11 𝑚𝑖𝑛 (𝑠𝑑) respectively. 

These values indicate that the building envelope is 

unable to adequately regulate indoor temperatures, 

due to the high thermal transmittance and low ther-
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mal mass of the EoL-PV. This calls for suitable inter-

ventions in the building envelope integrating EoL-

PV panel, for improved thermal performance.  

 

 

Fig. 1 – End-of-Life Photovoltaic panel integrated building with 
noticeable source of thermal bridging at the edges 

The interventions involve adding another EoL-PV 

panel in tandem or plywood. (Fig. 2) describes the 

construction of the interventions.  

 

Fig. 2 – Interventions explored to improve the thermal performance 
of the EoL-PV envelope in a building 

The scope of these studies until now was limited to 

the heat transfer through the EoL-PV panel without 

considering the effects of the aluminium frame en-

casing the panel. The thermal conductivity of the PV 

panels measured is 0.55 ~ 0.7 W/mK (Rao et al., 2023) 

and the aluminium is nearly two orders of magni-

tude higher than PV panels. When the PV panels are 

used as the envelope of a building in a repetitive 

manner, the aluminium frame can be categorized as 

the linear (repeating) thermal bridge (Fig. 1). As 

such a high thermal conductivity of the aluminium 

frame certainly dissipates heat faster than the PV 

panel, the estimation of magnitude of thermal 

bridging and its impact on thermal performance is 

important. The U-value of the EoL-PV should in-

volve the effects of the aluminium frame. The cross 

section of the aluminium frame is shown in the (Fig. 

3). The objective of this study is to estimate the U-

values considering the thermal bridging at the alu-

minium frame and its impact on the overall U-value 

of the building. The changes in the sensible heat 

load of a building considering the thermal bridging 

are estimated.  

 

 

Fig. 3 – A typical commercial c-Si photovoltaic panel construction 
detail of the edges 

The U-value of the PV panel with an aluminium 

frame is calculated by THERM tool (LBNL, 2023), 

which allows two-dimensional heat transfer using 

finite-element method. Previous studies (Siviour et 

al., 1988; Schwab et al., 2005; Boafo et al., 2015) have 

adopted two-dimensional heat flow analysis tools to 

estimate the thermal bridging effect on the enve-

lopes. The percentage change in the U-value be-
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tween ignoring and accounting for thermal bridging 

has been reported to parameterize the effect of ther-

mal bridging. Further, to estimate the effect of an in-

creased U-value on the indoor air temperature, a 

lumped-capacitance model is simulated in TRNSYS. 

2. Methodology 

2.1 Finite-Element Method for Heat 
Transfer Analysis (THERM) 

THERM is a computer program developed at Law-

rence Berkeley National Laboratory (LBNL). Using 

THERM, two-dimensional heat-transfer effects in 

building components such as windows, walls, foun-

dations, roofs, and doors can be modelled as well as 

in other products where thermal bridges are of con-

cern. THERM’s heat transfer analysis is based on fi-

nite-element method, which can model complex ge-

ometries of building products. Here, the PV panels 

with and without a frame have been modelled for 

heat transfer analysis. The boundary conditions for 

the PV panel envelope are shown in (Fig. 4). The di-

mensions of the cases considered here are men-

tioned in (Fig. 2).   

 

Fig. 4 – Boundary conditions applied to the heat transfer analysis 
in the THERM tool 

Only one of the frames is analysed here as the heat 

flow pattern would be symmetrical along x- and y-

axis. The length of the PV from frame is truncated to 

~ 200 mm (total length of a typical panel is ~ 

1600 mm) for analysis. 

 

Fig. 5 – Different cases considered for heat transfer analysis 
without aluminum frame. (a) No intervention, (b) Intervention 1, (c) 
Intervention 2, (d) Intervention 3, (e) Intervention 4 

 

Fig. 6 – Different cases considered for heat transfer analysis with 
aluminum frame. (f) No intervention, (g) Intervention 1, (h) 
Intervention 2, (i) Intervention 3, (j) Intervention 4 

