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 A B S T R A C T

As the solar industry continues to grow, the accumulation of photovoltaic (PV) module waste highlights 
the pressing need for more circular, modular and repairable designs. Conventional laminated modules are 
difficult to disassemble, which limits not only their repairability but also material recovery and component 
reuse during recycling. While avoiding the lamination improves disassembly, it also compromises the module’s 
mechanical integrity. This trade-off demands a careful redesign to maintain structural requirements without 
sacrificing key criteria such as repairability, weight, and cost. Existing repairability assessment methods are 
generally not tailored to PV modules and are rarely integrated with reliability-based design optimization 
to balance repairability, structural performance, weight, and cost during the early design phase. This study 
presents a semi-quantitative relative repairability assessment method, tailored specifically for PV modules, 
to quantify the impact of design changes on repairability. Additionally, a reliability-based optimization 
approach is presented to redesign the PV module. Using Robustimizer software, reliability-based optimization 
is incorporated to account for uncertain scenarios during the life cycle of the product. As a case study, 
the proposed methodologies are applied to a laminate-free open-source PV module developed by Biosphere 
Solar. Finite element analysis and experimental testing on a prototype demonstrate compliance with IEC61215 
standard. The optimized design achieved a 51% improvement in repairability compared to the baseline design, 
together with a 6% reduction in cost, albeit at the expense of a 45% increase in module mass. The proposed 
approach provides a scalable framework for advancing sustainable design practices in the PV industry.

1. Introduction

The solar industry plays a crucial role in the transition toward 
a circular economy, offering renewable energy solutions that reduce 
dependence on fossil fuels and lower carbon emissions. Many studies fo-
cus primarily on improving operational efficiency, for example through 
active cooling systems that enhance thermal performance (Srithar et al., 
2025) or advanced neural network models for orientation optimization 
and prediction accuracy (AL-Rousan and AL-Najjar, 2024). However, 
limited attention has been given to the circularity and repairability of 
PV module design. Traditional PV modules consist of several key layers 
and components working together to ensure efficiency and durability. 
The solar cells are encapsulated between two layers of Ethylene Vinyl 
Acetate (EVA), which enhance the durability and performance of solar 
modules. These layers hold the cells securely between the glass and 
the backsheet, absorb shocks and vibrations, and shield the fragile cells 
and their circuits from damage. Similar encapsulation concepts are also 

∗ Corresponding author.
E-mail address: o.nejadseyfi@tudelft.nl (O. Nejadseyfi).

employed in bifacial PV modules which allow light collection from both 
sides of the solar cells.

While the use of the EVA layer in PV modules initially appears to 
offer substantial advantages, a major drawback of the laminated design 
is that it is incredibly challenging to recycle or repair, often requiring 
energy-intensive processes that are neither cost-effective nor effective 
at material recovery (Chowdhury et al., 2020; Ndalloka et al., 2024). 
The use of harmful substances, solvents, or energy-intensive conditions 
during recycling (Khetri and Gupta, 2025; T. Chowdhury et al., 2026), 
the difficulty of opening and separating the layered structure (Karagöz 
et al., 2025), and concerns regarding economic viability (Padhamnath 
et al., 2025) remain significant barriers to the sustainable end-of-
life management of PV modules. This results in a significant waste 
problem as damaged or end-of-life panels are often discarded rather 
than refurbished or repurposed. This issue is particularly concerning 
given that the solar industry is rapidly expanding both in Europe and 
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globally. Globally, it is estimated that approximately 75 TW of installed 
PV capacity will be required by 2050 (Haegel et al., 2023). By 2050, 
the European Union is expected to generate between 21 and 35 million 
tonnes of solar panel waste, while globally, the accumulation could 
reach up to 160 million tons (Foster et al., 2025). To put this into 
perspective, global electronic waste generation was estimated at 62 
million tonnes in 2022 alone (Baldé et al., 2024). Although PV waste 
is accumulated over several decades, these projections highlight the 
scale of the emerging end-of-life challenge associated with photovoltaic 
technologies. This waste includes valuable materials such as aluminum, 
copper, silver, tin, glass, and silicon (Weckend et al.; P. Chowdhury 
et al., 2026).

Several early attempts have been made to recover PV module ma-
terials after disposal (Yao et al., 2025). For instance, Wambach (2009) 
demonstrated the technical feasibility of recovering and purifying sili-
con from end-of-life c-Si PV panels. Their method involved pyrolysis to 
remove metallization and dopant layers, followed by selective etching 
to produce a new silicon ingot (Wambach, 2009). A similar process 
was developed by the Japanese NEDO program through the Foundation 
for Advancement of International Science (FAIS), which also relies on 
pyrolysis of the polymers in a conveyor kiln (Weckend et al.).

More recently, alternative recycling strategies have been developed 
to improve material recovery while reducing environmental impact. For 
example, enzymatic delamination methods have been proposed for the 
separation of EVA layers, offering a potentially less aggressive alterna-
tive to conventional thermal and chemical treatments (Karagöz et al., 
2025). Other studies have investigated solvent-assisted and advanced 
separation approaches to improve EVA removal and material recovery 
efficiency, although challenges related to solvent consumption, process 
complexity, and secondary waste generation remain significant Khetri 
and Gupta (2025), T. Chowdhury et al. (2026). Furthermore, recent 
life-cycle assessments indicate that while improved recycling routes and 
direct reuse of recovered PV glass can reduce environmental impacts, 
the recovery processes themselves may still contribute significantly to 
energy consumption and emissions (T. Chowdhury et al., 2026).

Despite these technological advances, separating materials from the 
EVA encapsulant remains a challenging, energy-intensive, and costly 
process, often resulting in contaminated recovered materials (Sivagami 
et al., 2024). In addition, achieving economically viable, scalable, and 
high-purity recovery of PV module materials remains a major challenge 
for the widespread implementation of circular PV systems (Späth et al.; 
Padhamnath et al., 2025). Addressing these limitations is thus essential 
for enhancing the sustainability and circularity of solar technologies, 
ensuring that the industry not only produces clean energy but also 
minimizes its own environmental footprint throughout the product’s 
lifecycle.

In parallel with advances in recycling technologies, increasing atten-
tion is being given to the concept of the ‘‘right to repair’’, which seeks to 
extend product lifetimes by facilitating maintenance, repair, and com-
ponent replacement. Recent policy initiatives, particularly within the 
European Union, encourage product designs that improve repairability 
and reduce premature disposal. While such efforts have gained sig-
nificant traction in consumer electronics and household appliances, 
their application to photovoltaic modules remains limited due to the 
highly integrated and laminated nature of conventional PV designs. 
Consequently, incorporating repairability considerations during the de-
sign stage represents a promising pathway toward more circular and 
resource-efficient photovoltaic systems.

