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Abstract: To mitigate climate change and to achieve global carbon neutrality, the expansion of renewable 

energy sources is of paramount importance. In this context, photovoltaics (PV) are widely regarded as one 

of the most promising technologies to lead the transformation towards decarbonized energy systems. 

However, the manufacturing of PV systems is associated with initial greenhouse gas emissions linked to 

the procurement of PV components. Therefore, current research focuses on minimizing initial emissions 

to improve the overall environmental performance of PV systems. Since previous research suggests that 

conventional aluminum module frames contain a significant amount of embodied carbon, this study 

investigates a possible material substitution with wood as alternative frame material to lower the overall 

carbon footprint of PV modules.  

To test the technical feasibility of PV modules with wooden frames, a proof of concept (POC) is conducted 

using wood types that exhibit necessary characteristics regarding their mechanical properties and 

durability. Guided by the finite element method and preliminary testing, a novel frame design is conceived, 

and PV modules with wooden frames are realized. The prototypes are put to extensive testing, in which 

the mechanical stability is examined, and weathering effects are investigated in an outdoor installation. 

Furthermore, a life cycle assessment (LCA) is carried out to quantify potential benefits of wooden 

compared to aluminum frames regarding their global warming potential and other environmental impact 

categories. Lastly, this study compares the economic performance of wooden PV module frames with 

aluminum frames and considers possible optimizations in the value chain of wooden frames. 

POC results show that PV modules with wooden frames - in line with industrial standards - are feasible, 

yet mechanical stability and durability vary depending on the type of wood and overall design. LCA results 

suggest that wooden frames exhibit invariably better environmental performance in all impact categories 

although a reduced module lifetime may impair the overall life  cycle performance. In regard to cost 

efficiency, wooden frames are more costly than aluminum frames, yet financial incentives or subsidies 

may make low-carbon materials more competitive in the future. 

It can be concluded that wooden PV module frames may be a promising alternative to standard aluminum 

frames provided that the overall lifetime is identical. Thus, additional studies are required to analyze the 

long-term performance and to identify areas of application for modules with wooden frames, for instance 

in the building-integrated PV sector. Lastly, further research is needed to explore additional utilizations of 

wood in PV systems such as in ground and roof mounting structures. 
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Summary: To weaken climate change and to make the world carbon neutral, the expansion of renewable 

energy is of highly important. In this context, photovoltaics (PV) are widely regarded as one of the most 

promising technologies to help a transformation towards decarbonized energy systems. However, the 

manufacturing of PV systems causes greenhouse gas emissions in the building stage since the PV 

components require materials and energy in their production process . Therefore, current research focuses 

on minimizing those emissions, to make the overall environmental performance of PV systems even better, 

especially the performance of PV modules. Since recent research suggests that the aluminum frames that 

are typically used in PV modules emit a high amount of carbon dioxide in the production process, this 

study investigates if it is possible to exchange aluminum with wood as alternative frame material.  

To test if it is possible to build wooden PV module frames, a proof of concept (POC) is conducted, and 

special wood types were selected which show good characteristics regarding their mechanical stability and 

durability. Guided by computer modelling and trial-and-error testing, a new frame design is developed, 

and PV modules with wooden frames are realized. The prototypes are then put to the test and the 

mechanical stability and their durability in an outdoor environment are investigated. Furthermore, a life 

cycle assessment (LCA) is carried out to see if wooden frames perform better than aluminum frames 

regarding their global warming potential and other environmental impact categories. Lastly, this study 

compares the cost of wooden PV module frames and aluminum frames and shows possible economic 

optimizations in the production steps of wooden frames.  

POC results show that it is possible to build wooden PV module frames that are in line with industrial 

standards. Although, the mechanical stability and durability of the modules depend on the type of wood 

selected and overall design. LCA results suggest that wooden frames show a better environmental 

performance in all impact categories, but it also shows that a reduced module lifetime may have a negative 

impact the overall life-cycle performance. In regard to cost, wooden frames are more expensive than 

aluminum frames, yet financial incentives can make climate friendly materials cheaper in the future.  

It can be concluded that wooden PV module frames can be a promising alternative to standard aluminum 

frames if the overall lifetime is identical. Thus, additional studies are required to analyze the long -term 

performance and to identify areas of application of PV modules with wooden frames, for instance 

integrated into buildings where the wood is sheltered from weathering. Lastly, more research is needed to 

explore additional more applications for wood in PV systems such as the mounting structure on which the 

modules are installed. 
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1. Introduction 
 

To reduce global greenhouse gas (GHG) emissions and to effectively mitigate climate change,  

renewable energy systems are seen as the backbone of the transition towards carbon neutrality (IEA, 

2020; IPCC, 2014). Along with wind and hydro power, photovoltaics (PV) are among the most 

promising energy technologies to replace fossil fuels and to expedite the decarbonization of global 

energy systems (Wilson et al., 2020). The price for PV energy declined from 105.7 $US/watt in 1975 to 

less than 0.2 $US/watt today (IEA, 2020; ISE, 2020) and depending on the applied technology and 

location, the present Energy Payback Time (EPBT) ranges from 0.4 to 1.5 years (ISE, 2020). Thus, PV 

is considered a highly competitive source of energy and a further expansion of installed capacity and a 

decline in cost is expected (ITRPV, 2021). In the past decade, PV energy production has been growing 

exponentially from 6 TWh in 2006 to 720 TWh in 2019 and is expected to reach 3268 TWh by 2030 

(IEA, 2021). Further, PV is anticipated to pass oil as the major source of global energy by the middle of 

the 21st century (Bogdanov et al., 2021). However, in order to provide carbon neutral energy, renewable 

energy sources require material and energy inputs in the manufacturing process and implementation 

stage, which affects their economic and environmental performance (Leccisi et al., 2016).  

In regard to PV modules, silicon based technologies accounted for 95% of the total production in 2019  

(ISE, 2020) and the largest share of the total emissions is caused in the value chain of silicon wafers 

(Müller, 2020). Therefore, the PV industry and research is continuously working on improving the 

energy and material efficiency, which also positively affects the environmental performance of PV 

systems (Wu et al., 2017). Since contemporary cell technologies are approaching the theoretical limits 

of physical efficiency (Andreani et al., 2019), new cell technologies, such as perovskite tandem cells, 

are currently being developed. Albeit the promising outlook of these technologies (Wilson et al., 2020), 

additional research is necessary to analyze possible GHG savings beyond the cell-level. A recent study 

suggests that aside from cell production, the aluminum frame is the second highest contributor to GHG 

emissions in glass-backsheet PV modules (Müller, 2020). According to this study, the aluminum frame 

is the biggest non-silicon contributor to emissions, amounting 13.6% and 10.5% of total carbon 

emissions for production in Germany and China, respectively. Due to the fact that a significant amount 

of aluminum is used in PV modules, material substitution may be an effective mean to reduce carbon 

emissions, irrespective of the employed cell technology.  

Figure 1: GHG emissions 

of non-silicon components 

of PV modules (Müller, 

2020). According to this 

study, the frame accounts 

for up to 38% of GHG 

emissions of non-silicon 

components and up to 

13.6% of total emissions. 

The red frame indicated 

the results that were used 

for reference in this study. 
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2. Goal 
 

As part of the European research project HighLite 1, Fraunhofer Institute for Solar Energy Systems (ISE) 

is evaluating a potential substitution of PV module frame material used in glass-backsheet PV modules. 

This study investigates whether frames manufactured from wood qualify to substitute conventionally 

used aluminum frames. Material substitution is a classic pathway in innovation processes and since there 

is a recent trend in the construction industry to substitute concrete with wood to reduce overall GHG 

emissions (Gustavsson et al., 2006), wood might also be fit to replace aluminum in PV module frames. 

Nonetheless, the lifetime of modern PV systems is expected to exceed 25 years, in which they must 

withstand permanent outdoor exposure including precipitation, fluctuating temperatures and extreme 

weather events (Wilson et al., 2020). Since moisture and temperature are known to be main physical 

stressors for wood (Neuhaus, 2017), the application as PV module frame presents a major challenge to 

all types of wood. Furthermore, not only the mechanical stability and durability of current solutions 

must be matched when designing a sustainable PV frame, but also environmental impact over the entire 

life cycle must be evaluated to quantify the overall emissions of the final product. This is because 

manufacturing, treatment and transport significantly impact the environmental performance of different 

woods (Rebitzer et al., 2004).   

Due to the high GHG emissions of aluminum (Gautam et al., 2018), substituting the frame might be an 

effective way to reduce overall GHG emissions of PV systems and help to realize more sustainable PV 

modules altogether. To better understand the material that is subject to substitution, a closer look into 

the mechanical and environmental characteristics of aluminum is helpful: It is dimensionally stable 

across wide ranges of temperature, lightweight, stainless, non-magnetic and non-toxic (Mondolfo, 

2013). Another positive hallmark of aluminum is its recyclability: aluminum is 100% recyclable and 

less than 5% of the energy required in the primary production process is needed for the recycling process 

(Zhang et al., 2016). However, according to previous research, the emissions of primary aluminum 

production have significant global warming potential and vary from 5.92 kg CO2eq/kg (Schmidt and 

Thrane, 2009) to up to 41.10 kg CO2eq/kg (Steen-Olsen, 2009) depending on multiple factors. Despite 

high GHG emissions, primary aluminum production is also linked to environmental and socioeconomic 

problems such as sulfur pollution (Behera, 2015) and health hazards (Krewski et al., 2007). Although 

there are strategies to reduce emissions within the aluminum industry, such as the development of new 

technologies and the improvement of existing processes, the overall impact remains high (Balomenos 

et al., 2011). Moreover, the demand for aluminum, which amounted to 417,712,000 metric tons in global 

annual production in 2018, is constantly growing and expected to double by 2050 (Gautam et al., 2018). 

Wood on the other hand, also demonstrates good physical properties such as high strength in relation to 

weight (Sell, 1997) and additionally exhibits numerous environmental benefits. Wood is a completely 

renewable resource, and its good workability allows for energy efficient manufacturing. Furthermore, 

the unique character of trees to capture atmospheric carbon has been recognized to be an effective way 

to help mitigate climate change (IPCC, 2014), since within one year, a mature hardwood tree takes up 

more than 20 kg CO2 (EEA, 2012). Hence, replacing aluminum with wood may positively contribute to 

the United Nations Sustainable Development Goals by mitigating climate change and reducing 

environmental pollution and health-associated hazards. 

 

 

 

 
1 Part of the European Union’s Horizon2020 program for research, technological development, and 

demonstration: https://www.highlite-h2020.eu/ 

https://www.highlite-h2020.eu/
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3. Methods 
 

This study is divided into three sections - Proof of Concept (POC), Life Cycle Assessment (LCA) and 

Cost Analysis - and aims to answer the research questions depicted in Figure 2. Due to the availability 

of hardware and data, the comparisons in the POC refer to a real industry module and the LCA and Cost 

Analysis is based on contemporary data in PV research and development. Also, this study follows a 

chronological order, in which first and foremost the physical feasibility was evaluated before conducting 

further research. To determine whether conventional solar module frames made from aluminum qualify 

for a substitution with wood, initial testing was conducted in order to investigate the physical possibility 

of wooden module frames. Therefore, the first stage of this research was a proof of concept, given that 

no comparable study is known to Fraunhofer ISE. In the POC stage, multiple testing methods, that are 

common in the PV industry, were used to quantify the performance of the built prototypes. After the 

initial testing was completed and the results were considered satisfactory, stage two - LCA - was carried 

out  to analyze the environmental performance of wooden frames as compared to aluminum frames, to 

identify and quantify potential benefits and burdens of the material substitution. In stage three, a Cost 

Analysis was carried out, in which monetary costs of wooden and aluminum frames were compared and 

future price development scenarios were discussed.  

For the best understanding of the structure and nomenclature of this study, the reader is advised to follow 

the chronological order and thus read the result section subsequent to the respective method section (3.1 

→ 4.1 → 3.2 → 4.2 → 3.3 → 4.3) before advancing to the discussion. In addition to the specified 

quantitative methods below, qualitative interviews were held with experts and key statements are 

referenced.  

 

 

Figure 2: Scope of this study and accompanying research questions. The results in the Proof of Concept section 

are compared to a real industry module while the Life Cycle Assessment and Cost Analysis are compared to ISE 

internal data models. 
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3.1. Proof of Concept 

3.1.1. Wood Selection Process 
 

Given the abundance of different types of wood, this section will provide a concise overview of the 

relevant factors in the selection process of the POC of this study. For the application as PV module 

frames, the most important wood properties were identified to be dimensional stability and durability, 

since a stable and enduring frame is critical to the modules power output over its lifetime. The properties 

of wood can be compartmentalized into three categories: physical, chemical and biological (Niemz, 

2003). While the physical properties can be quantified as density, tensile modulus, degree of shrinkage, 

electric conductivity and other physical values, the chemical and biological properties are summarized 

as durability as defined in DIN EN 350-2 (Neuhaus, 2017). The latter quantifies the resistance of wood 

against biological degradation processes (e.g. bacteria, insects, or fungi) and is segmented into classes 

1-5 as illustrated in Table 1. 