The considered length is based on the development 

of a consistent temperature gradient beyond a criti-

cal length from the frame. The PV panels without an 

aluminium frame (Fig. 5) have been modelled to 

verify the U-values calculated by THERM with our 

estimations based on Hotbox measurements (Rao et 

al., 2023). U-values of cases (a) to (e) (Fig. 5) agree 

with our previous estimations. Further, to estimate 

the U-value accounting for thermal bridging, cases 

(f) to (j) (Fig. 6) have been modelled and analysed. 
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2.2 Lumped-Capacitance Single Zone 
Model (TRNSYS) 

Table 1 – Cases considered for simulations using lumped-
capacitance model in TRNSYS 

Case WWR Scenario Thermal bridging  

1 10 No intervention no bridging 

2 25 No intervention no bridging 

3 40 No intervention no bridging 

4 10 Intervention 1 no bridging 

5 25 Intervention 1 no bridging 

6 40 Intervention 1 no bridging 

7 10 Intervention 2 no bridging 

8 25 Intervention 2 no bridging 

9 40 Intervention 2 no bridging 

10 10 Intervention 3 no bridging 

11 25 Intervention 3 no bridging 

12 40 Intervention 3 no bridging 

13 10 Intervention 4 no bridging 

14 25 Intervention 4 no bridging 

15 40 Intervention 4 no bridging 

16 10 No intervention with bridging 

17 25 No intervention with bridging 

18 40 No intervention with bridging 

19 10 Intervention 1 with bridging 

20 25 Intervention 1 with bridging 

21 40 Intervention 1 with bridging 

22 10 Intervention 2 with bridging 

23 25 Intervention 2 with bridging 

24 40 Intervention 2 with bridging 

25 10 Intervention 3 with bridging 

26 25 Intervention 3 with bridging 

27 40 Intervention 3 with bridging 

28 10 Intervention 4 with bridging 

29 25 Intervention 4 with bridging 

30 40 Intervention 4 with bridging 

 

The simple lumped-capacitance single zone model 

in TRNSYS has been chosen here to allow modelling 

an overall U value for the entire structure. It is use-

ful to gain a comparative estimate of the heating 

and/or cooling load with and without accounting 

for heat transfer through aluminium frame. Here, 

the building considered is the BESTEST case 600 FF 

(a block of 6 m X 8 m and height of 2.7 m). The roof 

and walls are considered to be integrated with EoL-

PV. A maximum window-wall ratio (wwr) of 40% is 

considered (Bureau of Energy Efficiency, 2017). 

Double-glazing properties (U-value of 5.1 W/m2K) 

are set to the floor (Bureau of Energy Efficiency, 

2017). Simulations are performed for three wwr of 

10%, 25% and 40%. Clay tile floor properties (U-

value of 0.25 W/m2K) are set to the floor (Bureau of 

Energy Efficiency, 2017). The overall U value for the 

entire structure is calculated based on the U-values 

for the PV (calculated from THERM), floor, and 

glazing with their corresponding areas for all the 30 

cases tabulated in (Table 1). The building loss coef-

ficient (overall U-value (W/m2K)) and the building 

capacitance (thermal capacitance (kJ/K)) are input in 

TRNSYS. Other parameters like building volume, 

surface area and the specific heat capacity of the 

building air are 129 m3, 171.6 m2 and 1.007 kJ/kgK 

respectively. The weather data of New Delhi (com-

posite climate zone or Cwa) is used which repre-

sents a climate zone with annual maximum temper-

ature of ~ 45 ℃ and an annual minimum of ~ 5 ℃. 

The indoor air temperature from the TRNSYS simu-

lations is further analysed to estimate the sensible 

heating/cooling load. The simulations are run with 

15 min interval for one year (8760 hours). A set tem-

perature of 23 ℃ ~ 27 ℃  indoor are considered to es-

timate the sensible loads. The following expression 

is used to estimate the annual sensible load. 

 

𝑞 = ∑ 𝜌𝑉𝑐𝑝∆𝑇𝑡.

𝑡=8760 ℎ𝑜𝑢𝑟𝑠

𝑡=0

  (𝑘𝐽) 

𝜌 is the density of the air (1.2 kg.m3), V is the volume 

of the indoor air (129 m3), 𝑐𝑝 is indoor air specific 

heat (1.007 kJ/kgK), ∆𝑇𝑡 is the difference in the set 

and indoor air temperature at each point.  