There are several strategies to increase the circularity of a prod-
uct, which is summarized in Fig.  1: Refuse, Rethink, Reduce, Reuse, 
Repair, Refurbish, Remanufacture, Repurpose, and Recycle (Kirchherr 
and Piscicelli, 2019). Integrating these strategies enables a transition 
from a linear to a circular economy, maximizing product lifecycle 
and minimizing waste, with Refuse (R0) being the most favorable and 
Recover (R9) the least. Since the solar industry provides a far better 
solution compared to other energy alternatives, it should not be refused 

or reduced. Instead, the focus should shift toward enhancing reuse and 
repair rather than solely relying on recycling or material recovery. 
Research on PV module designs focused on improved repairability or 
reusability is hardly addressed and only a few studies can be found in 
literature. One such technology is the NICE technology (Dupuis et al., 
2012), in which, contrary to standard modules, they use under-pressure 
within the module, causing the front and back glass layers to press 
copper ribbons directly onto the cell busbars. As a result, this approach 
eliminates the need for soldering and EVA-like encapsulants. Another 
approach is the modular PV module proposed by Majdi et al. (2021) 
in which they proposed building PV modules from many small, self-
contained cell units, thereby improving repairability, reducing lifecycle 
costs, and lowering e-waste. From both repairing and recycling per-
spectives, these designs enable the recovery of entire components such 
as glass, copper tabs, and solar cells at low-cost and with negligible 
amount of contamination by other materials, resulting in clean residue-
free surfaces (Einhaus et al., 2018). A similar yet distinct route is 
adopted in open-source hardware design by Biosphere Solar which is 
creating a modular, circular, and transparent PV module using sustain-
able production techniques to promote clean energy accessibility. To 
avoid lamination, this design uses a polyisobutylene (PIB) seal around 
the edge of the module together with small internal PIB dots placed 
between the solar cells to keep them in place, connect them to the glass 
plates, and provide mechanical rigidity as shown in Fig.  2.

To access and repair or recycle internal components such as the 
solar cells, the frame is first removed. Next, the edge seal and adhesive 
dots are cut using a hot knife or wire cutter, allowing the glass layers 
to be separated and the internal components to be reached. Without 
the lamination process, this design allows for the reuse, repair, and 
recycling of major components while minimal energy is required for 
disassembly, as the process involves mechanical separation rather than 
for instance high-temperature methods. Due to the absence of the EVA 
layer, one major drawback of such designs is the limited mechani-
cal strength which creates challenges in meeting the requirements as 
specified in the IEC61215 standard for PV modules (International Elec-
trotechnical Commission, 2021). Since there are many design choices 
to improve mechanical strength, trial-and-error is not only costly but 
infeasible to explore the design space efficiently. At the same time, 
those design choices should not come at the expense of key factors 
such as weight, cost, and repairability. Initial prototypes using this 
open-source design led to early failure due to limited mechanical 
strength. This highlights the need for a systematic, combined optimiza-
tion approach that simultaneously considers structural performance, 
repairability, cost, and mass to arrive at a viable, balanced design. This 
challenge is complicated by the absence of a standardized method to 
evaluate or compare the repairability of solar panel designs. Yet, to 
effectively design or redesign for repairability, it is crucial to establish 
a clear and consistent framework for how repairability is assessed. 
Another complication is the fact that both modeling and real-world 
applications involve inherent uncertainty. A common engineering re-
sponse is to apply conservative safety margins to account for these 
unknowns. However, while this approach increases robustness, it can 
also result in unnecessary overdesign, adding weight or cost that may 
not be needed or lead to inefficient material use.

These challenges have not yet been addressed systematically in the 
literature. Therefore, this study addresses two primary research gaps:

The development of a methodology to evaluate and quantify the 
repairability of solar modules and to integrate this metric into an 
optimization framework.

The implementation of a reliability based optimization algorithm 
to systematically account for uncertainties in the design process of PV 
modules, thereby reducing the reliance on conservative safety margins 
and minimizing the need for costly trial-and-error approaches.

As a case study, the developed methodologies are applied to the 
open-source Biosphere solar PV module design to demonstrate their 
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Fig. 1. Hierarchy of circular economy strategies, ordered from most preferred (Top) to least preferred (Bottom)

Fig. 2. Traditional (Laminated) PV module stack (left) and glass–glass laminate-free Biosphere PV module V1.3 (right).

relevance and applicability. More broadly, the proposed approach of-
fers a scalable framework for all solar technology developers in making 
informed design decisions during early-stage product development.

Section 2, introduces general repairability assessment methods and 
proposes a tailored assessment method for evaluating the repairability 
of PV module designs. Additionally, it covers the finite element model-
ing, optimization approach and reliability based techniques. Section 3 
describes the validation of the finite element model through experimen-
tal testing and presents results and discussions. Section 4 is allocated for 
discussing the limitations and recommendations for future directions.

2. Methods

2.1. Assessing repairability

2.1.1. Repairability assessment methods
To effectively improve a product’s repairability during (re)design, it 

is essential to have a clear and precise definition of how repairability 
is assessed. During the last few years, in line with the European Reg-
ulatory Framework, several initiatives have been introduced with the 
aim of assessing the level of repairability of different products (Blanco-
Espeleta et al., 2024). The methods described in the literature can be 
divided into three categories:

• Qualitative methods that establish pass-fail criteria
• Semi-quantitative methods that allow to compare products within 
a specific family

• Quantitative methods that use measurable data to evaluate as-
pects such as the ease of disassembly.

One qualitative method is the method developed by Cordella et al. 
(2018) where a product-specific checklist of variables and conditions 
was developed that positively influence the repairability and upgrad-
ability of Energy related Products (ErP) (Cordella et al., 2018). Within 
semi-quantitative approaches, the Assessment Matrix for ease of Repair 
(AsMeR) (Bracquené et al., 2018) and the Repair Scoring System (RSS) 
(Spiliotopoulos et al.) are the most commonly used (Rodríguez and 
Favi, 2022). These methods calculate a ‘repairability score’ by exam-
ining the features of a specific product family. This process helps to 
identify the most appropriate evaluation criteria for that product range, 
such as key variables and target components, as well as determine the 
importance of each criterion. Other frequently used methods are the 
iFixit methodology, or labels like ONR 192102 (Austrian Standards, 
2014), EN 45554 (The European Electrotechnical Committee for Stan-
dardization, 2024) and the French Indice de Réparabilité (FRI) (Min-
istère de la transition ecologique, 2024; M. de la Transition écologique). 
These semi-quantitative methods are usually combined with quan-
titative methods, such as the ‘ease of Disassembly Method’ (eDiM) 
(Vanegas et al., 2018), which uses the Maynard Operation Sequence 
Technique (MOST) to estimate the disassembly time for a component, 
taking into account the operator’s skills and other relevant factors 
(Fazio et al., 2021).