   
Table 1: Durability classes of wood (modified after Scheffer and Morrell, 1998) 

 

Durability Class Designation Wood Life in Years 

1 Very Durable 25+ 

2 Durable 15 - 25 

3 Moderately Durable 10 - 15 

4 Slightly Durable 5 – 10 

5 Not Durable 0 - 5 

    

Wood has been used as building material for many centuries and resulting from its vulnerability to 

weathering, numerous preservation methods have been developed to increase the resilience against 

various types of degradation and thus to improve the durability class. While modification methods 

integrally change the structure of wood (see Chapter 4.1.1 for examples), treatment methods only 

superficially penetrate the woods surface. Common treatment methods include coatings like paint and 

varnish and while some coatings completely seal the surface, others add a hydrophobic character to the 

wood but still allow for moisture migration (Prieto and Kiene, 2019). In this study, only modified woods 

were considered, and wood treatment has been excluded for the following reasons:  

• Coatings may not last for the entire life span of the module (≥ 25 years) and reapplication might 

be necessary, causing technical and economic challenges. 

• Coatings often contain toxic and hazardous substances (e.g. biocides) that may downgrade the 

overall environmental performance of the final product. 

• Reproducibility is difficult since a consistent application of coatings requires a high level of 

technical sophistication which cannot be obtained in the scope of this study. 

However, excluding treated wood from this study does not imply that it is not viable to build PV module 

frames from treated wood. Given the limited scope of this research, it was decided to exclusively use 

modified woods to build the first series of prototypes. Also, manufactured types of wood, such as 

chipboard, fiberboard and plywood were not considered for this study because of their insufficient 

materialistic properties. Furthermore, composite lumber – also known as wood-plastic – and other wood-

hybrids were disregarded in the scope of this project because of their uncertain environmental properties. 

Tropical woods were not considered since the depletion of tropical forests typically results in significant 

carbon emissions due to a change in land-use (Scharlemann et al., 2010), and are therefore not in line 

with the overall goal of this study.  
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3.1.2. Frame Design 
 

This chapter will give a concise overview of the typical design of PV modules and will expound the 

challenges emerging from substituting aluminum with wood. Figure 3 shows the cross section of a 

typical glass-backsheet module with aluminum frame and displays how the individual components 

connect. For reasons of semantic simplification, all module components excluding the frame are 

henceforth referred to as laminate. PV modules are characterized by inherent stability, resistance against 

mechanical and thermo-mechanical loads, insensibility towards moisture and UV resistance. The main 

function of the frame in module design is thus to enable the inherent stability and to protect the laminate 

from external stressors by improving the overall module stability, and to allow for a safe transport and 

mounting of the PV module.  

 

 

Figure 3: Cross section of a glass-backsheet module with aluminum frame that also shows a typical profile 

design (modified after Soosai, 2018) 

 

Due to the profoundly different properties of aluminum and wood, the frame design is expected to vary 

significantly. Also, thanks to the excellent material characteristics of aluminum and since profiles have 

been repeatedly optimized for the best economic outcome, a wall thickness of around one millimeter is 

sufficient for the application as PV module frame. Wooden frames on the other hand must be designed 

more voluminous to showcase mechanical properties comparable to aluminum. An additional challenge 

in regard to the different material traits is the isotropic character of wood: As opposed to aluminum - 

which exhibits the same mechanical properties in all three spatial dimensions - the orientation of wood 

significantly impacts its performance (Neuhaus, 2017) and must therefore be considered in the design.  

To attach the laminate to the frame, it is inserted into a groove of the frame profile. Doing this on all 4 

sides of a rectangular module and connecting the corner joints in a 45° miter fashion holds the laminate 

in place. By inserting a corner bracket, also made from aluminum, into the hollow body of the profiles, 

a durable corner connection is realized. However, when it comes to wood, this connection type cannot 

be reproduced, due to the differences in material properties. Hence, particular attention is required in 
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the design of the corner connections of wooden PV module frames. Figure 4 shows two different types 

of corner joints that are commonly used in frame designs, butt joints (90°) and miter joints (45°). Both 

connections yield different strengths and weaknesses and are used in distinct applications (Graubner and 

Grunder, 2016). While, butt joints are often used at larger scale in wood construction, such as for the 

basic framing of buildings, miter joints are typically used on smaller scale, such as in window frames. 

However, because of the swelling and shrinking - the result of capillary activity of wood - miter joints 

tend to misalign over time when exposed to weathering. Therefore, wooden miter joints are commonly 

used in indoor settings or – when used outdoors – are sheltered by constructive wood protection 

(Neuhaus, 2017). Butt joints on the other hand exhibit a higher resistance to weathering, however, they 

do not showcase the same stability against transverse forces as miter joints. Thus, different connection 

types were explored in this study since the type of corner joint plays a crucial role in the overall 

performance of the PV module frame. 

 

  

Figure 4: Different types of corner joint connections that are typically used in frame design: a) 90° butt joint, b) 

45° miter joint, c) conventional PV module frames are typically connected in a miter fashion that is realized by 

inserting an aluminum corner bracket into the hollow frame profile (modified after Hentec, 2021). 

 

3.1.3. Test Methods 
 

In this study, five diagnostic test methods were used: Finite Element Modeling (FEM), 

Electroluminescence Imaging (EL), Current-Voltage Measurement (I-V), Mechanical Load Testing 

(ML) and Outdoor Moisture Monitoring. FEM is used in the design process while all other methods 

were applied after the prototype assembly. EL and I-V are diagnostic methods to assess the changes that 

occurred during the ML test.  

 

3.1.3.1. Finite Element Method 
 

The Final Element Method (FEM) is universally used for numerically solving differential equations 

arising in mathematical and engineering modelling. By subdividing a larger system into smaller parts 

(finite elements), FEM allows to approximate the results of larger functions and is thus an ideal method 

to gauge the performance of various design choices. In the process of designing the wooden PV module 

frames, FEM was used2 to determine the required dimensions of the frame profiles. The software used 

is COMSOL Multiphysics v5.5 and the simulation was conducted for stationary, linear-elastic material 

 
2 The FEM simulations for this study were carried out by Andreas Beinert. 
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models that are partly temperature depending. Geometrical non-linearity was considered. The wood 

specific parameters were selected from literature (Adamopoulos et al., 2007; Niklas, 1997b) and further 

relevant parameters were selected from ISE internal data pools (ISE Internal Data, 2021) and relevant 

publications (Beinert et al., 2020) and are compiled in Appendix A.1. Figure 5 shows the FEM model 

geometry in which the symmetry axes are depicted as green lines and the orange rectangles show the 

position of the fixed constraint at 20% of the module length from the edge. The fixed constraints are 

similar to the experimental setup of the mechanical load test described in Chapter 3.1.3.4.  

 

Figure 5: FEM model geometry of a PV module. The symmetry axes are depicted as green lines and the orange 

rectangles show the position of the fixed constraint at 20% of the module length from the edge (Beinert et al., 

2020).  

 

3.1.3.2. Electroluminescence Imaging 
 

Electroluminescence (EL) imaging is a standard measurement method in industry and academia to 

analyze the functionality of PV modules. It makes use of an optical and electrical phenomenon which 

causes silicon solar cells to emit light in response to an applied electric current. Hence, when reversing 

the direction of the electrical current of a PV module by attaching it to a power source, the silicon solar 

cells emit infrared light, which can be captured by a camera. Since the EL intensity is proportional to 

the total excess charge carriers, i. e. local voltage, of the PV cells in the module, defects reduce the EL 

intensity and, thus, make it possible to qualitatively identify shunts, cracks, broken fingers and 

interconnectors, etc. as dark spots in the camera image (Y. Takahashi, 2006). Also, EL imaging allows 

to quantitatively analyze effects such as local voltage and series resistance mapping as well as diffusion 

length for solar cells and modules (Bedrich et al., 2016). According to (Potthoff et al., 2010) the 

dependency of the local luminescence emission Φ(𝑥) at one point 𝑥 of the solar cell on the local voltage 

𝑉(𝑥) is given by 

 

Φ(𝑥) = 𝐶(𝑥) exp (
𝑉(𝑥)

𝑉𝑇
) 

 

where 𝑉𝑇 is the thermal voltage and 𝐶(𝑥) is a local calibration factor related to the optical and material 

properties of the solar cells, module, and the camera system. To illustrate this diagnostic method, Figure 
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6 shows two EL images, one before, and one after the testing3. The ‘blacked out’ cells on the right image 

identify a damage to the cells or connectors; during regular operation this means, that no more energy 

is produced. Given the high relevance of a PV module frame to the overall stability of the module, EL 

imaging is an effective method to analyze the damages dealt to the modules in mechanical load testing 

(see Chapters 3.1.3.4, 0 and 4.1.3.2).  

 

  

Figure 6: Generic example of an EL image before and after testing. The left image shows a fully operational 

module, the right image depicts multiple cell failures.  

 

3.1.3.3. Current-Voltage Measurement 
 

The electrical power produced by a PV cell or module is a function of the current (I) and the voltage 

(V). Therefore, determining the I-V relationship is an effective way to identify the output-performance 

of a module. In PV diagnostics, it is common to measure both values and to display them as the so called 

I-V curve (Figure 7) which is derived in a simplified manner from the Shockley diode equation and  is 

defined as 

 

𝐼 = 𝐼𝐿 − 𝐼𝑂 [exp (
𝑉 + 𝐼𝑅𝑆

𝑛𝑉𝑡ℎ
) − 1] 

 

in which 𝐼𝐿 is the photoelectric current and 𝐼𝑂 is the dark saturation current (López and Hegedus, 2003). 

As temperature and irradiation impact the individual factors, standard test conditions (STC) were 

conventionalized to allow for a better comparison of PV products. The STC are defined to be 25°C cell 

temperature and irradiance of 1000 W/m² with an global air mass 1.5 spectrum (Wagner, 2010). In this 

study, I-V measurements were conducted4 after assembly (= initial) and after the mechanical load testing 

(= after load) measurements after exposure to weathering are pending. Further relevant parameters for 

 
3 The EL measurements for this study were carried out by Stephan Hoffmann and his team as well as by TLPV. 

4 The I-V measurements for this study were carried out by TLPV 
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module performance can be derived from the I-V measurements. The Fill Factor (FF) is calculated by 

comparing the maximum power to the theoretical of the short circuit current (ISC) and the open circuit 

voltage (VOC). Another pertinent parameter is the electrical efficiency (η) which describes how much 

electrical power a cell or module can produce for a given solar irradiance. 

 

 

Figure 7: Current–Voltage (I-V) characteristic of a typical solar cell according to (López and Hegedus, 2003). 𝑰𝑺𝑪 

represents the short circuit current, 𝑽𝑶𝑪 the open circuit voltage. 

 

 

3.1.3.4. Mechanical Load Testing 
 

In a Mechanical Load (ML) test, the mechanical properties of PV modules are analyzed. It is a typical 

PV diagnostics method in combination with EL and I-V. It allows to quantify the overall stability and 

hence the resistance of different module architectures to external stressors such as wind and snow. Since 

the frame is a crucial component regarding the stability of a PV module and its energy output, ML testing 

presents one of the two main benchmarks of this study - the other one being resistance to weather 

induced degradation. Figure 8 shows the experimental setup and details of the ML test performed5 at 

ISE in which 32 pneumatic cylinders with vacuum suction cups apply compressive and tensile load to 

the module surface. Deflection was measured in two points (top and middle) using laser measurement.  

All modules were tested in the same sequence of stress variation (Figure 9). First, compressive load of 

+2400 Pa was applied on the surface area for one hour. Then, the pressure was relieved tensile load of -

2400 Pa was applied for one hour. This process was repeated three times before the module was removed 

for additional EL testing to analyze whether the cells were damaged in the first sequence. Finally, in a 

second ML following the EL, the pressure was incrementally increased until module frame failure 

occurred, or 8000 Pa compressive load was reached. Further increasing the pressure would not yield 

better results since severe cell breakage is expected at this load. The attachment in the ML apparatus 

was realized analogous to the FEM parameters with fixed constraint at 20% of the module length from 

the edge. No supportive beams were installed below the module.  

 
5 The ML tests for this study were performed by Heinrich Berg at TLPV 
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Figure 8: Setup of Mechanical Load Test. Big picture: Experimental setup. Inserts: Bottom left: deflection of 

module during test. The blue shape refers to the illustration of the test sequence in Figure 9. Bottom right: close-

up of vacuum suction cup. 

 

Figure 9: Sequence of mechanical load testing as applied to all prototypes: First, I-V and EL measurements were 

conducted (M1). Secondly, compressive and tensile load was applied onto the module surface amounting to +2400 

/-2400 Pa respectively for three cycles of one hour of constant load each. Thirdly, EL and I-V measurements were 

repeated (M2). Fourthly, the modules were again put into ML testing in which the compressive load was increased 

to 8000 Pa or module frame rupture (M3). Lastly, for the modules enduring 8000 Pa, a third EL and I-V 

measurement was conducted. Color code: Green = Load applied to the module surface. Blue = illustration of 

module deflection under load. Red = EL and I-V measurements. 
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3.1.3.5. Outdoor Moisture Monitoring 
 

Motivated by the correlation between wood moisture and biological degradation (Scheffer and Morrell, 

1998), and the identification of moisture to be one of the critical benchmarks in the POC of wooden PV 

module frames, a monitoring system was installed to continuously monitor the wood moisture in the 

outdoor setup. The range of measurement of the installed system - Materialfeuchte Gigamodul by the 

company Scanntronik Mugrauer GmbH - covers a range of 10 kΩ to 100 GΩ which allows moisture 

determination from 6 wt% to 90 wt% (Scanntronik Mugrauer GmbH, 2021). By using insulated diodes 

(Figure 10), the effective point of measurement is at the center of the frames to minimize fluctuations 

and interferences caused by surface moisture. The interval of measurement is once per hour and the unit 

of measurement is ohmic resistance (R) as common logarithm log10(R). The moisture content of wood 

is defined as  

 

𝑤𝑡%𝑤𝑜𝑜𝑑 =  
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦 ∙ 100
 

 

in which 𝑚𝑤𝑒𝑡 is the mass of the wood at maximum moisture penetration and 𝑚𝑑𝑟𝑦 is the dry mass of 

the wood. In addition to wood moisture, the device Hygrofox Mini, was installed to capture ambient 

temperature and air humidity to allow for later dependency analysis. This device covers a temperature 

range of -20 °C to 70 °C and ranges of relative humidity of 0 % to 100 %. 