3. Results and Discussion 

The heat transfer through a PV panel without a 

frame is ideally one-dimensional, from the outdoor 

to indoor (in this study). Once accounting for the 

aluminum frame, a sharp drop in the temperature is 

seen at the frame due to higher thermal conductivity 

of the frame (Fig. 7). A zone of lower temperature is 

developed around the frame and heat transfer in the 
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lateral direction is also seen in (Fig. 7). A uniform 

temperature gradient is set after a critical distance 

from the frame perpendicular to the gradient. The 

presence of another PV panel (case (b)) or plywood 

in (case (c-e)) creates a higher temperature gradient 

due to lower thermal conductivity of PV panel and 

plywood. 

 

Fig. 7 – Temperature profile of the PV cross-section for different 
cases 

Heat flux along the aluminum frame is of several or-

ders of magnitude higher than that of the PV panels 

(Fig. 8). The heat flux magnitude reduced with an 

increase in the resistance to flow of heat by the pres-

ence of low thermal conductivity material (case b-e) 

(Fig. 9). The rise in the net heat transfer through the 

system results in higher thermal transmittance (U-

value). The U-value rise on accounting for thermal 

bridging is tabulated in (Table 2). Ideally, to under-

stand the impact of more frames on the sides of the 

panel, the percentage change needs to be multiplied 

by the number of frames under consideration.  

 

Fig. 8 – Heat flux through PV panel and the frame 

The overall building U-values are calculated and are 

tabulated for all the cases in the (Table 3). The 

lumped-capacitance model was run for 30 cases 

(Table 1), the resulting indoor minimum and 

maximum air temperatures were analyzed. The 

effect of accounting for thermal bridging is 

analyzed. Thermal bridging causes the minimum 

temperature reached in the whole year to drop 

further (Fig. 10) and the maximum temperature 

reached in the whole year to rise further (Fig. 11). 

This phenomenon is consistently observed in all the 

cases (interventions and window-wall ratios). 

Amongst the cases, intervention 1, consisting of the 

EoL-PV panels in tandem back-to-back with a 100 

mm air cavity induces maximum change in the 

indoor temperatures. 
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Fig. 9 – Heat flux through PV panel and the frame for the four 
interventions 

Table 2 – The U values of EoL-PV envelopes with and without 
thermal bridging effect 

Case U value (W/m2K) Change 

 

No 

thermal 

bridge 

With 

thermal 

bridge 

(%) 

No intervention 5.6 6.35 + 13.4 

Intervention 1 0.23 0.89 + 286.9 

Intervention 2 0.45 1.07 + 137.7 

Intervention 3 0.43 0.95 + 120.9 

Intervention 4 0.42 0.83 + 97.6 

 

This widening in the maximum and minimum 

indoor temperature ranges leads to an increase in 

the sensible heating/cooling load as the temperature 

difference between the set temperature and the 

indoor air temperature rises. The percentage change 

in the annual sensible heating/cooling load for three 

set temperatures are analyzed.  

 

Table 3 –The Overall U values of the EoL-PV integrated building 
with and without thermal bridging effect 

WWR Case 

Overall U value 

(W/m2K) Change 

  
No thermal 

bridging 

With 

thermal 

bridging (%) 

10 No intervention 4.11 4.59 + 11.58 

25 No intervention 4.08 4.51 + 10.55 

40 No intervention 4.04 4.43 + 9.49 

10 Intervention 1 0.46 0.90 + 97.48 

25 Intervention 1 0.78 1.18 + 51.61 

40 Intervention 1 1.10 1.46 + 32.57 

10 Intervention 2 0.60 1.02 + 70.04 

25 Intervention 2 0.91 1.29 + 41.81 

40 Intervention 2 1.21 1.55 + 27.86 

10 Intervention 3 0.59 0.94 + 59.05 

25 Intervention 3 0.90 1.21 + 35.04 

40 Intervention 3 1.21 1.49 + 23.27 

10 Intervention 4 0.58 0.86 + 48.23 

25 Intervention 4 0.89 1.14 + 28.37 

40 Intervention 4 1.20 1.42 + 18.76 

 

Fig. 10 – Annual minimum indoor air temperature with and without 
thermal bridging effects 

Location - New Delhi (Composite / Cwa) Building - 600FF BESTEST

0 2 4 6 8 10 12

Annual minimum indoor temperature ( oC)