Given that these methods often need tailoring to specific products, 
significant research has been conducted to adapt them to particular 
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product categories. For instance, iFixit has devised a method specifi-
cally for evaluating the repairability of smartphones (Flipsen et al.), 
while the French Repairability Index (FRI) has applied similar ap-
proaches to vacuum cleaners, washing machines, dishwashers, TVs, lap-
tops, smartphones, and lawnmowers (M. de la Transition écologique). 
However, no assessment method yet exists that is tailored specifically 
for the repairability of PV modules. This represents a significant re-
search gap that must be addressed to enhance the circularity of PV 
module technology. Consequently, a comprehensive assessment frame-
work for enhancing PV module repairability is designed and presented 
in the next section. It provides a tailored method able to compare 
the repairability level of different PV module designs or different 
modifications within one design.

2.2. Relative repairability assessment method for PV module designs

As most repairable PV modules are still in the concept phase, 
many quantitative methods prove too detailed for the concept stage, 
as specifics like the number of screws or disassembly steps are not yet 
determined. Additionally, quantitative methods often overlook many 
factors that contribute to ‘repairability’, as they only account for those 
that can be measured or calculated (Dangal et al., 2022). On the other 
hand, qualitative methods based on pass-fail criteria (Cordella et al., 
2018) only allow to differentiate between ‘good’ and ‘bad’ products but 
not to assess the relative repairability of specific models. Therefore, for 
the assessment of PV module concepts, the qualitative method proposed 
by Cordella et al. (2018) is adapted to a semi-quantitative method to 
allow better differentiation between design options while preventing 
the need of detailed product information as needed in most quantitative 
methods. This method thus assesses the relative impact of different 
design changes, rather than relying on a single overall score. It focuses 
on evaluating how different design options or modifications within a 
design would affect repairability in relative terms. This is especially 
useful for optimizing a design on repairability, as it allows designers to 
make informed trade-offs and prioritize which modifications are most 
effective for improving repairability.

In Table  1, a list of criteria that influence the repairability of 
PV modules is presented. This list is based on the generic and non-
exhaustive list of criteria for assessing the repairability and upgrad-
ability of products developed by Cordella et al. (2019) and is adapted 
to specifically address PV modules. A key modification includes inte-
grating ‘automation’ into the Accessibility, Visibility, and Tools criteria, 
recognizing that PV modules are typically assembled and disassembled 
by machines. The criterion ‘data deletion’ has been excluded as it is 
irrelevant to PV modules. The definition of Technical Skills has been 
revised to reflect a more realistic scenario where the optimal situation 
is that the repair can be performed by any technician, rather than 
by the end-user. This adjustment acknowledges that PV modules are 
complex systems, and it is more realistic to expect professional techni-
cians, rather than users, to handle repairs effectively in the case of PV 
modules. The final modification involves incorporating time into the 
definition of Disassembly and Reassembly. This change acknowledges 
that while a process may be achievable within a limited number of 
steps, it is equally important that these steps can be completed within a 
reasonable time frame. By including time, the definition better reflects 
the practical considerations of repair efficiency.

Table  2 outlines a relative scoring method based on these criteria. 
Each criterion is weighted (either 1, 2 or 3) according to its relative 
importance on repairability. A weight of 1 is assigned if the panel 
can still be repaired when this criterion is met, though it may require 
slightly more effort or time. For example, the ‘Availability of mainte-
nance and repair information’ is assigned a weight of 1, as the lack 
of this information may make it more challenging for a technician to 
figure out how to repair the panel, though the repair can still be done. 
A weight of 2 is given when the absence of this criterion significantly 
complicates the repair, requiring considerable workarounds. A weight 

Table 1
Repairability assessment criteria with definition.
 Criterion Definition  
 
Identification of the 
problem

Causes of all key failures can be established easily 
because of available evidence (e.g. error codes 
provided directly by the product or in the user 
manual).

 

 Availability of maintenance 
and repair information

Maintenance and repair information is provided by 
the manufacturer (printed or online).

 

 Technical skills Repair of key failures can be performed by any 
technician.

 

 Availability of spare parts Original and compatible spare parts are widely 
available for replacement.

 

 Identification of parts Parts are clearly distinguishable, engraved, 
marked, or labeled for quick identification and/or 
replacement.

 

 Disassembly and 
reassembly of parts

All parts can be disassembled and reassembled in 
a limited number of steps and within a limited 
time span.

 

 Accessibility of parts All parts are readily accessible (i.e. attainable 
without requiring prior removal of other 
components) using tools or machines.

 

 Visibility of fasteners Fasteners used to assemble parts are visible to the 
human eye or to automated systems.

 

 Removability of fasteners 
and disassembly 
reversibility

All connections are reversible and reusable.  

 Repair location limitations Repair of parts can be performed on-site.  
 Degree of automation The repair process can be fully automated.  
 Types of machinery and 
tools needed

Only basic machines or tools are required to 
disassemble parts.

 

 State after repair/upgrade 
action

The product functions with no or minimal loss in 
quality (efficiency, power output) and aesthetics.

 

 Updatability The product is adaptable to market standards, 
allowing replacement of parts with newer versions 
available on the market.

 

of 3 indicates that repair is practically impossible if this criterion is 
not met. For example, a weight of 3 is given to ‘Disassembly and 
reassembly of parts’ and ‘Removability of fasteners and disassembly 
reversibility’ as it is often impossible to repair parts when they cannot 
be disassembled, removed or reassembled. The weighting factor can 
be adapted to the application or the aim of the specific design and is 
therefore a slightly subjective decision for the engineer. However, the 
weighting is valuable since some criteria are interrelated. For instance, 
redesigning a concept to simplify the automation of the repair process 
(which is beneficial) might require more advanced tools (which is less 
favorable). The weighting factor can therefore help determine whether 
the overall impact on repairability is positive or negative. The scoring 
ranges from negative (−1) if the design change has a negative effect 
of this specific criterion, neutral (0) if no effect, to positive (1) if it 
positively affects this criterion.