  

 

 

Figure 10: Schematic illustration of experimental setup of outdoor moisture monitoring. Isolated diodes were used 

to increase the accuracy of the outdoor moisture monitoring (modified after Scanntronik Mugrauer GmbH, 2021) 
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3.2. Life Cycle Assessment 
 

Life Cycle Assessment (LCA) is a standardized 

methodology to analyze the environmental impacts of a 

product, process, or service over its entire life cycle or 

parts of it. In this study, PV module frames made from 

three different types of wood were analyzed and 

compared to conventionally used aluminum frames, to 

investigate differences regarding the environmental 

performance of the respective materials. For Robinia, an 

attributional cradle-to-gate LCA is performed which 

follows ISO 14040:2006 (International Organization for 

Standardization, 2006a) and ISO 14044:2006 

(International Organization for Standardization, 2006b). 

Additionally, the guidelines of the International 

Reference Life Cycle Data System (ILCD) Handbook 

and the Product Environmental Footprint (PEF) Guide 

(European Commission, 2010, 2012) were followed. 

Given the complexity of the manufacturing process for 

Accoya and Bamboo production, the results of the LCAs 

published by the respective manufacturer were scaled 

and modified (see chapter 4.2.). The applied Life Cycle 

Assessment Framework (Figure 11) – Goal and Scope 

Definition, Inventory Analysis, and Impact Assessment – 

are introduced in the following chapters and the result 

section. For interpretation and limitations, the reader is 

directed to the discussion section of this study. 

 

3.2.1. Goal and Scope Definition 
 

The goal and scope of this LCA (Figure 12) includes all processes from raw material extraction (cradle) 

to the assembly (gate) of module frames and modules with wooden frames. Balance of System (BOS) 

is not within the scope of this study. Furthermore, it was decided against assessing the entire life cycle 

in a cradle-to-grave assessment since the mapping of the End-of-Life (EoL) stage for wood and 

aluminum is associated with multiple complexities. For more information regarding those complexities, 

the reader is directed to the discussion in Chapter 5.2. The Functional Unit is m² framed module surface 

as recommended in the Methodological Guidelines on Life Cycle Assessment of Photovoltaic Electricity 

(R. Frischknecht et al., 2020) to allow for an integration of the results of this study into existing models. 

The Gate location is at a hypothetical production facility in Germany. 

 

Figure 12: Goal and Scope of this study – the studied system includes all processes from raw material extraction 

(cradle) to the assembly of the final product (gate). The Use Phase and End-of-Life stage are not considered. 

Figure 11: Life Cycle Assessment Framework 

as defined in ISO 14040:2006 (modified after 

International Organization for Standardization, 

2006a)  
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3.2.2. Inventory Analysis 
 

In LCA, models are composed of a number of processes that are consolidated in databases, called Life 

Cycle Inventories (LCI). The LCI used for modeling Robinia is ecoinvent v3.6 (APOS, Unit), accessed 

by using the software SimaPro v9.1.1.1. Due to the complexity of specific wood modification in the 

production process of Accoya and Bamboo, LCAs published by the respective manufacturers were 

scaled, since they show a sophisticated level of detail of the production processes. Possible ambiguities 

and biases that might arise from this decision are discussed in Chapter 5.2. Contrary to the database used 

for the Robinia model, the manufacturer LCAs are based on data from earlier ecoinvent versions (v2.0 

and v3.0) and a database published by the Technical University of Delft, Idemat (2008 and 2014). A list 

of all selected processes and an overview of the applicable databases can be found in Appendix B.1. 

 

3.2.3. Impact Assessment 
 

In LCA, the environmental impact of any product or service is quantified by analyzing the respective 

LCI in a Life Cycle Impact Assessment (LCIA). Within the LCIA, the LCI is evaluated using so-called 

characterization factors (International Organization for Standardization, 2006b) and can focus on 

midpoint or endpoint indicators, also called impact categories or areas of protection. This study uses 

the Environmental Footprint Impact Assessment (EF 3.0) which focusses on midpoint indicators/impact 

categories. EF 3.0 is a recent methodology developed by the European Platform on Life Cycle 

Assessment (EPLCA) which has successfully completed its pilot stage in 2018 and is now in the final 

transition phase (European Commission, 2018). As part of the Product Environmental Footprint Project 

(PEF), this LCIA is aimed to become one of the common methods to measure and communicate the 

environmental life cycle performances of products (European Commission, 2012). EF 3.0 covers a total 

of 16 impact categories, which are compiled in Figure 13. For a more comprehensive overview of the 

impact categories, see Appendix B.3. 

 

Figure 13: Impact categories used in the Environmental Footprint (EF) 3.0 Impact Assessment (European 

Commission, 2018).  
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3.2.4. Approach and Implementation 
 

In order to accurately depict the individual characteristics of the three types of studied woods, a 

differentiated approach was used. The LCA for Robinia was carried out entirely by using the software 

SimaPro and the ecoinvent database (see Chapter 3.2.2) since all processes can be sufficiently 

approximated due to the fact that the wood is not specifically modified (see Chapter 4.1.1). Accoya and 

Bamboo on the other hand are high-tech materials which undergo sophisticated production processes 

that are difficult to assess. Hence, in order to achieve a high level of detail in mapping the production 

processes of Accoya and Bamboo, primary production data from the manufacturer LCAs was 

incorporated into the model. Figure 14 gives an overview of the main approaches and differences 

regarding the LCAs of aluminum and the three types of wood. The assembly of the frames and modules 

is assumed to be identical irrespective of the material use. For a list of all used processes, please refer to 

Appendix B.1. 

  

Figure 14: Approach and implementation of conducted LCA. For aluminum, a default process for PV LCAs is 

modeled with SimaPro. Robinia is also modeled entirely with SimaPro. Accoya and Bamboo include scaled results 

from the manufacturer LCAs and are supplemented by SimaPro modeling for the transport and final assembly in 

Germany. Color code: Blue = Processes modeled with the SimaPro software using exclusively ecoinvent 

processes. Orange = Scaled results of the manufacturer LCAs.  

 

3.2.4.1. Aluminum Frame 
 

Since aluminum frames are conventionally used in PV modules, they have been the subject of previous 

PV specific LCA research. Therefore, the modeling is governed by conventions defined by the PEFCR 

and PVPS which suggest the use of the ecoinvent process ‘Aluminum alloy, AlMg3’ (European 

Commission, 2019; Frischknecht et al., 2020). For more details about the selected process and possible 

variations of aluminum modeling, the reader is referred to the sensitivity analysis in Chapter 3.2.5 and 

the discussion in Chapter 5.2. Due to the fact that there is a variety of different frame designs which 

exhibit different geometries suitable for various areas of application, the frame of reference is 
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approximated with 0.5 kg of aluminum per meter of frame profile including the aluminum corner 

connectors (ISE Internal Data, 2021).  

 

3.2.4.2. Wooden Frames 
 

The LCA of the Robinia frame is realized with ecoinvent datasets for hardwood processing adjusted to 

the electricity mix of the country of origin, Serbia (see Appendix B.2). The wood processing takes place 

in the vicinity of the forest (Gerriet Harms, 2021) and no further treatment is necessary. Due to the 

integral production process, the final profile can be milled in the same location (Gerriet Harms, 2021). 

The final frame profile is then transported for 1500 km to the production location in Germany by road 

where the assembly of the PV modules takes place.  

The LCA of the Accoya frame is composed of the results of the manufacturer LCA and own 

supplementary calculations with SimaPro. The country of origin of Accoya is New Zealand where the 

raw material (Radiata Pine) is logged and processed into rectangular beams. The timber is then shipped 

as sea freight to Rotterdam where the acetylation process takes place (see Chapter 4.1.1.2). The Accoya 

beams are then milled and transported to the assembly location by road for 500 km.  

The LCA of the Bamboo frame is also composed of the results of the manufacturer LCA and own 

supplementary calculations were made with SimaPro. Sourced in China, the Bamboo is processed into 

beams of the final SWB product in a series of processes (see Chapter 4.1.1.3) and milled to the final 

dimensions. The final profile is then shipped as sea freight to Rotterdam and additional 500 km by road 

to the assembly location. The transport is adjusted for the specific weight of the material, approximated 

by its density. The final LCA model for all wooden PV module frames consists of the processes compiled 

in Table 2, for a higher detail of process details please refer to Appendix B.1.  

 

Table 2: Simplified display of processes used in LCA subdivided into three categories material, processing, and 

transport. Abbreviations: RS = Serbia, NZ = New Zealand, CN = China, DE = Germany, NL = Netherlands, HS 

= Hoffmann Schwalbe, PU= Polyurethane 

 Material Processing Transport 

 

Robinia 

 

Wood 

HS Keys 

PU Glue 

 

 

Logging 

Milling 

 

Road: 100 km (Forest RS → Sawmill RS) 

Road: 500 km (Sawmill RS → Assembly DE) 

Accoya Wood 

HS Keys 

PU Glue 

Logging 

Milling 

Modification 

Road: 80 km (Forest NZ → Sawmill NZ) 

Sea:    20811 km (Sawmill NZ → Acetylation Facility NL) 

Road: 500 km (Acetylation Facility NL → Assembly DE) 

 

Bamboo Wood 

HS Keys 

PU Glue 

Logging 

Milling 

Modification 

Road: 915 km (Harvesting CN → Processing 1 CN) 

Road: 300 km (Processing 1 CN → Processing 2 CN) 

Road:  600 km (Processing 2 CN → Harbor CN) 

Sea:    19208 km (Port CN → Port NL) 

Road:  115 km (Port NL → Storage NL) 

Road:  500 km (Storage NL → Assembly DE) 
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3.2.5. Sensitivity Analysis Aluminum 
 

In LCA, sensitivity analysis is an important method for studying the accuracy of results and their 

sensitivity to uncertain factors. It highlights the most important model parameters and further 

investigates their level of resolution and quality (Wei et al., 2015). Given the overall goal of this study 

- the comparison of wooden PV module frames with aluminum PV module frames - it is vital to critically 

evaluate the aluminum model which is used as reference. Albeit, the PEFCR and PVPS are clear about 

utilizing the ecoinvent process ‘Aluminum alloy, AlMg3’ (European Commission, 2019; Frischknecht 

et al., 2020), analyzing alternative aluminum processes was particularly motivated by highly divergent 

emission rates in literature. According to literature, emissions from primary aluminum production vary 

from 5.92 kg CO2eq/kg (Schmidt and Thrane, 2009) to up to 41.10 kg CO2eq/kg (Steen-Olsen, 2009) 

depending on multiple factors (see Discussion Chapter 5.2). Hence, one dataset cannot depict the entire 

emission spectrum assumed in literature. Furthermore, the recyclability of aluminum plays a crucial role 

for the overall environmental impact. To perform a broad sensitivity analysis within the limited scope 

of this thesis, various datasets (see Appendix B.6) from the following databases were compared for the 

impact category Climate Change, Global Warming Potential (GWP):  

 

• Ecoinvent v3.6 

• Idemat2021 – Technical University of Delft 

• USLCI – National Renewable Energy Laboratory 

 

 

3.3. Cost Analysis 
 

Since economic profitability is fundamental when exploring the implementation of wooden PV module 

frames, this study investigates price variations of frames made from aluminum and wood in which the 

price of aluminum is based on ISE internal data. To determine the price of wood, quotations were 

mandated, and expert interviews were conducted with a number of wood salesmen and sawmill 

operators to obtain insights into the technological sophistication needed for the production of the profiles 

introduced in Chapter 4.1.2.1. Furthermore, price drivers and scaling effects are discussed in Chapter 

5.3. The functional unit for the cost analysis is running meter as typically used in the wood industry. 

Since the total cost of a wooden frame profile is largely determined by the price of material and the price 

of processing, different manufacturing scenarios were compared, in which real-world implications 

pointed out by the manufacturers were considered.  
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4. Results  

4.1. Proof of Concept 
 

Within the scope of this study, a total of sixteen full-size module prototypes with wooden PV module 

frames were realized and put to the test. This chapter will introduce the three types of wood which were 

selected to be used in this POC based on literature review and expert interviews: Robinia, Accoya and 

MOSO Bamboo X-treme. Then, the final design of the wooden profiles and corner connections are 

demonstrated and the assembly of the modules using laminates typically utilized in the module TARKA 

120 Demi-Cellules is exhibited (see Appendix A.4). Moreover, the results of the ML test are analyzed 

by using EL and I-V diagnostics. Finally, the outdoor setup and moisture monitoring data is presented. 