No Int. (wwr10)

No Int. (wwr25)

No Int. (wwr40)

Int.1 (wwr10)

Int.1 (wwr25)

Int.1 (wwr40)

Int.2 (wwr10)

Int.2 (wwr25)

Int.2 (wwr40)

Int.3 (wwr10)

Int.3 (wwr25)

Int.3 (wwr40)

Int.4 (wwr10)

Int.4 (wwr25)

Int.4 (wwr40)

With thermal bridging

No thermal bridging
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Fig. 11 – Annual maximum indoor air temperature with and without 
thermal bridging effects 

A maximum of ~1.2% increase in the sensible heat-

ing/cooling load is seen for the considered building 

(Fig. 12, Fig. 13, Fig. 14). Higher window-wall ratio 

implies lesser area of PV panels and results in lesser 

contribution of thermal bridging as well. A low per-

centage change in the heating/cooling load is ob-

served in intervention 4 consistently. This translates 

to lesser thermal bridging effects in intervention 4. 

This is due to a 30 mm thick layer of plywood in tan-

dem with PV panel, which dilutes the thermal 

bridging effect.  

 

 

Fig. 12 – Increase in the annual sensible heating/cooling load for 
set temperature 23 °C 

 

 

Fig. 13 – Increase in the annual sensible heating/cooling load for 
set temperature 25 °C 

 

Fig. 14 – Increase in the annual sensible heating/cooling load for 
set temperature 27 °C 

 

Fig. 15 – Desirable intervention considering thermal mass and 
thermal bridging effects 

On comparing the interventions in terms of desired 

thermal mass and thermal bridging effect, it is seen 

that intervention 4 fares best in both criteria. The 

Location - New Delhi (Composite / Cwa) Building - 600FF BESTEST

30 35 40 45

Annual maximum indoor temperature (oC)
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Int.1 (wwr25)
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Int.2 (wwr25)

Int.2 (wwr40)

Int.3 (wwr10)

Int.3 (wwr25)

Int.3 (wwr40)

Int.4 (wwr10)

Int.4 (wwr25)

Int.4 (wwr40) With thermal bridging

No thermal bridging

Location - New Delhi (Composite / Cwa) Building - 600FF BESTEST

Set Temperature 23oC
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Percentage increase in Annual Sensible Heat/Cool Load (%)
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Intervention 2

Intervention 3

Intervention 4
WWR 10

WWR 25

WWR 40
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Set Temperature 25oC
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Location - New Delhi (Composite / Cwa) Building - 600FF BESTEST

Set Temperature 27oC
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desirable region in the (Fig. 15) is higher thermal 

mass and lower percentage increase in sensible 

heating/cooling load. This optimum region is 

achieved by intervention 4. One of the strategies to 

avoid thermal bridging is to add an insulation layer 

to the envelope which is naturally designed in inter-

vention 4 to address the low thermal mass issue. The 

30 mm thick plywood serves as a common solution 

to improve thermal mass and reduce thermal bridg-

ing effects.  

4. Conclusion 

Thermal bridging effects in the envelope integrated 

with EoL-PV panels are studied through two-di-

mensional heat transfer modelling in THERM tool. 

The thermal bridging effects on the U-values of dif-

ferent intervention cases are calculated. In the case 

of an EoL-PV panel, around a 13% increase in the U-

value is expected. The effect on the building’s heat-

ing/cooling loads is dependent on various factors in-

cluding thermal bridges. Here, a simple demonstra-

tion of the thermal bridging effects on a simple 

block is considered. Out of all the cases, intervention 

4 seems to be a promising choice having a higher 

thermal mass and lower effect of thermal bridging 

due to high plywood thickness. The analysis consid-

ering the effects of all the frame around the PV panel 

is the scope of further studies. The role of climate 

zone, building type, humidity, corrosion or degra-

dation in aluminium over time and heat capacity of 

the aluminium frame have not been considered here 

and adds to the scope of studies ahead. 

Nomenclature 

Symbols 

𝑞 Annual sensible heating/cooling 

load 

𝜌 Density of air 

𝑉 Volume of the indoor air 

𝑐𝑝 Specific heat capacity of air 

∆𝑇𝑡 Difference between set and air 

temperature  
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