Most methods found in literature typically focus on priority parts 
rather than all components (Formentini et al., 2025). These priority 
parts are generally identified based on criteria such as failure rates, 
technical or market considerations, or environmental and economic 
impacts. While this can be useful in later stages of development, the 
approach proposed in this work does not distinguish between prior-
ity and non-priority parts. This is because the method is primarily 
intended for use in the early design phase, where it is often still 
unclear which components will ultimately be considered priority parts. 
At this stage, the dimensions and characteristics of components can 
vary significantly. For instance, the glass layer could still be doubled in 
thickness. Thin glass is prone to breakage and would likely be classified 
as a priority part due to its high failure rate, whereas thicker glass 
may be significantly more robust and thus not prioritized. Also the 
environmental impact of a part is hard to estimate in this stage, as 
this depends heavily on the amount of material used. These quantities 
are still flexible during early design, which makes it difficult to make 
accurate assessments about which parts will have the most significant 
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Table 2
Method to assess relative repairability between different designs or design variables. Scores indicate the effect of an increase in 
the design variable.
 Parameter (Weight) −1 0 

No impact
1  

 Identification of the problem (2) Limits identification of failure 
causes via error codes or 
manuals

– Improves identification of failure 
causes via error codes or manuals

 

 Availability of maintenance and 
repair information (1)

Reduces availability of 
maintenance and repair 
information

– Increases availability of 
maintenance and repair 
information

 

 Technical skills (1) Increases reliance on 
specialized technicians or 
companies

– Reduces need for specialized 
repair skills

 

 Availability of spare parts (2) Reduces availability of original 
and compatible spare parts

– Improves availability of original 
and compatible spare parts

 

 Identification of parts (1) Parts become less 
distinguishable

– Parts become more 
distinguishable

 

 Disassembly and reassembly of 
parts (3)

Increases number of steps or 
time required

– Reduces number of steps or time 
required

 

 Accessibility of parts (2) Reduces accessibility for tools 
or machines

– Improves accessibility for tools or 
machines

 

 Visibility of fasteners (2) Reduces fastener visibility – Improves fastener visibility  
 Removability of fasteners and 
disassembly reversibility (3)

Reduces reversibility or 
reusability of connections

– Improves reversibility or 
reusability of connections

 

 Repair location limitations (1) Limits feasibility of on-site 
repair

– Facilitates on-site repair  

 Degree of automation (2) Reduces potential for repair 
automation

– Improves potential for repair 
automation

 

 Types of machinery or tools 
needed (2)

Requires more advanced or 
specialized tools

– Enables use of basic, widely 
available tools

 

 State after repair or upgrade (2) Negatively affects quality or 
aesthetics

– Improves quality or aesthetics  

 Updatability (2) Limits replacement with 
newer component versions

– Facilitates upgrading to newer 
component versions

 

environmental or economic impact. For that reason, the current method 
takes all parts into consideration equally, making it more suitable 
for early-stage assessments and optimization purposes where design 
variables have not yet been fixed.

2.3. Experiments

Experiments were performed using a vacuum-based suction setup 
shown in Fig.  3. These experiments were designed to closely follow 
the procedures outlined in the IEC61215 standard for mechanical load 
testing of PV modules. The mechanical load was applied, which exerted 
pressure on the front glass surface of the PV module. Deflection was 
measured 10 s after load application using a laser displacement sensor.

2.4. Simulation model development

To redesign and optimize the solar panel for repairability, a
parametrized 3D model of the PV module was built in Solidworks. Next, 
a Livelink was created to connect the Solidworks model to COMSOL 
Multiphysics which was used to perform the finite element analysis 
(FEA). The material properties used in the model for different compo-
nents in a solar panel are summarized in Table  3. FEA was performed 
by applying a uniform pressure of 2400 Pa to the front glass of the PV 
module, while fixed boundary conditions were applied at the mounting 
clamp locations. To reduce computational complexity, the ribbons and 
electrical wiring were not included in the model. The solar cells were 
modeled with dimensions of 182 mm × 91 mm ×0.50 mm, while both 
the adhesive dots and the edge seal were assigned a thickness of 1 mm.

Table 3
Material properties used in the model (Li et al., 2020; Lee and Tay, 2013).
 Property Al 6083-T6 Solar glass PIB Si  
 Density (kg/m3) 2700 2500 1000 2329 
 Young’s modulus (GPa) 69 74.8 0.01 185  
 Poisson ratio (–) 0.33 0.216 0.48 0.22  
 Yield strength (MPa) 215 42a 2.4 200  
 Tensile strength (MPa) 240 90–170 9 200b  
a Design yield strength.
b Bending strength.

To decrease the computational time, only a quarter of the panel was 
modeled exploiting the symmetry of the design. Adhesive dots were 
modeled as bonded pairs. The mesh size was progressively reduced 
until the model’s deformation results showed convergence to balance 
computational efficiency with adequate simulation accuracy. The 3D 
model was validated by comparing its predicted deflections with those 
measured in experiments under equivalent loading conditions. This 
model is then used for optimization under uncertain loading scenarios 
as explained in the next section.

2.5. Reliability-based optimization

Given that this study focuses on a concept-phase design, significant 
uncertainty exists due to the lack of precise data and extensive exper-
imental validation. In early-stage development it is therefore useful 
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Fig. 3. Modular experimental setup capable of testing in various configurations.

to adopt an optimization approach that can systematically account 
for these uncertainties. In engineering design, Reliability-Based Design 
Optimization (RBDO) is used to optimize system performance while 
accounting for uncertainty in for example loads, material properties, 
or manufacturing tolerances (Chiralaksanakul and Mahadevan, 2004). 
These approaches are typically categorized based on how they integrate 
reliability analysis into the optimization loop. Double-loop methods, 
such as the Reliability Index Approach (RIA) and Performance Measure 
Approach (PMA), perform nested loops of optimization and reliabil-
ity evaluation, but are often computationally expensive (Choi et al., 
2007). Furthermore, surrogate-assisted methods reduce computational 
cost by using response surface models, such as Kriging or polynomial 
regression, to approximate expensive simulations (Choi et al., 2007). 
While these approaches offer significant potential, their application 
remains largely confined to specialized research domains (Nejadseyfi, 
2025b). This limited adoption is partly due to the complexity and 
inaccessibility of existing tools. Their implementation can be complex 
and often requires custom programming or extensive tuning. Moreover, 
constructing surrogate models and the use of approximation methods 
such as Monte Carlo simulations for uncertainty quantification often 
impose substantial computational time. To address the limitations in 
existing optimization workflows, Nejadseyfi developed Robustimizer, 
an open-source educational and research software (Nejadseyfi, 2025a) 
with graphical user interface designed for efficient uncertainty quantifi-
cation, robust optimization, and reliability-based optimization (RBDO) 
(Nejadseyfi, 2025b). By combining surrogate modeling with analytic 
formulations, the software enables fast and accurate exploration of 
uncertain design spaces with nonlinear objectives without the need 
for extensive custom coding. At the same time, it facilitates intu-
itive constraint handling through its graphical user interface. This 
program is particularly well suited for this case study, due to its 
demonstrated value in optimization processes aimed at reducing envi-
ronmental impact particularly in contexts where effectively managing 
uncertainties is crucial. The next sections provide a detailed breakdown 
of the optimization framework used to optimize the Biosphere Solar PV 
Module.

2.5.1. Design variables
Table  4 provides an overview of the design variables with their 

bounds included in modeling and optimization. Additionally, Fig.  4 
provides an overview of how the design variables are defined in the 
model. These variables represent all the adjustable elements within 
the existing design that influence stress and deformation in the panel 
without requiring an entirely new design concept.