 

 

Figure 15: Display of three of the sixteen final prototypes with wooden module frames. Three different types of 

wood were selected: Accoya (left), Bamboo (middle), Robinia (right). The prototypes were all designed and 

assembled according to a mutual design. The laminate used for all final prototypes is typically used in the module 

TARKA 120 Demi-Cellules by Voltec Solar.  
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4.1.1. Final Wood Selection 

4.1.1.1. Robinia - Untreated Wood 
 

Robinia pseudoacacia, further referred to as Robinia, is 

the only untreated European wood that qualifies for this 

study according to its durability class (see Chapter 

3.1.1). The tree is also known as black locust and has 

been cultivated in Europe for more than 300 years where 

it is the only native species with a natural durability class 

of 1-2. The extraordinary durability is partially caused 

by high levels of tannic acid which prompts a natural 

protection against biological degradation processes. As a 

result, Robinia is expected to withstand more than 50 

years of direct outdoor exposure provided there is no 

direct contact with soil (Huntley, 1990). Furthermore, 

studies suggest that the mechanical properties of Robinia 

are in line with the requirements for the application as 

PV module frames since the wood is characterized by 

high stiffness of 9-14 GPa (Niklas, 1997a, 1997b; Pollet 

et al., 2012; Sell, 1997). The tree was recognized as tree 

of the year by the Dr. Silvius Wodarz Foundation because of its many environmental benefits such as 

its importance as source of food for bees in the early summer (Dr. Silvius Wodarz Foundation, 2021). 

Finally, its natural resilience to droughts as well as its rapid growth rate, that allows for high volumes 

of carbon sequestration, make Robinia a strong candidate for further climate change mitigation strategies 

(Reay et al., 2008).  

 

4.1.1.2. Accoya - Chemically Modified Radiata Pine 
 

Accoya is the name of a wood product resulting from a 

chemical modification process that has been 

commercialized by the company Titan Woods Limited. 

Chemical modification aims to alter the properties of 

wood on cell level to increase dimensional stability and 

durability (Hill, 2007). Contrary to chemical treatment, 

where often toxic or corrosive chemicals are being used, 

the literature refers to chemical modification as an 

environmentally friendly method (Hill, 2007; Rowell, 

2006; Sathre and González-García, 2014). The method 

used in the production of Accoya is called acetylation and 

triggers a reaction with the polymer hydroxyl groups of 

the cell wall to reduce its hygroscopicity. In this high-

pressure process, the wood gets impregnated by acetic 

anhydride which replaces the free hydroxyls with acetyl 

groups. In simple terms: By substituting molecules that are 

attracted by water with molecules that repel water, there is 

little room for biological activity and the woods tendency to swell and shrink is reduced, ultimately 

increasing the durability and dimensional stability (Mantanis, 2017; Rowell et al., 2009). The exact 

parameters for the acetylation process are not publicly available. 

 

Figure 17: Accoya - Modified Radiata Pine  

Figure 16: Robinia – Untreated Wood  
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4.1.1.3. MOSO Bamboo X-treme –  
Reconstituted and Modified Bamboo 

 

Bamboo X-treme, is a reconstituted strand woven 

bamboo (SWB) product developed by the company 

MOSO. Much like the chemical modification described 

for Accoya, hydrothermal modification aims to improve 

the overall quality of the product. In contrast to the two 

woods mentioned above, this material requires more 

production steps. Before the bamboo is subject to the 

modification process, the hollow stem is cut into strips 

which are then crushed into strands. In a pyrolysis 

process, the crushed bamboo strands are heated to 200°C 

to induce chemical changes to the cell-structure. During 

this heat exposure, the contained hemicelluloses in the 

cell wall decomposes, resulting in an overall reduction 

of hygroscopicity (Windeisen et al., 2009). In simple 

terms: Sugar, which is naturally occurring in Bamboo, is 

the substrate for biological activity. The added heat 

caramelizes the sugar, leaving no sustenance for 

biological activity that might cause degradation. As a 

result of the thermal modification, the color of the wood 

darkens in the process (Hill, 2006). Finally, the hydrothermally modified bamboo strands are 

compressed into the desired shape using high-pressure machinery (Huang et al., 2019). While there is a 

consensus in scientific literature that thermal treatment generally causes an increase in durability, some 

authors argue this happens at the expense of the physical and mechanical properties (Xie et al., 2013). 

Similar to chemical modification, thermal modification is considered an environmentally friendly 

technique (Hill, 2007). Biologically speaking, bamboo is not classified as wood but grass (Akinlabi et 

al., 2017) which exhibits a fast-growing property that, compared to trees, allows for a higher capture of 

atmospheric carbon, making bamboo an relevant agent in mitigating climate change (Lobovikov et al., 

2012; Nath et al., 2015). Thanks to its excellent mechanical and environmental properties, bamboo has 

been referred to as ‘steel of the 21st century’ (Wang et al., 2021). In this study, for reasons of semantic 

simplification, MOSO Bamboo X-treme will further be referred to as Bamboo and albeit being 

technically part of the biological family of grass, it will be referred to as wood.  

  

Figure 18: Bamboo X-treme - Modified Bamboo ( 
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4.1.1.4. Comparison of Selected Woods 
 

Three types of wood that were chosen for this study which exhibit excellent characteristics regarding 

their mechanical and environmental performance according to literature and the manufacturers data 

sheets. Table 2 compiles the most relevant data in regard to this project and allows for a direct 

comparison of Robinia, Accoya and Bamboo. 

 

 

While showcasing similar characteristics regarding durability, the mechanical properties vary 

significantly. Taking into consideration that the total weight of the wooden PV module frame is relevant 

for the later application (e.g. transport), it is desirable that the wood exhibits a high modulus of elasticity 

at relatively low density. Albeit Bamboo is the densest material in the test, its E-Modulus is comparable 

to the one of Robinia which exhibits a significantly lower density. Accoya stands out with the lowest 

density and E-Modulus. The durability of aluminum when exposed to sun and weathering is much higher 

than wood and stated to be above 120 years according to (Stacey and Bayliss, 2015). However, given 

the assumed lifetime for a solar module of 25-30 years, the durability of the characteristics of the selected 

woods might be sufficient for the application as PV module frames. In terms of fire resistance, Bamboo 

and Robinia are rated Class A according to ASTM E84, a test method to evaluate surface burning 

characteristics of building materials. Class A represents the highest possible score and allows for 

unreserved use as building material (ASTM Committee). Accoya shows a lower rating, however the 

application of fire retardants can significantly improve the performance. Albeit two out of the three 

selected materials are technically wood products, in this study they will henceforth be referred to as 

wood.  

  

Table 3: Comparison of relevant parameters of selected woods and aluminum 

 

 

  Robinia Accoya Bamboo Aluminum 

Durability DIN EN 350-2 1-2 1 1 - 

 years 15-25+ 25+ 25+ 120+ 

Density  kg/m³ 660 – 690 510 1150 2700 

E-Modulus GPa 9 - 14 8.8 13.6 70 

Color - Light Brown Light Yellow Dark Brown Silver 

Origin Country Serbia New Zealand China Mix 

Modification Technology None Acetylation Hydrothermal - 

Fire Rating ASTM E83 Class A Class C Class A Class A 
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4.1.2. Final Design 
 

4.1.2.1. Wood Profile 
 

To identify the best corner joint for the PV module frame, a variety of designs were tested in a trial and 

error fashion by building and testing preliminary prototypes. The most successful design was then 

applied to all final sixteen prototypes that are described in this chapter. Because of the weaker material 

properties of wood, applying the same frame design that works best for aluminum is not possible. 

Nonetheless, the design of the wood profile was inspired by the aluminum profile given its well-

engineered character. Figure 19 illustrates a simplified development process that shows a typical 

aluminum profile (a) an early version (b) and the final version (c) of the wooden profile used in this 

study.  

 

Figure 19: Illustration of profile development process in section view: typical aluminum profile (a), preliminary 

wood profile (a), optimized wood profile (c). 

To analyze the performance of the different versions of the wooden profile, FEM simulations were used 

to evaluate the performance of the frame. Early in the development process, it became evident that the 

early version (b) did not provide the desired stability. When simulating a total load of +2400 Pa to the 

surface area of the virtual module, the center was deflected was 26.8 mm whilst a reference aluminum 

frame would only allow a deflection of 17-19 mm (see Figure 20). When increasing the simulated load 

to +5400 Pa, the center deflection increased to 41.8 mm, almost doubling compared to an aluminum 

frame (22-26 mm). Also, the preliminary version showed a deflection of the frame on the short ledge 

which may severely impact the overall stability of the frame. Hence, the preliminary hollow version of 

the wooden profile (b) was discarded, and a solid version (c) was designed and assembled in close 

partnership with a local joinery (see Chapter 4.1.2.3) which supported this study with a big body of 

practical knowledge. The subsequent design performed significantly better in the FEM simulations (see 

Figure 20), which calculated a center deflection of 17.6 mm which is comparable to the aluminum 

frames (17 - 19 mm). 

The final version of the wooden profile is characterized by its bulky appearance and a significantly 

higher protrusion over the laminate on the upper side compared to the aluminum frame. This protrusion 

is necessary to provide the stability needed to withstand undertow wind effects that might otherwise 

snap off the top section of the profile. Some parameters of the final frame design were matched with the 

industrial standard (e.g. uniform frame height of 40 mm) to allow the use of existing infrastructure and 

material in regard to manufacturing, transport and mounting. Because of the bulkier character, the final 

wooden design does not exhibit the same width and length as the aluminum frames. To avoid possible 

pressures on the laminate in the assembly process, one additional millimeter of air cushioning within 

the groove was realized. Thus, a total of 27 mm was added to length and width resulting in the final 

outside dimensions of 1712 mm x 1027 mm (≙ 1.758 m²) for the wooden prototypes compared to 1685 

mm x 1000 mm (≙ 1.685 m²) for aluminum frames for using an identical laminate. 

Not to be 

disclosed 
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Figure 20: Results of the FEM simulation of modules with wooden frames at +2400 Pa tensile load – the 

visualization shows a symmetry element which equals a quarter of the total module. Since the preliminary wooden 

profile design exhibited a high center deflection, it was optimized to avoid damages to the laminate. The optimized 

design shows a center deflection of similar magnitude as aluminum frames. 

 

 

While aluminum is resilient against most types of 

degradation that might occur during the 25 years of the 

lifetime of PV modules, wood is highly susceptible to 

chemical and biological degradation. Although woods with a 

high durability class were chosen for this study, it is expected 

that weathering will leave a noticeable mark on the wooden 

PV modules. As the wood profile is characterized by a bigger 

protrusion than the aluminum profile, it is expected that 

ponding water will accumulate in the bottom ledge of the 

module where it might have a big impact on the durability of 

the wooden frames. To counteract possible degradation, a 

drainage system was designed to prevent ponding water. 

Three of the final prototypes were equipped with the type of 

drainage which exhibits the most promising properties after 

mechanical load testing of preliminary prototypes. These 

specimens were installed on the roof of Fraunhofer ISE for 

outdoor moisture monitoring to investigate possible 

differences in degradation compared to modules without 

drainage. Modules with this design will henceforth to be 

referred to as ‘Drainage’ while the modules without a 

drainage will be referred to as ‘Symmetrical’. Details about 

the drainage are documented in Appendix A.6. 

 

 

 

Figure 21: Final dimensions of 

optimized wood profile in mm. 

Not to be disclosed 
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4.1.2.2. Corner Joints 
 

To identify the most suitable type of corner joint, different 

preliminary prototypes were assembled using Hoffmann-

Schwalbe (HS) keys. This technology makes use of a dependable 

connection type that has been used in the wood crafts for 

centuries: the dovetail joint (Graubner and Grunder, 2016). HS 

corner connections offer a desirable, metal-free characteristic that 

might also prove beneficial in the Life Cycle Assessment. To 

connect two pieces of wood, a special milling tool is used to cut 

out the negative shape, in which a HS key is driven, providing 

instant stability (see Figure 21). The preliminary prototypes were 

then put into ML testing, in which pressure was applied to the 

surface area of the module. The results suggest a weaker 

performance of butt joints compared to miter joints and were thus 

excluded from this study. Albeit performing better than the butt 

joints, early versions of the miter joints also failed the ML testing 

and were further developed. Figure 23 shows this development, 

in which different types and quantities of HS keys were tested. 

Orange indicates the positions of the HS keys and blue shows the 

position of the wooden peg that was inserted perpendicularly to 

the HS keys.  

 

 

 

 

Ultimately, using one large HS performed better than using two small pieces, 

yet the overall stability was still insufficient. Therefore, the joints were 

supplemented by a wooden peg that was inserted perpendicularly to the HS to 

counteract shear forces. For the final version of the corner joint (Figure 24), 

a polyamide HS of the Type W3 with a total length of 31.7 mm was used. 

Additionally, a peg of 8 mm diameter and 40 mm length made from meranti 

wood was inserted. The contact faces were treated with polyurethane glue to 

seal the cross-cut wood to maximize stability and durability. 

 

 

Figure 23: Schematic illustration of corner joint development in section view: Two small HS keys (a), one large 

HS keys (b), one large HS keys supported by a perpendicular wooden peg (c). Color code: Black = wood, Orange 

= HS keys; Blue = perpendicular peg. 

Figure 24: Final dimensions 

of optimized corner joint. 

Figure 22: Schematic illustration of the 

final corner connection in top view. The 

insert on the top right shows a HS key 

(Hoffmann, 2021) which is inserted into 

the cut outs in the wood. Color Code: 

Black = Wood, Orange = HS key, Red 

= intersection. 

Not to be disclosed 

Not to be disclosed 

Not to be disclosed 
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4.1.2.3. Assembly 
 

Since Fraunhofer ISE is not equipped for excessive woodwork, the assembly of the wooden PV module 

frames took place at a local joinery where necessary equipment and practical guidance was provided by 

the master craftsman and owner Steffen Baldinger. The manual assembly of one frame required two 

persons and consumed between 60 and 90 minutes on average, depending on the level of experience of 

the workers. Figure 25 shows the assembly sequence. Assembly details, equipment and consumable 

material are documented in Appendix A.2. 

 

 

Figure 25: Assembly of wooden PV modules: Milling and inserting HS keys (a), applying adhesives (b), using a 

tension belt and multiple large joiner clamps to align the frame and laminate (c), inserting peg and final sanding  

of corner joint (d). 

 

Not to be disclosed 

Not to be disclosed 
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4.1.3. Test Results 
 

Table 4 gives an overview of all 16 prototypes and identifies the respective tests that were executed. ISE 

internal identification numbers are included in the interest of completeness. 

 

Table 4: Overview of sixteen assembled prototypes and performed tests sorted by wood type. EL = 

electroluminescence imaging, ML = mechanical load testing, I-V = current-voltage measurement, O = 

outdoor installation. E = exhibition piece. 

 

 

ID Wood Type Design EL I-V ML O E 

12721 Robinia Symmetrical X  X   

12771 Robinia Drainage X  X   

12775 Robinia Drainage X X     X  

12776 Robinia Symmetrical X X     X*  

12777 Robinia Symmetrical X X     X  

12782 Robinia Symmetrical     X 

        

12720 Accoya Symmetrical X  X   

12772 Accoya Drainage X X     X  

12774 Accoya Symmetrical X X     X*  

12773 Accoya Symmetrical X X     X  

12781 Accoya Symmetrical     X 

        

12770 Bamboo Symmetrical X  X   

12778 Bamboo Drainage X X      X  

12779 Bamboo Symmetrical X X      X*  

12780 Bamboo Symmetrical X X      X  

12783 Bamboo Symmetrical     X 

 

 

            * moisture monitoring 
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4.1.3.1. Mechanical Load Testing 
 

 

Table 5 summarizes the performance of the wooden prototypes in the ML test according to the 

±2400 Pa industry norm and failure (see Chapter 3.1.3.4). The indicated value for aluminum is no 

actual test result but taken from the datasheet of the reference module and is included for reasons of  

comparability (see Appendix A.4). In the ML test, Robinia shows the best performance of all tested 

types of wood. The ±2400 Pa norm was fulfilled and Robinia with symmetrical design did withstand 

+8000 Pa compressive load. Remarkably, the Robinia frame with drainage design also endured 

+8000 Pa - although it was expected that the drainage design would lead to an early failure since the 

cut-out presents a potential weak point in the frame design.  Bamboo also accomplished the ±2400 

Pa norm and the frame ruptured at +6600 Pa compressive load, well above the +5400 Pa benchmark 

for snow simulations. Accoya did not pass the ±2400 Pa norm and ruptured at -2400 Pa tensile load. 

For more ML results and a juxtaposition of deformations of the FEM simulation and actual 

deformation during the ML test please refer to Appendix A.3. Figure 26 shows a ML sequence of a 

Robinia specimen No. 12721 for the ±2400 Pa norm. The top and center deflection are proportional 

to the applied compressive and tensile load. Throughout all three ML cycles, similar deflections 

were induced, and the frame returned to the initial state after the pressure was removed. After this 

sequence, EL and IV measurements were repeated before +8000 Pa was applied to the module.  

 

Table 5: Results of mechanical load tests including reference for a frame with aluminum frame  

 

Wood Type Design Passed Norm Failure 

Robinia Symmetrical ±2400 Pa__ +8000 Pa* 

Robinia Drainage ±2400 Pa__ +8000 Pa* 

Accoya Symmetrical No -2400 Pa 

Bamboo Symmetrical ±2400 Pa__ +6600 Pa 

Aluminum - ±2400 Pa **  n.a. 

* No fracturing of the frame 

** No actual test result, value taken from manufacturer datasheet (see Appendix A.4) 

 

 

Figure 26: ML test result - load and deflection of Robinia Module (specimen No. 12721). in ±2400 Pa norm 

sequence. Top and center deflection are proportional to the compressive and tensile load applied to the module 

during the test.  
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4.1.3.2. Electroluminescence Imaging and 
Current-Voltage Measurement 

 

EL and I-V results are summarized in one chapter for reasons of better depiction and easier comparison. 

EL images were made after initial assembly, after the ±2400 Pa norm and again after +8000 Pa for 

Robinia. For Bamboo, the EL and I-V results were similar to the Robinia specimen (no damage 

discernible). Since Accoya failed before  passing the ±2400 Pa norm, no further measurements were 

possible. The deviations between the module efficiency of the first two I-V measurements are assumed 

to be measuring inaccuracies. Table 6 shows the results of the measurements of all tested prototypes.

  

  

Figure 27: Results of EL and I-V measurements before ML testing, after ±2400 Pa norm and after +8000 Pa 

compressive load for the Robinia specimen (No. 12721) with symmetrical design. In EL, the laminate shows no 

optically recognizable damages after ±2400 Pa however shows cell failure after 8000 Pa compressive load. The 

I-V measurements show a slight improvement of module efficiency after the first load and a decline after the 

second load, caused by the cell failures. 

 

Table 6: Initial I-V measurement results including short circuit current (ISC), open circuit voltage (VOC) and 

current amps (Impp), current voltage (Umpp) and power (Pmpp) when power output is greatest. Also, the Fill Factor 

(FF) and electrical efficiency (η) are displayed in %. All prototypes operate as expected and no damages occurred 

in the assembly and transport process laminate. 

 

ID Isc 

[A] 

Uoc 

[V] 

Impp 

[A] 

Umpp 

[V] 

Pmpp 

[W] 

FF  

[%] 

η  

[%] 

12772 10.06 41.27 9.56 34.59 330.80 79.70 18.83 

12773 10.06 41.28 9.54 34.60 330.40 79.55 18.81 

12774 10.06 41.27 9.55 34.59 330.50 79.58 18.81 

12775 10.06 41.24 9.55 34.57 330.50 79.67 18.82 

12776 10.08 41.28 9.54 34.59 330.20 79.39 18.80 

12777 10.05 41.27 9.54 34.60 330.30 79.60 18.81 

12778 10.07 41.26 9.55 34.58 330.40 79.50 18.81 

12779 10.06 41.28 9.55 34.57 330.20 79.51 18.80 

12780 10.08 41.31 9.55 34.59 330.40 79.38 18.81 
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4.1.4. Outdoor Moisture Monitoring 
 

Nine final prototypes were installed on the rooftop of building D at Fraunhofer ISE as can be seen in 

Figure 28 and total of 6 points of measurement on 3 modules were realized. Each type of wood is 

monitored on the upper and lower ledge individually. The six installed prototypes towards the left of the 

roof installation are of the symmetrical design while the three on the right have a water drainage design. 

The goal of this measurement is to determine the overall wood moisture fluctuations in the core of the 

frames as well as to investigate whether the moisture content varies between the top and bottom ledge 

and to find possible correlations between moisture content and stability. Figure 29 shows the fluctuations 

of water moisture content within the different types of wood. 

 

Figure 28: Setup of outdoor installation on the rooftop of Fraunhofer ISE for moisture measurements and long-

term observation of weathering induced degradation. 

 

Figure 29: Electrical conductivity as proxy for the moisture content in the prototype frames as measured by the 

device Gigamodul. It is apparent that the three types of wood exhibit various behavior regarding moisture 

absorption and that the bottom ledge measurements consistently shows more conductivity: Hence, the moisture 

content in the bottom ledge is always higher than in the top ledge.   
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4.2. Life Cycle Assessment 
 

In this chapter, the results of the LCA calculations are presented on two levels: In Comparison Frame, 

the GWP of the frames are directly compared to one another. In Comparison Module, the modules - 

frame plus laminate - are compared for GWP and an extended environmental impact assessment is 

carried out for a module with Robinia frame and a module with aluminum frame. Furthermore, a 

sensitivity analysis for aluminum is carried out, which compares different datasets of aluminum. Lastly, 

an excursus is showcased, in which the potential of wooden mounting structures for PV systems is 

investigated.  

 

4.2.1. Comparison Frame - GWP of Aluminum and Wood 
 

In PV research, the performance of PV products is often compared on different levels of scale, e.g. the 

component level, the module level, or the system level. This chapter will compare the LCA results on 

the component level (frame) and the module level will be compared in the following chapter. Figure 30 

shows the results for a comparison of the four different frames regarding their GWP using the baseline 

model of the IPCC impact assessment, which is incorporated into in the EF 3.0 LCIA. The unit of 

comparison is 1 kWp installed capacity. Since the lifetime and performance ratio of wooden PV module 

frames cannot be estimated at the time of writing, the results were not scaled to kWh to avoid ambiguous 

results. As already pointed out in Chapter 3, the module of reference for the LCA and cost analysis of 

this study differs from the module used in the POC. The reference model for Chapter 4.2 and 4.3 the 

result of recent ISE research and represents a proxy for a typical contemporary Mono-Si PERC module, 

which is described in more detail in Appendix B.5. For the lifetime assumptions of wooden PV module 

frames please refer to the discussion chapter 5.1. 

  

Figure 30: LCA comparison on frame level - GWP in wooden frame production per kWp in CO2eq. Wooden PV 

module frames show significantly lower GWP compared to conventional aluminum frames. The integrated pie 

charts shows an itemization of the emission shares in the production process of the wooden frames. For aluminum, 

no comparable itemization is possible since it is a generic process with average global market data for processing 

and transport.  
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The results show a significantly lower GWP for all wooden frames compared to aluminum frames. While 

the production of the aluminum frame emits a total of 75.0 kg CO2eq/kWp (≙ 14.6 kg CO2eq/m²), 

Robinia, Accoya and Bamboo frames emit 5.0, 13.2 and 23.1 kg CO2eq/kWp (≙ 0.9, 2.5 and 4.3 kg 

CO2eq/m²), respectively. Furthermore, due to the increased total dimensions caused be the higher 

volume of the wooden frames, the overall power density for wooden frames is slightly lower than the 

power density of aluminum frames when using the same laminate. Nevertheless, the overall savings due 

to material substitution clearly overcompensate those shortcomings. By sectioning the total emissions 

into relative shares (integrated pie charts within Figure 30), the effects of different transport distances 

and processing steps for the respective woods are highlighted. Since Robinia is the least processed of 

the three woods, the relative share of transport is more dominant than in the model for Accoya and 

Bamboo. Interestingly, when breaking down the emissions arising from transport, road (500 km) and 

sea (ca. 20.000 km), it becomes evident that the CO2 emissions are of similar magnitude since sea 

transport is significantly more carbon-effective than road transport. Finally, it can be concluded that the 

relative CO2eq-savings of wooden frames compared to aluminum frames are 93% for Robinia, 82% for 

Accoya and 69% for Bamboo.   

 

4.2.2. Comparison Module -   
GWP and Extended Life Cycle Impact Assessment 

 

This chapter compares the LCA results at module level and extends the impact categories of the LCIA 

beyond the scope of GWP. First, the impact category IPCC GWP 100a of the EF 3.0 LCIA (Figure 31) 

is applied analogous to the previous chapter to depict the effective GHG savings on module level. It puts 

the results from the previous chapter (emissions per frame) into perspective to the emissions emitted in 

the production process of an entire PV module including all silicon and non-silicon components (see 

Appendix B.5 for a comprehensive list of module components). Secondly, a full LCIA including all 

sixteen impact categories of the EF 3.0 (see Chapter 3.2.3 for details) is carried for the aluminum frame 

module and the Robinia frame module. For reasons of semantic simplification, PV modules with an 

aluminum frame will henceforth be referred to as Aluminum Module. The same applies to all modules 

with wooden frames, e.g. PV modules with Robinia frame will be referred to as Robinia Module. 

    

Figure 31: LCA comparison on module level - GWP per of PV module in kWp in kg CO2eq. Silicon components 

contribute most to the total GWP of PV modules. The total savings for using wooden frames instead of aluminum 

frames are 13.0% for Robinia, 11.4% for Accoya and 9.6% for Bamboo on module level.  
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When comparing the GWP of the four different module types analyzed for this study, the GHG savings 

from the frame level directly translate to module level and show a significant saving potential for non-

silicon components. Due to the significantly lower GWP of wooden frames, the saving potential for non-

silicon components on module-level are 35.2% for Robinia, 31.1% for Accoya and 26.1% for Bamboo. 

Given the high share of silicon components, mainly caused by the large energy demand for solar cell 

production (Müller, 2020), the total GHG saving potential on module level are 13.0% for Robinia, 11.4% 

for Accoya and 9.6% for Bamboo. Results slightly diverge from (Müller, 2020) since EoL was not 

considered in this LCA due to complexities explained in Chapter 5.2. 

 

For a more comprehensive analysis of environmental performance, a comparison of all impact categories 

of the EF 3.0 LCIA was carried out for the Aluminum and Robinia Module. By weighting the results of 

the individual impact categories and their respective units (e.g. Climate Change = kg CO2 eq, Ozone 

Depletion = kg CFC11 eq, Ionising Radiation = kBq U-235 eq etc.), the EF 3.0 LCIA allows for a direct 

comparison between all impact categories using a dimensionless numerical quantity. Since the 

environmental performance is reversely proportional to the weighted score of the impact category rating, 

the lower the rating of the impact categories, the better the environmental performance of the modules. 