2.5.2. Objective function
The aim of this optimization is to minimize a combined objective 

consisting of contributions from weight, cost, and repairability index 
while meeting the required mechanical performance. 
min
𝐱

𝐹obj(𝐱) = 𝛿𝑚(𝐱) − 𝛿𝑟(𝐱) + 𝛿𝑐(𝐱) (1)

Where 𝐹obj is the objective function [unitless, ratio], 𝛿𝑚 is the rela-
tive change in mass from the initial design [-], 𝛿𝑟 is the relative change 
of the Repairability [-] and 𝛿𝑐 is the relative change in total costs [-]. 
The objective function is minimized and therefore the negative sign for 
𝛿𝑟 is required meaning that an increase in repairability is desired while 
mass and costs must be reduced. Since mass, repairability, and costs 
are considered equally important in this study, they are combined in 
the objective function without applying additional weighting factors. 
The use of equal weighting factors reflects the exploratory nature of 
this study. Applying equal weights avoids introducing subjective bias 
and allows the influence of mass, cost, and repairability to be assessed 
on an equal basis. In practical product development, these weighting 
factors may be adjusted to reflect manufacturer priorities, regulatory 
requirements, or business objectives. The proposed framework can be 
readily generalized to accommodate alternative weighting strategies.

The relative change in mass is defined by: 

𝛿𝑚(𝐱) =
𝑚(𝐱) − 𝑚0

𝑚0
(2)

Where 𝑚0 is the mass of the original Biosphere module V1.3, and 
𝑚(𝐱) is the total mass which depends on design variables. Both 𝑚0 and 
𝑚(𝐱) are a sum of the masses of all parts within the module including 
frame, sealant, cells, and electronics.

As discussed in Section 2.1 assigning an exact quantitative value 
to repairability is challenging. Nevertheless, it is often feasible to 
assess relative changes in repairability, namely whether a given design 
variable is expected to have a positive or negative influence on these 
factors. The contribution of the relative change in repairability (𝛿𝑟) to 
the objective is given by: 
𝛿𝑟(𝐱) =

∑

𝑖
(𝑅𝑆𝑖 ⋅ 𝛿𝑝𝑖) (3)

where the Repairability Score (𝑅𝑆) for each variable is calculated with 
the Relative Repairability Method presented in Section 2.2 and 𝛿𝑝𝑖 is 
the relative change in parameter 𝑖.

2.5.3. Costs
To capture cost variations due to design changes, the relative cost 

is expressed as: 

𝛿𝑐(𝐱) =
𝑐(𝐱) − 𝑐0

𝑐0
(4)
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Table 4
Design variable overview.
 Variable Initial value Lower bound Upper bound 
 ℎ𝑓 , Frame height (mm) 30 10 100  
 𝑤, Clamping width (mm) 50 35 100  
 𝑑𝑚, Mounting position (mm) 100 0 464  
 ℎ𝑔1, Top glass thickness (mm) 2 2 4  
 ℎ𝑔2, Bottom glass thickness (mm) 2 2 6  
 𝑑𝑥, Horizontal distance between dots (mm) 140 20 396  
 𝑑𝑦, Vertical distance between dots (mm) 100 20 188  

Fig. 4. Design variables for optimization.

The term 𝑐0 is the cost for the reference design. The term 𝑐(𝐱) is the 
cost of the parametrized module and depends on the variables listed in 
Table  4. The total costs are the sum of the material costs, shipping costs, 
and production costs. The reference costs are the sum of the original 
material costs, shipping costs, and production costs of the Biosphere 
module V1.3. 
𝑐(𝐱) = 𝑐mat(𝐱) + 𝑐ship(𝐱) + 𝑐prod(𝐱) (5)

2.5.4. Constraints
The constraints of the optimization problem are based on the 

IEC61215 standard for PV modules (International Electrotechnical 
Commission, 2021). According to this standard, a PV module must 
be able to withstand a static uniform pressure of 2400 Pascal on the 
front glass without causing visual damage to the panel. To meet these 
requirements, several constraints are imposed on the model. First, the 
maximum first principal stress in the front glass due to the uniform 
pressure of 2400 Pa, denoted by sp1g, must remain below the tensile 
strength of the glass. Due to uncertainties in the applied load, the 
calculated stress in the glass exhibits a statistical distribution rather 
than a single deterministic value. To ensure a conservative yet realistic 
safety margin, the stress constraint is formulated using a reliability 
based constraint. This approach aims at 99.7% confidence level under 
the assumption of a normal distribution. The resulting expression 
ensures that, with high probability, the maximum stress in the glass 
remains below its material tensile strength: 
𝜇sp1g (𝐱) + 3𝜎sp1g (𝐱) < 𝜎tg (6)

As mentioned in Table  3, 𝜎tg is set to 0.17 GPa during optimization. 
Similarly, the first principal stress in the silicon solar cells due to this 
pressure, sp1c, must stay below the tensile strength of silicon, 𝜎ts = 0.2 
GPa: 
𝜇sp1c (𝐱) + 3𝜎sp1c (𝐱) < 𝜎ts (7)

Finally, the maximum deflection of the glass, (𝛿g), must not exceed a 
certain limit to prevent contact with the underlying mounting structure. 
For the Biosphere PV module design V1.3, the module is mounted on 
installation beams with a height of 50 mm and incorporates a frame 
height of 30 mm. Consequently, deflections exceeding 𝑑 = 0.08𝑚 would 

cause the glass to come into contact with the mounting structure, 
potentially resulting in glass fracture. 
𝜇𝛿g (𝐱) + 3𝜎𝛿g (𝐱) < 𝑑 (8)

Only the stresses in the glass and solar cells are evaluated, as in 
earlier tests these were identified as the most critical components in 
the design. The material properties used, including tensile strengths, 
are listed in Table  3. Note that for the scope of this paper, only the 
static forces are taken into account.

2.5.5. Uncertainties
Several factors contribute to uncertainty in the optimization prob-

lem, particularly regarding the uniform pressure applied to the top 
glass of the PV module. First, real-world conditions and testing setups 
can introduce slight variations in the way pressure is applied, such 
as uneven loading or equipment inaccuracies causing the actual load 
to deviate from the intended value. Second, 3D modeling inherently 
approximates reality. Geometric simplifications and numerical limita-
tions (e.g., finite mesh size) introduce modeling errors. Third, material 
and manufacturing inconsistencies such as variations in surface texture, 
flatness, or internal structure can lead to different stress distributions 
under identical loading conditions (Barry, 2010).