The results in Figure 32 shows that the overall environmental performance of Wooden Modules is 

superior to Aluminum Modules in all sixteen impact categories. The Robinia Module shows an overall 

30% better environmental performance compared to the Aluminum Module when averaging all impact 

categories. While some impact categories show marginal differences between the Robinia and 

Aluminum Module, others show significant divergences. For instance, the effects are comparably low 

for the impact categories Water Use (6%) and Eutrophication, Aquatic Freshwater (7%), yet 

significantly higher in the impact categories Resource Use, Minerals and Metals (38%) and Human 

Toxicity, Cancer Effects (52%). Possible causes for these results are debated in Chapter 5.2.  

     

Figure 32: LCIA - weighted comparison of sixteen EF 3.0 impact categories for the Aluminum and Robinia 

Module. The Robinia Module (green) shows a lower score in all sixteen impact categories of the EF 3.0 LCIA 

compared to the Aluminum Module (blue) and thus shows a better overall environmental performance. Significant 

benefits of the Robinia Module compared to the Aluminum Module were identified in the categories Human 

Toxicity, Cancer Effects (52%) and Resource Use, Minerals and Metals (38%).  
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4.2.3. Sensitivity Analysis: Aluminum 
 

In the previous chapters, the wooden PV module frames were compared to conventional aluminum 

frames and a better overall environmental performance of wooden frames was concluded. This chapter 

aims to critically investigates the aluminum process that was selected in those comparisons in an attempt 

to experimentally demonstrate the complexity of aluminum modeling. Since aluminum is a material that 

can be recycled indefinitely, the allocation of the raw material is challenging since in practice, it is hard 

to determine its origin and how many times it has already been recycled. In primary aluminum 

production, the key driver of the environmental performance is the mining operation required for the 

raw material (bauxite) extraction and the processing into solid aluminum, which requires a number of 

energy-intense processes (Zhang et al., 2016). Secondary aluminum can be sourced from scrap 

aluminum and no mining operation is required, resulting in less environmental impacts. Furthermore, 

the electricity mix plays a crucial role in primary and secondary production alike and affects the overall 

environmental performance. Moreover, the electrical energy needed for recycling aluminum is lower 

than in primary production because it requires no electrolysis since the aluminum is already in its solid 

state and can directly be smelted (Gautam et al., 2018). For more information, e.g. about the availability 

of secondary aluminum, please refer to the discussion in Chapter 5.2. As recommended in the PEFCR 

and PVPS guidelines (European Commission, 2019; Frischknecht et al., 2020), the ecoinvent process 

Aluminum Alloy, AlMg3, at plant was used for the comparison in the previous chapters. This process 

uses a so-called market mix for aluminum which represents an inventory that is modelled for a global 

geography, meaning it is an approximated average for the worlds production and does not further 

consider any location specific values (see Appendix B.2 for a Sankey visualization and further details). 

When itemizing the sub-processes, an asymmetry between the mass and GWP ratio becomes evident for 

primary and secondary aluminum. As illustrated in Figure 33, the primary aluminum is responsible for 

76% of GWP accounting for only 28% of the mass. Accordingly, the secondary aluminum is responsible 

for only 24% of GWP accounting for 72% of the mass.  

 

 

Figure 33: Sensitivity analysis of aluminum - mass and GWP of primary and secondary aluminum for the 

ecoinvent process Aluminum Alloy, AlMg3, at plant applied in this study. The juxtaposition of mass and emission 

data shows that primary aluminum makes up 28% of total mass, and 75% of GWP. Accordingly, secondary 

aluminum makes up 72% of total mass and 25% of GWP. Thus, the share of primary aluminum significantly 

impacts the overall environmental performance of any aluminum product. 

 



 

33 

 

In order to further diversify this sensitivity analysis, additional aluminum processes from ecoinvent as 

well as two additional LCIs were selected and scaled to the amounts needed for the frame of 1 kWp 

modules to allow for a direct comparison with the results of the previous chapters. The LCIs selected 

are ecoinvent, USLCI and Idemat (see Chapter 3.2.2 for details). For each LCI, three different aluminum 

inputs were modeled: primary, secondary and market mix. The process Aluminum Alloy, AlMg3, at 

plant, which was the subject of the previous chapters, was selected as representative for the market mix 

scenario in the ecoinvent LCI. For the primary and secondary input allocation, the aforementioned sub-

process process Aluminum, cast alloy {GLO} was adapted for 100% primary aluminum and 100% 

secondary aluminum allocation respectively. In USLCI and Idemat, generic datasets for primary, 

secondary and market mix aluminum were selected (see Appendix B.6). Figure 34 shows the GWP of 

the selected aluminum processes of different LCIs that were chosen for the comparison.  

 

  

Figure 34: Sensitivity analysis of aluminum - comparison of different aluminum processes, databases, and 

literature. Primary, secondary, and mixed datasets are compared that show high variations. Asterisk marks the 

process referred to in previous results. 

 

When comparing the datasets, the variability in GWP of primary and secondary aluminum production 

is clearly identifiable across different LCIs and literature. As expected, the GWP of the market mix for 

ecoinvent, USLCI and Idemat (75.0, 38.1, and 46.2  kg CO2eq/kWp respectively) lies within the range 

of the GWP of primary (156.7, 73.5, and 59.6 kg CO2eq/ kWp respectively) and secondary (35.2, 23.4 

and 20.5 kg CO2eq/kWp respectively) aluminum production since it represents a blend of both. 

Interestingly, the generic aluminum data from USLCI and Idemat are of similar magnitude, whereas the 

ecoinvent processes assumes significantly higher GWP for primary aluminum. When adding literature 

data for primary production to the comparison, the variability increases even more from 47.65 kg 

CO2eq/kWp (Schmidt and Thrane, 2009) to up to 330.80 kg CO2eq/kWp (Steen-Olsen, 2009). Finally, it 

can be concluded that depending on the input allocation, the theoretical GWP spectrum of aluminum 

frames ranges from 20.5 kg CO2eq/kWp to 330.8 kg CO2eq/kWp. 
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4.2.4. Excursus: GWP of Mounting Structures 
 

During the research on PV module frames, the environmental benefits of wood compared to aluminum 

became evident. Thus, the question surfaced on whether there might be additional applications for wood 

substitutions in PV systems. Naturally, the mounting structure was identified, since the total volume of 

material qualifying for a potential substitution is significantly higher than the volume of module frames. 

In PV research nomenclature, the mounting structure is typically classified as a sub-category of the 

Balance of System (BOS). BOS describes all components that are necessary for the operation of a PV 

system but are not part of the module, e.g. inverters, cabling, but also infrastructure such as fencing and 

service roads. In an attempt to roughly gauge the potential of wooden mounting structures for PV power 

plants, online research was conducted which found that the concept of wooden mounting structures had 

already been realized in Germany, Japan, Denmark, and France, yet is hardly described in scientific 

literature. To obtain more detailed information about the design and the current state of the installations 

in Germany (Espenhain and Höslwang), multiple stakeholders were contacted, although only few 

responded to the request for information. Nevertheless, the contact with the supplier (Gerriet Harms, 

2021) of the wood used for the construction was established, who shared the approximated volumes of 

wood used in the two German power plants. Interestingly, the selected wood for the power plants is also 

Robinia, as used in the module frames. The literature identified (Beylot et al., 2014) is discussed in 

Chapter 5.2. The identified real-world examples of wooden PV mounting structures are shown in 

Appendix B.7.   

 

   

Figure 35: GWP of mounting structures of PV power plants scaled to 1 MWp. The mounting structure of 

Espenhain and Höslwang (very left) is made from wood, the rest from steel. Calculations compare the GWP of 

wood and steel used in construction. No modules or other BOS components (e.g. concrete) are regarded.   

 

Based on these approximated wood volumes, the potential GWP per 1 MWp for the mounting structure 

was calculated for Espenhain and Höslwang amounting to 10 t CO2eq/MWp. To allow for a 

differentiated comparison to conventional mounting structures, references were taken from literature 

that investigates the BOS of crystalline PV systems. Due to the scope of this thesis, concrete was 

disregarded and only steel was considered. One study concludes that the supporting structure consumes 

a total 30.906 kg of steel (≙ 55 t kgCO2eq) per 1 MWp in (Mason et al., 2006). Another study concludes 

between 79.630 kg and 96.580 kg of steel (≙ 140 t CO2eq and 169 t CO2eq) per 1 MWp (Ito et al., 

2008). A third study includes different installation scenarios and conclude that between 101.690 kg and 

195.134 kg of steel (≙ 179 t CO2eq and 342 t CO2eq) are required for 1 MWp (Stylos and Koroneos, 

2014). Furthermore, due to the large deviation of literature data, a CAD model (Mohamed Afrideen, 

2019) was analyzed and the mass was extracted and scaled 1 MWp assuming 300Wp power output per 

module resulting in 86.806 kg steel (≙ 152 t CO2eq). Figure 35 shows a comparison of the GWP of the 

selected wooden mounting structures and steel mounting structures scaled to 1 MWp power output. The 

LCA processes and LCIA used are listed in Appendix B.7.   



 

35 

 

4.3. Cost Analysis 
 

The cost analysis conducted in this thesis compares current prices of aluminum, Robinia, Accoya and 

Bamboo frames and evaluates whether wooden PV module frames are economically competitive with 

conventionally used aluminum frames. The cost per frame is based on quotations for the required 

material and manufacturing costs. It is assumed that existing infrastructure and PV assembly lines can 

be used since the assembly of wooden modules follows similar fabrication steps as aluminum modules.  

The cost of the frame can be subdivided into two main categories, the material cost, and the cost of 

manufacturing. The procurement of raw material as well as the manufacturing procedure varies since 

aluminum and wood require different types of processing. Aluminum profiles are produced in an 

extrusion process, in which a heated aluminum body is pressed through a matrix of the negative shape 

of the desired profile. This allows for a constant and cost-effective production. In the manufacturing of 

wooden profiles on the other hand, timber undergoes multiple fabrication steps in which it is cut and 

milled repeatedly with various machinery. Also, it requires a high level of detail in the selection process 

for wood since small irregularities (e.g. knot holes, cracks) may negatively impact the overall stability 

or durability of the final product. Those fabrication steps may result in higher production costs and 

bigger deviations in the properties of wooden frames compared to aluminum frames. For the cost of 

manufacturing, it is assumed that existing PV assembly lines can be used and that the cost for equipment 

conversion from aluminum to wooden frames is negligible. Hence it is assumed that CAPEX only varies 

regarding the material and milling cost and that OPEX remains the same. Figure 36 shows a cost 

comparison of PV module frames using ISE internal data for the aluminum frame and manufacturer 

quotations for Robinia, Accoya and Bamboo. The results include corner connector material consolidated 

to 0.10 €/m and assumes a purchase quantity required for the assembly of 2000 PV module frames 

(quantity based on total volume of one cargo container). Spruce is included to illustrate the general price-

spectrum of wood. The cost depicted here are approximations from generic datasets (herold.at, 2021; 

kostencheck.de, 2021). A distinction is made between separate production (SP), in which the milling of 

the final profile does not take place at the wood manufacturing plant and integrated production (IP), in 

which the manufacturing and milling takes place in the same location.  

   

Figure 36: Cost of frame for aluminum, Robinia, Accoya, Bamboo and spruce. The cost of the aluminum frame 

was modeled with ISE internal data. The cost of Robinia, Accoya, Bamboo are manufacturer quotations. Spruce is 

a generic approximation from online sources. Separated production (SP) describes a production scenario, in which 

the material cost and the cost of manufacturing are divided since the milling of the final profile takes place in a 

different location. Integrated Production (IP) describes a scenario, in which the milling of Robinia and Bamboo 

occurs in the same facility and thus no extra production step is required.  
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The results show that aluminum is the cheapest material used for the prototype assembly, followed by 

Robinia, Bamboo and lastly Accoya. Interestingly, the cost for the integrated production of Robinia 

frames is consistent with the material cost (2.38 €/m) since the additional production step is easily 

actionable in the value chain of Robinia (Gerriet Harms, 2021). Regarding Bamboo, the integrated 

production (2.96 €/m) shows a price advantage of 0.33 €/m compared to a separated production (3.30 

€/m). Accoya is the most expensive material examined in this study with a price of 4.84€/m for the 

separated production and does not allow for integral productions due to its value chain which neither 

allow for a milling before or after the acetylation process. Spruce is the cheapest material however it is 

most likely not suitable for the use as PV module frame. The total cost is also depending on total order 

quantities: milling costs in separated production scenario decrease by over 40% when scaling from 1.000 

m to 10.000 m and the material cost of Bamboo decreases by over 60% when comparing the small order 

quantity for prototype manufacturing (20 beams) and one full cargo container (8000 beams).  
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5. Discussion 
 

5.1. Proof of Concept 
 

First, literature research was conducted to identify suitable materials and design parameters for wooden 

PV module frames. Then, module prototypes with wooden frames from three different types of wood 

were designed and constructed. Most specimen exhibit convincing mechanical properties and show a 

similar performance to conventionally used aluminum frames in initial testing. Albeit the Accoya 

specimen did not pass the relevant industry standard of sustaining a surface compressive load of +2400 

Pa, the Bamboo and Robinia specimen demonstrate that wooden frames may very well be a suitable 

alternative to aluminum frames regarding mechanical stability. Nonetheless, further tests, especially 

focusing on the effects of weathering, are essential to ultimately evaluate the suitability of wood as frame 

material for PV modules.  

During the milling process and assembly, it was found that certain material characteristics played an 

important role during the manufacturing, although they were not apparent in the literature research. 

Across all types, the natural character of wood was apparent due to irregularities in the wood planks and 

major differences between the various types of wood were noticed. Especially Accoya and Robinia 

planks were characterized by annual rings, knot holes, longitudinal cracks and spallings. This 

exacerbated further processing since irregularities present weak spots that can compromise the overall 

stability of the frame and must thus be avoided. Also, some Robinia planks showed a significant bend 

which made milling and assembly challenging and might prove to be a source of tension in the module 

that may impact its overall performance in the long run. Bamboo showed the best workability with little 

bends and almost no irregularities due to its homogenous structure. With regard to manufacturing, it can 

thus be concluded that the suitability of different types of wood depends on the scales of application and 

while some types qualify better for veneering, others perform best in bulky character. This demonstrates 

that the prerequisites for wood selection are not limited to mechanical properties and the durability class 

but also to additional factors like the inherent wood structure and overall workability. 

The different results of the ML tests may be attributable to the aforementioned weak spots in the wood 

but also to the modification processes that Accoya and Bamboo were subject to. According to the 

literature, chemical and physical modifications alike impact the mechanical properties of the wood (Hill, 

2007; Rowell et al., 2009; Xie et al., 2013). In the case of Accoya, the wood is subject to high pressures 

in the acetylation process, which may be responsible for the microcracks that were observed, and which 

are assumed to be the cause for the early failure in the ML tests. While the deformation of the un-

modified Robinia was ductile throughout the entire test, the plastic deformation of Bamboo is assumed 

to be linked to effects of modification processes. Albeit failing the initial ML test, Accoya might be 

suitable if the frame dimensions were enlarged in an optimized design. Reversely, reducing the frame 

dimensions of Robinia and Bamboo may be interesting for saving weight and material cost.  

After a visual inspection of the modules in the outdoor exposure setup after 5 months, the corner 

joints show different stages of degradation depending on the type of wood. While the corner joints of 

Bamboo and Accoya show little alteration, the Robinia joints show a relevant deformation (see Appendix 

A.5 for image) that might impact the overall stability and may ultimately lead to water penetration into 

the laminate. The water drainage realized in some specimen did not prevent the corner joints to deform. 

It was also noted that the deformation is more significant on the lower ledge than it is on the upper ledge 

which correlates with the moisture measurements which show higher conductivity on the lower ledge, 

suggesting a higher moisture content. There is reason to believe that the different condition of the corner 

joints results from the distinct swelling and shrinking properties of the respective wood. Robinia is the 

least modified wood and naturally shows higher swelling and shrinking rates (Pollet et al., 2012) than 

the modified woods Accoya and Bamboo, which are suggested to have low rates (Rowell et al., 2009). 

Hence, the selected miter joints may not be the best fit for all types of wood and more research is needed 

on how to improve the corner connections. Given the noticeable weather induced degradation on wood 

types of the highest durability class, it can be assumed that woods with lower durability ratings (e.g. 
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local coniferous wood from the Black Forest) will be inappropriate for wooden PV module frames. 

Lastly, the dark color of Bamboo resulted in a quicker melting of snow coverage which might result in 

an increased energy yield in winter. 

Additional factors that might affect the degradation of wooden PV modules include the potential 

leaching out of tannic acid, which naturally occurs in wood products and which may damage the 

laminate. In conventional aluminum design, the laminate is sealed by an impermeable layer of 

aluminum. In wooden PV frames however, water might penetrate the sides of the laminate since wood 

is a permeable material. Thus, further degradation may be caused from water penetrating the laminate 

from the side. Moreover, wooden PV module frames may reduce potential-induced degradation since 

wood is non-conductive and may mitigate stray-currents. 

When comparing the aesthetic characteristics of the different modules, Bamboo stands out with a dark 

brown color which harmonizes with the appearance of the solar cells and results in an attuned fashion 

and may not even be identified as wood at first glance. The Accoya and Robinia modules on the other 

hand show a stark contrast between cells and frame and the typical wood textures leave a conspicuous 

impression. While Bamboo’s more subtle impression might be suited best for an unobtrusive integration 

into landscape and architecture, Accoya and Robinia might prove interesting in marketing efforts that 

may want to epitomize the sustainable character of PV modules. 

Finally, when considering general principles of design, the concept of wooden PV module frames faces 

an inherent contradiction: While the ideal condition for PV cells is maximum exposure, since the yield 

directly depends on the irradiation that meets the surface of the module, the ideal conditions for the 

wood frames are quite the opposite. Due to its material characteristics, wood is not unfetteredly suitable 

for outdoor applications and although treatments and modifications can extend its durability, only 

constructive wood protection designs are capable to ensure a long lifetime in outdoor conditions. Given 

the mechanical prerequisites regarding the frame stability, design limitations arise which make it hard 

to implement the needed constructive wood protection in the frame design. Ultimately, no final 

conclusions regarding the total lifetime of PV module frames can be made at this stage and more research 

is necessary to evaluate the long-term performance of wooden PV module frames. Also, apart from 

module design, other applications for wood in PV systems are conceivable, such as in the mounting 

structure of ground- or roof-mounted PV installations, in which the array of modules (e.g. frameless) 

may be designed to protect the underlying structure from water penetration. 

 

5.2. Life Cycle Assessment 
 

LCA evaluates a product throughout its entire life cycle or analyzes its individual life stages. This study 

presents a Cradle-to-Gate LCA (Chapter 3.2) that excludes the complexities of EoL modeling, since 

modeling options for the EoL stage of aluminum and wood are highly versatile. Analyzing all EoL 

scenarios lies outside the scope of this thesis. Some examples for those options are typically reuse or 

recycling of aluminum in which waste-separation processes must be considered. Wood products on the 

other hand can be burned for energy recovery (Jungmeier et al., 2001) or turned into biochar which 

allows for permanent carbon storage in the ground (Papageorgiou et al., 2021). Therefore, the overall 

environmental performance can be improved or worsened depending on the EoL. Furthermore, various 

new dynamic wood modeling methods are currently being developed that aim to include the growth 

phase and incremental carbon capture from the atmosphere (Head et al., 2021). 

Within this Cradle-to-Gate LCA, Robinia is the only untreated and local (EU) wood and shows the 

lowest GWP (5.03 kgCO2eq/kWp) compared to Accoya (13.20 kgCO2eq/kWp) and Bamboo (23.07  

kgCO2eq/kWp), which have both been sophistically processed and transported from New Zealand and 

China, respectively (Chapter 4.2.1). Nonetheless, the manufacturers of Accoya and Bamboo have both 

published a cradle-to-grave LCA carried out by the University of Delft (Dr. ir. J.G. Vogtländer, 2010, 

2014), which conclude that both materials are carbon neutral over their entire life-cycle. Those results 

vary from the results in this study since the EoL stage was accounted for and energy recovery through 
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incineration of wood was assumed. Additionally, J.G. Vogtländer includes reforestation effects into his 

calculations, which improve the overall environmental performance of the products. Since the 

manufacturer LCAs are published by a renowned university and have undergone review processes, there 

is no reason to doubt the scientific practice behind those calculations. However, it demonstrates that in 

LCA, the practitioner has a lot of agency to include or exclude particularly processes that may influence 

the final results. Therefore, given current marketing efforts regarding sustainability portrayals, it is 

advisable to critically examine the path of calculation to identify possible biases in LCA publications 

that may be linked to industrial interests. 

There is a scientific consensus that an increased use of wood products can contribute to a reduction of 

GHG emissions in the long run (Geng et al., 2017; Guo and Gifford, 2002; Johnston and Radeloff, 2019). 

However, processing and transportation of wood products impacts their overall environmental 

performance. Since the three selected types of wood undergo different processing steps and have various 

countries of origin, their respective environmental performance varies significantly (Chapter 4.2.1). 

Also, depending on the total sum of emissions associated with a product, the significance of the 

transport-associated emissions increases or declines. Hence, for sophisticated processing methods, the 

transport has little impact on the overall GWP, yet is relevant for products with an overall low carbon 

footprint. Additionally, not only the distance, but the form of transportation plays a crucial role and 

calculations show that sea transport is approximately ten times more effective regarding the GWP 

compared to road transport. It can therefore be concluded that the generic sustainability presumption 

that local and regional products are the appropriate choice does not necessarily apply to all scales. 

Products as well as the GWP associated with transport must thus be examined individually for each case. 

The results of the extended environmental impact assessment (Chapter 4.2.2) for PV modules show 

significant improvements for wooden frames in the impact categories Resource Use, Minerals and 

Metals (38% improvement) and Human Toxicity, Cancer Effects (54% improvement). These findings 

are highly relevant since they identify the module frame to be a main leverage point to possibly improve 

multiple sustainability criteria. The results are possibly linked to the mining operations needed to extract 

bauxite; the main raw material required in primary aluminum production. Since the geological formation 

of bauxite takes many millennia, the resource is considered non-renewable as opposed to wood which 

is sourced from trees and thus shows a higher score in the resource use category. According to previous 

research, bauxite mining operations have severe environmental consequences and are therefore linked 

to health hazards for the local population (Krewski et al., 2007; Rankin, 2011). Since the use of wood 

products might encourage reforestation efforts which have positive environmental effects and contribute 

to climate change mitigation, the use of wooden PV module frames may have positive direct 

contributions to the UN Sustainable Development Goals (SDGs).  

To verify the results of the EF 3.0 LCIA (Chapter 4.2.2) used in this research, additional LCIAs were 

conducted including ReCiPe midpoint indicators, and earlier versions of the EF (yet not included into 

this study for reasons of limited scope). While the results of earlier EF LCIAs are of the same magnitude 

and only marginally diverge, the ReCiPe results varied significantly. This highlights an important key 

finding applicable for all LCA research: LCA results in general must not be understood as rigorously 

accurate but as approximates that can help to identify environmental hot-spots in products and services. 

Therefore, the tenet: “Remember that all models are wrong; the practical question is how wrong do they 

have to be to not be useful” (Box and Draper, 1987) is relevant to keep in mind when interpreting and 

discussing LCA results since the identification of environmental hot-spots is of bigger importance than 

the exact quantification of emissions.  

The sensitivity analysis of aluminum (Chapter 4.2.3) has shown that some LCIs show GWP scores 

significantly lower compared to the default aluminum process used (75.00 kg CO2eq/kWp). Secondary 

aluminum is in the range of 20-30 kg CO2eq/kWp and literature suggests that even primary aluminum 

can be produced below 50 kg CO2eq/kWp. Therefore, it might be possible to manufacture frames from 

aluminum that have a comparable GWP compared to Bamboo frames (23.07 kgCO2eq/kWp). Especially 

when EoL is considered and the recycling of aluminum is assumed, it might result in a similar 

performance compared to wood. However, it is not clear whether the procurement of secondary 

aluminum is definable since different generations cannot be distinguished due to similar material 
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characteristics. Nonetheless. this may inspire further supply chain optimizations to increase the 

traceability of aluminum, especially since a growing demand for secondary aluminum can be expected. 

The fact that aluminum is used in many different industries and new legislations (e.g. carbon tax) might 

encourage the procurement of secondary (or even multi-generational) aluminum in the future. Also, 

since the negative impacts of primary aluminum mostly arise from mining operations and high energy 

demand, an improvement of mining practices (e.g. more environmental precautions) and the use of 

renewable energy might positively affect the entire value chain. 

Despite the arguments stated above, it is vital to not only compare material parameters but also to 

critically assess the relevance of total lifetime since it is not certain that wooden frames guarantee the 

same durability as aluminum frames. Although a saving of 51.9 - 70.0 kg CO2eq/kWp - depending on 

the type of wood - can be realized in the production stage, wooden frames might have a significantly 

worse life-cycle balance since the total lifetime power output of PV systems is the overarching 

sustainability metric. When putting the achieved CO2-savings into perspective with energy from lignite 

coal sourced in Germany (since this is being displaced) with a GWP of 0.41 kg CO2eq/kWh 

(Quaschning, 2019), the savings equate to 127 - 170 kWh energy production. Assuming that 1 kWp of 

installed PV capacity produces up to 500 kWh of carbon neutral energy per year (Fthenakis et al., 2008), 

the savings achieved by the material substitution equal 3-4 months of operation. This implies that the 

lifetime of wooden frames must be equivalent to the lifetime of aluminum frames; otherwise no effective 

GHG saving is possible. 

Given the concluded benefits of wood, yet considering the challenges associated with the application as 

module frame in terms of long lifetime, wooden mounting structures may be an interesting angle for 

additional wood applications in the PV industry. However, it appears that little scientific research has 

been conducted in this area. The only publication that was found to investigate the potential of wooden 

mounting structure concludes that wood-based mounting structures show a significantly lower GWP 

compared to conventional steel structures of roughly 30% over the entire lifetime (Beylot et al., 2014). 

The study also concludes that single-axis tracker systems achieve a similar decrease of GWP due to a 

higher yield enabled by the tracking system. This highlights the aforementioned fact that the overall 

environmental performance of PV products over their life cycle not only depends on the manufacturing 

stage but is mostly determined by the total energy production over their lifetime.  