Therefore, when analyzing or simulating the behavior of a solar 
module under load, it is both realistic and more robust to account for 
uncertainties in the applied load. Instead of assuming a fixed pressure, 
the pressure applied to the model is therefore expressed as: 
𝑝 = 2400[Pa] ∗ 𝜉 (9)

Here, 𝜉 represents the uncertainty on the load, which can follow 
various distributions (e.g., normal, uniform, log-normal). To estimate 
the uncertainty distribution, real-life prototype testing was conducted 
to gain insight into the variability in output responses. The observed 
deflection data from these tests was then used to approximate the corre-
sponding input variation by comparing it with simulated outputs using 
different candidate distributions for 𝜉. This comparison was performed 
using COMSOL’s Uncertainty Quantification module. By tuning the input 
distribution of 𝜉, a match was found between the simulated output and 
the real-life measurements. A normal distributed 𝜉 with mean 𝜇𝜉 =
1.03 and standard deviation 𝜎𝜉 = 0.013 yielded a predicted deflection 
distribution with a mean 𝜇𝑑𝑒𝑓 = 34.0mm and standard deviation 𝜎𝑑𝑒𝑓 =
0.41 mm which closely matches the experimental results.
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3. Results and discussion

3.1. Repairability based on design modifications

The Relative Repairability Method, described in Section 2.2, is 
applied to each of these potential design modifications to assess their 
impact on the overall repairability of the design. A thicker glass sheet 
will likely result in a more repairable design (RS 5/26). This is mainly 
due to the fact that a thicker glass will less easily break making it 
easier to carry or transport. A thicker frame, at least within reasonable 
thicknesses, has limited impact on the overall repairability (RS 0/26). 
Also the size and the location of the mounting clamps seem to have no 
noticeable impact (both RS 0/26). Increasing the amount of adhesive 
dots will result in a significantly lower repairability of the design (RS 
-8/26). This indicates that from a repairability point of view alone, the 
most effective approach would be to increase the glass thickness and, 
if necessary, adjust the frame thickness and mounting clamp design 
to ensure the panel can withstand a minimum load of 2400 Pa. How-
ever, maximizing repairability must be balanced with cost and mass 
constraints to ensure a practically viable design. Because the trade-offs 
between these factors are complex and not easily optimized through 
manual iteration, optimization techniques are applied to systematically 
identify the best design configuration.

3.2. Experimental and numerical results

To validate the results of the FEA conducted using the COMSOL 
model, physical experiments were performed using a vacuum-based 
suction setup shown in Fig.  3. These experiments were designed to 
closely follow the procedures outlined in the IEC61215 standard for 
mechanical load testing of PV modules. However, as the application of 
a full 2400 Pa static load caused immediate failure of the initial module, 
the applied load was reduced to 1000 Pa to prevent damage and allow 
for meaningful comparison between the simulations and experiments. 
Deflection was measured 10 s after load application using a laser 
displacement sensor positioned at a defined location: 175 mm from the 
center of the panel (see red dot in Fig.  5). To ensure consistency be-
tween the experimental and numerical results, the COMSOL model was 
configured to replicate the loading conditions used in the experiment, 
including the exact positions of the suction cups. The simulation results 
were then evaluated at the same probe point as in the experimental 
setup. The test was repeated 18 times on each of two PV modules with 
identical designs, in order to assess the variability both within and 
between the samples.

The simulated deflection is shown in Fig.  5. The maximum sim-
ulated deflection was 33.7 mm at the center, and 33.2 mm at the 
measurement location used in the experimental setup, while the exper-
imental setup provided a mean value of 34.0 mm with a standard de-
viation of 0.41 mm. This corresponds to an average deviation of 2.4%, 
indicating good agreement between simulations and experiments.

In addition to deflection, the simulation also assessed tensile stress 
in the solar cells (see Fig.  6). Several regions, particularly near the long 
edges, showed stress levels exceeding the tensile strength of crystalline 
silicon (0.2 GPa), indicating the risk of microcrack formation. To con-
firm this prediction, Electroluminescence (EL) imaging was conducted 
before and after testing. Fig.  6 shows the results, where dark spots on 
the post-test image confirm the presence of electrical defects, such as 
microcracks formed during loading. However, it must be noted that 
the largest observed crack did not align exactly with the location of 
highest simulated stress. One possible reason for this discrepancy is the 
simplifications made in the model (for example, the omission of wires 
and electronics); see also Section 4.

With the validated model, the effects of different design choices 
and various configurations can be investigated. Fig.  7(a), shows that 
increasing the frame height has a substantial impact on cost, while its 
effect on mass is minor and its influence on repairability is negligible. 

The increase in cost is primarily driven by higher shipping costs rather 
than material consumption. Conversely, Fig.  7(b) demonstrates that 
frame thickness significantly affects the stresses in the solar cells and 
the overall panel deformation. Importantly, the marginal benefit of 
increasing frame thickness is greatest at lower thicknesses; as the 
frame becomes thicker, additional increases yield progressively smaller 
reductions in stress and deformation. From Fig.  7(c) on the other hand, 
it can be observed that increasing the glass thickness has a positive 
effect on the repairability of the module but also a high effect on the 
mass of the entire PV module. It has no effect on the costs of the 
module, as the price change for glass is negligible for different glass 
thicknesses within the defined range. Fig.  7(d) indicates that the glass 
thickness affects the stresses in the solar cells and glass, and a slightly 
lower but visible effect on the overall panel deformation. As expected, 
increasing either variable reduces cell stress. However, an important 
observation is that frame thickness has a considerably stronger effect on 
stress reduction than glass thickness. The current model suggests that, 
for minimizing cell stress, prioritizing an increase in frame thickness 
is much more effective than increasing the glass thickness. Overall, to 
increase structural strength, using a thicker frame is more efficient in 
terms of weight, whereas thicker glass is generally more economical 
and benefits repairability.

3.3. Optimization

To determine the optimal design configuration of the Biosphere 
PV module, the optimization framework described in Section 2 was 
applied. The initial optimization run was performed using a design 
of experiments (DOE) consisting of 70 points. Subsequently, three 
additional infill points were incorporated iteratively to refine the DOE 
until the solution stabilized. Based on the output from the simulations, 
a surrogate model was constructed. Leave-One-Out Cross-Validation 
(LOOCV) results indicate that the surrogate model for the main re-
sponse (objective function) has good predictive performance, indicating 
a reliable surrogate model (see 8(a)). This was expected due to the 
linearity in the objective function. Additionally, the surrogate models 
for the deformation constraint 8(b), the stress in the glass (Fig.  8(c)) 
and the stress in the solar cell (Fig.  8(d)) exhibit sufficient accuracy.

3.4. Optimum design variables

Table  5 summarizes the optimized variable values for the Biosphere 
PV module design.

Several notable observations can be made regarding the resulting 
optimal configuration. Firstly, the optimized frame height is almost 
unchanged (only 9.3% decrease, see also Table  5). Not only does 
increasing frame thickness have a significant influence on the structural 
strength of the module but also significantly increases the shipping 
costs of the module. Secondly, the optimization resulted in a minimal 
number of adhesive dots (20 in total, a decrease of 94%), with a strong 
preference for larger dot sizes. Since both small and large adhesive dots 
contribute equally to the repairability score, the optimizer favors larger 
dots due to their superior mechanical performance in stress mitigation. 
The glass thickness is also increased compared to the original design, 
aligning with expectations. Thicker glass not only enhances structural 
performance and reduces deformation but also improves repairability 
by reducing fragility. However, the optimizer avoids excessively thick 
glass, balancing these benefits against the associated weight penalty. 
The clamp width is increased (27.8%) and moved to the corner of the 
PV module so as to optimally reduce the stress around the mounting 
clamp.

These variables altogether achieve an objective function value of 
−0.0928 while satisfying the imposed constraints on deformation and 
allowable stresses within both the solar cells and glass layers, see also 
Fig.  9.
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Fig. 5. (a) COMSOL model showing pressure locations and measurement point. Due to symmetry, only one-quarter of the module is simulated, (b) Simulated 
deflection of the quarter model under 1000 Pa loading.

Table 5
Optimized design variable values for the Biosphere PV module and their relative change compared to version V1.3.
 Variable ℎ𝑓 𝑤 𝑑𝑚 ℎ𝑔1 ℎ𝑔2 𝑑𝑥 𝑑𝑦  
 Optimum (mm) 27.2 63.9 0.0 3.4 2.8 396.0 177.1 
 Relative change −9.3% +27.8% −100% +70% +40% +183% +77% 

Table 6
Comparison of key characteristics for a traditional laminated PV module, the current Biosphere 
V1.3 design, and the optimized Biosphere V1.3 module.
 Variable Traditional PV module Biosphere V1.3 Optimized Biosphere 

V1.3
 

 Structural static 
strength

Passes IEC 61215 Fails IEC 61215 Passes IEC 61215  

 Repairability Nearly impossible Possible in some cases Achievable in most 
cases (+51% vs. V1.3)

 

 Mass 37.9 kg/module 32.5 kg/module 47.2 kg/module (+45% 
vs. V1.3)

 

 Cost Not comparable — 6% lower vs. V1.3  

Although the optimization aims to minimize the objective function, 
the optimal value is close to zero. In theory, a significantly negative 
Fobj would indicate an overall good improvement in mass, repairabil-
ity, and cost relative to the reference design. However, such a result 
is practically unrealistic as the original design fundamentally lacks the 
mechanical strength to meet the required strength conditions. A design 
yielding a large negative Fobj would likely be structurally insufficient. 
Therefore, this slightly negative Fobj reflects the necessary trade-off: 
the module must be reinforced to endure a static load of 2400 Pa, 
resulting in moderate increases in weight and cost, with some impact 
on repairability, compared to the reference design.

Table  6 presents a comparative overview of the key characteristics 
of a conventional laminated PV module, the Biosphere V1.3 design, 
and the optimized V1.3 module. The optimized module demonstrates a 
substantial improvement in repairability, primarily due to the reduction 
in adhesive dots and the increase in glass thickness. These changes 
result in fewer irreversible and difficult-to-disassemble connections, 
as well as more robust and accessible components. Furthermore, the 
optimized design incurs marginally lower costs than the original V1.3 
version, owing to reduced consumption of PIB for adhesive dots and 
aluminum for the frame, along with slightly lower shipping costs due 
to a more compact frame configuration. It should be noted that the cost 
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Fig. 6. Comparison of (a) principal stresses in solar cells of quarter module due to uniform pressure of 1000 Pa and (b) Electroluminescence image of quarter 
module before loading and (c) Electroluminescence image after applying 1000 Pa. Dark spots indicate micro-crack formation.

comparison is restricted to the Biosphere V1.3 and optimized Biosphere 
V1.3 designs. The Biosphere module is currently produced in small 
quantities, with production and shipping costs estimated specifically for 
this design concept. As conventional laminated PV modules are manu-
factured at a vastly different production scale using highly optimized 
industrial processes, a direct comparison of absolute costs would not 
be meaningful and could lead to biased conclusions. Therefore, the 
costs of conventional PV modules are not reported in Table  6, and 
only relative cost differences between the Biosphere designs are con-
sidered. Nevertheless, the economic competitiveness of laminate-free 
PV architectures should not be assessed solely on the basis of current 
manufacturing costs. Conventional laminated PV modules benefit from 
decades of process optimization and large-scale production, whereas 
repairable PV concepts remain at an early stage of development. It is 
therefore plausible that a substantial portion of the current cost gap 
could be reduced through manufacturing scale-up and process opti-
mization. Furthermore, if repairability leads to longer service lifetimes 
and reduced replacement rates, a higher initial manufacturing cost 

may still be economically justified from a life-cycle perspective. Fi-
nally, the optimized module exhibits significantly enhanced mechanical 
strength compared to the original Biosphere V1.3 design, however, 
this improvement comes at the cost of increased overall weight, with 
the module mass rising by approximately 45%. It should be noted 
that the optimization was performed for a fixed module architecture, 
area, and power output. However, future generations of repairable PV 
modules are not necessarily constrained to the same geometry or design 
concept. Alternative module layouts, materials, frame configurations, 
or dimensions may provide different trade-offs between repairability, 
structural reliability, and mass. Therefore, the observed mass increase 
should not be interpreted as a fundamental limitation of repairable PV 
architectures in general.

3.5. Uncertainty quantification at optimum design

To assess the reliability of the optimal design under the input 
uncertainty, a Monte Carlo simulation was performed using the sur-
rogate model. Fig.  10 displays the outcome distributions for the three 
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Fig. 7. Effect of glass thickness and frame height on the objective function and constraints.

constraint functions evaluated at the optimized design. Each histogram 
shows how certain responses vary due to uncertainty, with the horizon-
tal axis representing the constraint response value and the vertical axis 
showing the frequency. As can be seen in Figs.  10(a), 10(b) and 10(c), 
all constraints are satisfied, while both stress constraints are active, the 
constraint on deformation remains much below the set value.

4. Limitations, recommendations, and future work

One significant limitation of the applied repairability assessment 
method is its inherent subjectivity. The weighting factors, which de-
termine the relative importance of each criterion, are subjective and 
depend on the aim and judgment of the engineer conducting the 
assessment. This subjectivity can also extend to scoring criteria, such 
as what constitutes a ‘clearly’ visible fastener or an ‘accessible’ compo-
nent. As a result, different evaluators might arrive at slightly different 
scores for the same design. Further research is required to refine and 
standardize the weighting factors, particularly to better understand 
which aspects of repairability are most critical and which may be less 
relevant. Such weighting factors could be established through expert 
consensus approaches (e.g., the Delphi method), industry-wide guide-
lines, analysis of historical repair and failure data, or a combination 
thereof. This would improve the reproducibility and comparability of 
repairability assessments across different engineering teams and orga-
nizations. Nevertheless, the inherent uncertainty associated with these 
assessments can be incorporated as input uncertainty during the design 
stage and explicitly accounted for through uncertainty quantification, 
robust optimization, or reliability-based design optimization. To gather 
the uncertainty in the repairability index, many experts can contribute 
to assigning these weights independently providing probabilistic input 
to the optimization algorithm.

Another methodological limitation lies in the assumption of linear-
ity. The method presumes that the impact of a variable on repairability 
is linear: i.e., doubling the variable results in double the effect. In 
reality, these relationships are likely to be non-linear, which may lead 
to different outcomes in the optimization. Further research is recom-
mended to accurately characterize the relationship between specific 
design variables and their impact on repairability.

The 3D model has several simplifications that introduce limitations. 
Certain components such as wiring, electronics, and cutouts in the 
glass have been omitted to reduce modeling complexity. Additionally, 
the frame geometry has been slightly simplified. Although validation 
has shown that these omissions do not significantly affect static stress 
results, their influence might be more critical in dynamic or thermal 
analyses. The validation of the model introduces its own uncertainties. 
The validation tests could only measure the deflections at a single 
location with limited accuracy (> 0.25 mm). Moreover, there might be 
some inaccuracies in the applied pressure due to equipment limitations.

Only two panels were tested, and deviations were observed not 
only between seemingly identical panels, but also between repeated 
measurements on the same panel. This suggests that manual assembly 
steps and manufacturing variability have a noticeable influence on the 
structural performance. Because the uncertainty distribution used in 
the numerical analysis was calibrated from the experimental measure-
ments, the adopted uncertainty model captures the combined effect 
of several real-world uncertainty sources, including loading, material, 
manufacturing, and assembly-related variations. Future studies should 
include a larger number of prototypes and multiple measurement tech-
niques to further improve the characterization and separation of these 
uncertainty sources.

The scope of this research was restricted to evaluating static loading 
conditions. However, for a comprehensive mechanical analysis of PV 
modules, dynamic and impact loading as well as thermal stresses 
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(a) LOOCV for the objective function (RMSE: 
0.03885, 𝑅2: 0.9879). Predictions closely match ac-
tual values

  
(b) LOOCV for the deformation constraint (RMSE: 
0.05523, 𝑅2: 0.9716). The model demonstrates good 
predictive performance.

 

 
(c) LOOCV for stress in glass (RMSE: 0.05674, 𝑅2: 
0.8637). The model demonstrates sufficient predic-
tive performance.

  
(d) LOOCV for stress in solar cells (RMSE: 0.08496, 
𝑅2: 0.7188). The model demonstrates sufficient pre-
dictive performance.

 

Fig. 8. Leave-One-Out Cross-Validation (LOOCV) performance of the surrogate models used in the optimization framework. Predictive performance is indicated 
by the Root Mean Square Error (RMSE), which should be close to zero, and the coefficient of determination (𝑅2, quantifying how well the predicted values 
correlate with the true values), which should be close to one. The objective function and deformation constraint models show high reliability, while the stress 
models for glass and solar cells show acceptable but slightly lower accuracy.

should be included. These additional effects could significantly alter 
the design trade-offs and optimization outcomes. For instance, the 
inclusion of thermal loading could alter the optimal configuration of 
the top and bottom glass thicknesses. While both glass layers exhibit 
similar thermal expansion behavior, differences in thickness modify 
the flexural rigidity of the module and influence the stress distribu-
tion under combined thermal and mechanical loading. Additionally, 
incorporating dynamic loads into the optimization framework could 
shift the optimal design toward configurations with a greater num-
ber of adhesive dots. Unlike the static load test, which applies only 
compressive forces, the dynamic load test specified in the IEC61215 
standard subjects the module to alternating tensile and compressive 
forces (International Electrotechnical Commission, 2021). This bidi-
rectional loading increases the mechanical demands on the adhesive 
bonds, potentially necessitating more or stronger adhesive connections 
to ensure structural integrity. Furthermore, while this study focused ex-
clusively on repairability as a circularity metric, future research could 
expand the scope to include other key aspects such as recyclability, 
reuse, and remanufacturing potential for a more holistic approach. 
Many of the identified limitations stem from the limited availability of 
detailed information which is a consequence of the design still being 
in its early development stage. Manufacturers often treat technical 

specifications, material compositions, and production methods as pro-
prietary information, resulting in limited publicly accessible data. This 
lack of transparency hinders independent evaluation and comparison 
of design choices, particularly with regard to circularity, reparability, 
and sustainability. Promoting more open data exchange in the solar 
industry would greatly benefit research, innovation, and responsible 
product development.

5. Conclusions

This study demonstrates how repairability can be systematically 
integrated into photovoltaic (PV) module design without compromising 
structural performance or economic feasibility. A semi-quantitative 
relative repairability assessment method tailored to PV modules was 
developed and embedded within a reliability-based optimization frame-
work. This approach enables repairability to be treated as a measur-
able design variable rather than a qualitative afterthought, thereby 
addressing a key gap in the current literature.

Applied to a laminate-free Biosphere Solar PV module V1.3, the 
methodology illustrates how structural requirements, cost constraints, 
and repairability objectives can be balanced simultaneously. Although 
the resulting module exhibits an increase in mass, this reflects the 
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(a) Deformation distribution of the optimized design.

(b) Stress distribution in the solar glass for the optimized design.

(c) Stress distribution in the solar cells for the optimized design.

Fig. 9. Simulation results of the optimized Biosphere PV module. Note that 
only a quarter of the module is displayed.

structural reinforcement necessary to meet mechanical standards rather 
than inefficiencies in the optimization process. The reliability-based 
formulation further reduces dependence on conservative safety margins 
by explicitly accounting for uncertainties in loading and subjective 
assessment criteria.

Application of the proposed framework to the Biosphere PV mod-
ule resulted in a design that satisfies IEC61215 static load require-
ments while increasing the repairability score by 51% compared to 
the baseline design. The optimization further reduced costs by approxi-
mately 6% through material savings and design adjustments. Achieving 

(a) Response distribution for the deformation constraint.

(b) Response distribution for the glass stress constraint.

(c) Response distribution for stress in the solar cells

Fig. 10. Reliability constraints at the optimum design, quantifying the robust-
ness of the solution under input uncertainty.

the required structural performance, however, required an increase in 
module mass of approximately 45%, highlighting the inherent trade-
off between repairability, weight, cost, and structural reliability in 
laminate-free PV modules.

Several limitations remain, including the subjectivity of weight-
ing factors, the assumption of linear relationships in the repairability 
model, simplified finite element representations, and restriction to 
static loading conditions. Future work should refine the repairability 
metric, incorporate dynamic, impact resistance, and thermal effects, 
and expand the circularity scope to include recyclability and reuse 
potential.

This work demonstrates that repairability can be treated as a quan-
titative engineering design objective alongside structural reliability, 
enabling circular-design principles to be incorporated from the earliest 
stages of photovoltaic module development. Overall, the proposed 
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framework provides a scalable foundation for integrating circular de-
sign principles into early-stage PV module development and supports 
more resilient and sustainable solar technologies.
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