As demonstrated in this study, the quantification of sustainability is a challenging yet highly 

important task that the scientific community needs to address for the next decades. More research is 

needed to further develop life cycle assessment and other methods in the field of Industrial Ecology 

since the tenet “only what gets measured gets managed” also applies to sustainability criteria. Albeit 

still being at an early stage of development and implementation, LCA is a valuable tool to identify 

environmental hot-spots and can help to redesign products and services in line with the SDGs and other 

sustainability frameworks. In a modern world, in which data driven decisions are perceived as the 

pinnacle of human progress and where the demand for climate-mitigation strategies is on the daily 

agenda of politics and business, LCA is a quantitative evaluation system for environmental externalities, 

which might help to complement the existent system of monetary cost.  

 

5.3. Cost Analysis 
 

The results of the cost analysis show that conventional aluminum frames perform better economically 

than all wooden frames investigated in this study. For all analyzed frame materials, the decisive factor 

for the overall price is material cost while the cost of manufacture is considered a secondary aspect. 

There are numerous further reasons for the increased price of wooden compared to aluminum frames, 

which cannot be addressed due to the limited scope of this study. Also, it is presumed that the scale of 

operation plays a crucial role and typical scaling effects such as an increased cost-effectiveness 

depending on the size of operation apply. For instance, the price of Bamboo decreases by more than 

56% when scaling from prototype-scale (20 beams) to a full shipping container (8000 beams). It further 
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has to me mentioned that an integral production process always outperforms separated production 

process due to a reduction of complexity and transport distance. 

Moreover, since changes to existent price structures are anticipated (e.g. introduction of carbon taxes 

or subsidies), wooden frames might become more competitive in the future. Also, the availability of raw 

materials is considered a relevant factor for future price developments. Albeit the assessments of all 

interviewed wood suppliers were exclusively positive regarding the overall availability of wood 

products, scarcities and fluctuations might occur. Furthermore, dynamics of supply and demand - for 

both, wood, and aluminum - are prone to global events like the Covid-19 pandemic which may 

significantly affect the material and shipping costs.  

According to the price index of the commodity future market, the price of aluminum has been rising 

by 70% since the beginning of the pandemic in March 2020 and the time of writing, June 2021 (Trading 

Economics, 2021a). However, when looking at a larger time frame, recent price fluctuations of 

aluminum are within the range of the past decades. Lumber futures - taken as proxy for wood products 

- on the other hand shows a tremendous increase of around 350% for the same timeframe (Trading 

Economics, 2021b) which is unprecedented in recent history. Without further analyzing the wide range 

of causes for this price development, it may be assumed that aluminum might present a higher price 

stability in the near future. 

Besides, the assessment of different consumer segments may be relevant for the marketing and sales 

of wooden PV modules. The application in commercial setups such as building integrated PV 

applications (BIPV) is considered to be of high interest since weathering induced degradation may be 

significantly reduced if installed vertically on a building front, ideally protected by the pediment or other 

roof structures. Additionally, business-to-consumer (B2C) markets were identified to be of particular 

significance since selling points diverge from business-to-business (B2B) markets. Features such as the 

aesthetics and natural appearance of wooden PV module frames might prove to be a relevant proposition 

in B2C markets in which consumers may be prepared to pay extra for sustainability characteristics. In 

order to enable a fast market entry, it was discussed to abridge further design optimizations by simply 

equipping modules that are conceptualized to operate without frames with wooden frames and thereby 

decoupling stability and durability parameters from the overall appearance.  

Furthermore, since the overall sustainability of products is a popular contemporary sales argument, it 

is suggested to investigate ways of increasing environmental performance of PV modules (e.g. by 

eliminating the majority of critical or toxicological materials from the value chain). Albeit modules with 

outstanding sustainability characteristics may not be economically competitive in the first generation, 

yet they might penetrate niche markets and successive scaling effects may make them suitable for the 

mass similar to the affordable Tesla Model 3 whose success is attributed to its exclusive predecessor 

Tesla Roadster.  
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5.4. Limitations and Outlook 
 

5.4.1. Proof of Concept 
 

In regard to the POC, only one type of corner joint was realized and future research focusing on wooden 

PV module frames should include various corner designs. Additionally, only modified woods were 

selected, and no coating options were considered. Albeit realizing that the only durable wood protection 

that can endure the required 25 years in the field can be realized by constructive wood protection, 

coatings and a possible reapplication during the use phase might be an interesting angle, also when 

considering wooden mounting structures since they might enable the use of local wood. Also, this study 

only looked into wood products to increase the overall sustainability of PV module frames, yet the 

spectrum of considered material should go beyond the scope of wood. Since the material sciences are 

zealously developing new materials with a focus on good environmental performances, material 

innovations should be monitored closely, and material combinations should be investigated. 

Accelerated aging tests like damp-heat, humidity-freeze, thermo-cycling were intended for this study. 

However, those could not be performed as the possibility of degassing or inflaming of the wooden 

specimen could not be completely eliminated and the climatic chambers at ISE might have been 

damaged in the process. Since resistance against weathering has been identified to be one crucial factor 

that decides over the overall suitability of wooden PV module frames, future studies should implement 

accelerated aging tests as also required for PV-modules with aluminum frames. In regard to the existing 

prototypes, it is of high interest to perform ML testing on the specimen currently installed in the 

outdoor setup to investigate the impact of weathering on the stability of the modules. For the 

conversion of electric conductivity to moisture content, specific factoring is required. Hence, future 

research should also focus on the conversion and consult additional literature and experts for the 

interpretation to investigate possible correlations of moisture content and performance after weathering. 

To allow for a direct comparison of frame materials, future research should carry out a ML test of the 

aluminum reference module Tarka 120 Demi-Cellues by Voltec Solar to allow for a direct comparison 

of the results of this study to an aluminum specimen with identical laminate.  

 

5.4.2. Life Cycle Assessment 
 

Since LCA assesses the complexities of the real world in a simplified model, the results must inherently 

be perceived as approximations and not as absolute truth. Hence, LCA results are particularly suited for 

highlighting interconnections of processes and to identify environmental hot-spots within a product or 

service. A limitation of this study is the cradle-to-gate scope which may be extended to include the EoL 

stage in further research, making it a cradle-to-grave assessment to explore the various EoL modeling 

approaches. Furthermore, various new dynamic wood modeling methods are currently being developed 

that aim to include the growth phase of trees (Head et al., 2021) and would be an interesting addition to 

the applied model to quantify direct carbon capture and storage from the atmosphere. This might 

improve the environmental performance of wood even further compared to aluminum. The selected 

wood processes for modeling the types of wood do not depict the full level of detail when it comes to 

explicit milling procedures since it uses generic data. A further inaccuracy in the model is a slight 

deviation of physical density from the applied ecoinvent process for Robinia modeling which might 

impact transport emissions or wear of equipped. For Accoya and Bamboo, no milling processes were 

assumed as it is unclear in the manufacturer LCAs what milling steps are already included. When it 

comes to modeling emissions from transport, ecoinvent uses mass input yet in reality volume also 

matters. The transport was approximated by the total weight calculated from the physical density of the 

materials and market processes for the shipping were used based only on weight. Hence denser materials 

(e.g. Bamboo) show higher GHG emissions than less dense materials (e.g. Accoya). In reality however, 

the ratio of volume and weight and number of used shipping containers may be a more decisive metric 
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for the fuel consumption of cargo ships and trucks. Given the significant variations in the sensitivity 

analysis of aluminum, it would be interesting to add further data to this comparison (e.g. GaBi or 

ProBas LCI) and to also apply and compare additional LCIAs in detail (e.g. ReCiPe). Also, future 

research should look into the complexities of modeling multi-generational aluminum and into the real-

world availability and verifiability of it. Furthermore, an investigation of the proportionality of total 

lifetime and production emissions is vital since a longer lifetime can effectively offset GHG emissions. 

More research is also needed to investigate the possible implementation of wooden mounting 

structures for roof, ground, and agricultural PV with a particular focus on a design that enables a 

constructive wood protection. Also, a sensitivity analysis for steel might reveal possible shortcomings 

in the excursus in Chapter 4.2.4 that may bear resemblance with the sensitivity analysis for aluminum 

carried out in this study. Lastly, more comparisons as carried out by (Müller, 2020) between framed and 

frameless modules should be executed since frameless modules are supposed to have significant 

environmental benefits compared to framed modules and are expected to rapidly gain market shares 

(ITRPV, 2021). 

 

5.4.3. Cost Analysis 
 

The cost analysis assumes that existent PV infrastructure can unfetteredly be used for the manufacture 

of wooden modules and hence depicts a simplified case which may not hold true in reality. Therefore, 

future research should look into the practicality of this assumption and analyze whether the utilization 

of PV assembly lines is physically possible and what costs are associated with a refit of equipment. 

Moreover, the cost of transport was excluded from the calculations which may distort final price 

assumptions due to different source locations of the different materials. Future research should also look 

into the real-world availability of wood products on different time scales and investigate possible 

macro scenarios that may ultimately affect future price developments. 
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6. Summary and Conclusion 
 

This study investigates the possibility of substituting conventionally used aluminum frames in PV 

modules with wooden frames and evaluates the environmental and economic performance of three types 

of wood: Robinia, Accoya and Bamboo. First, a proof of concept is conducted, in which material 

properties are compared and vital parameters for module stability are assessed. Then, wooden prototypes 

are designed, built, and tested. Within a standardized performance test, the majority of the modules 

successfully pass the relevant industrial standard of +2400 Pa compressive and tensile load. To 

determine the outdoor durability, prototypes are installed on the roof of Fraunhofer ISE and a moisture 

monitoring system is connected to explore possible correlations of moisture content and durability. 

Within the proof of concept, Bamboo demonstrates the best overall performance regarding workability, 

stability, and durability. In the second part of this thesis, a cradle-to-gate life cycle assessment is carried 

out to compare the environmental performance of PV modules with wooden frames and aluminum 

frames. It is shown that wood exhibits better overall environmental properties than aluminum and that 

the relative GHG savings on module level are 13.0% for Robinia, 11.4% for Accoya and 9.6% for 

Bamboo. Additionally, further benefits were identified that significantly impact the environmental 

performance, including the reduction in human health hazards (52%) and abiotic resource depletion by 

(38%). To verify those findings, a sensitivity analysis of aluminum is carried out, which reveals the 

complexity of aluminum modeling and suggests that sourcing and processing significantly impact its 

environmental performance. In the third part of this study, a cost analysis is conducted, which concludes 

that aluminum frames are the most economically reasonable option for module frames, followed by 

Robinia, Bamboo and lastly Accoya with 48.6%, 68.1% and 202.5% surcharge, respectively.  

It can be concluded that manufacturing PV modules with wooden frames in line with industrial standards 

is feasible. However, estimations regarding the total lifetime cannot be made at this stage. Five months 

of weathering have left noticeable marks on the specimen in the outdoor setup and may negatively 

impact the overall stability and durability; especially the corner connections are affected. Thus, it can 

be concluded that the corner design plays a crucial role in the further development of wooden PV module 

frames. Future research should focus on realizing corner connections that exhibit strong mechanical 

properties without compromising the resistance to weathering-induced degradation. Moreover, 

extensive testing methods, which are typically applied for PV module testing (e.g. damp heat tests and 

thermo cycling), should be conducted to ultimately determine the performance of wooden frames 

compared to aluminum frames.  

Besides, the critical assessment of material substitution in PV module frames has expanded to a 

discourse about further wood applications in PV systems and has sparked an engaging exchange of 

thoughts with experts from the wood and PV industry alike. While there is still more research needed to 

ultimately answer the question on whether wooden PV module frames are environmentally friendly 

alternatives to conventional modules, the potential of wooden mounting structures was identified to be 

a relevant angle since it entails bigger total substitution volumes and constructive wood protection by 

design. Also, using wood in the mounting structure may obviate a fundamental contradiction of design 

parameters encountered in this research: For PV modules, maximum exposure is desirable to the fact 

that total yield is proportional to the level of exposure; however, the exposure of wood structures must 

be limited to avoid accelerated degradation. Hence, a thorough design in which the wood protection of 

the mounting structure is enabled by a superimposed array of modules, is considered promising. 

Nevertheless, it can be concluded that wooden PV module frames exhibit a strong potential for multiple 

applications in numerous markets given their excellent environmental performance and aesthetically 

pleasing character. Although they may not be unfetteredly suitable for all operating ranges, BIPV 

applications are considered particularly of interest since the exposure to weathering may be significantly 

reduced when installed vertically on a building front, ideally protected by the pediment or other roof 

structures.  

In addition to identifying challenges regarding the physical feasibility of wooden PV module frames, 

this study showcases the complexity of quantifying sustainability. By following a classic innovation 

pathway of material substitution, one presumably non-sustainable material (aluminum) is substituted 
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with a presumably more sustainable material (wood). However, a sensitivity analysis of aluminum 

reveals major differences in the environmental performance of aluminum depending on its sourcing and 

processing. Thus, using recycled aluminum may be an effective angle to lower emissions in conventional 

module design. Since the total amount of global secondary aluminum supply is fixated, this will only 

shift the burden to other industrial sectors and not effectively contribute to climate change mitigation. 

Furthermore, in the particular case of renewable energy systems, it is paramount to not only focus on 

initial GHG emissions since the key indicator for the overall climate performance is the total energy 

output. This, in turn, strongly depends on the total lifetime of the system. Hence, the premise for carbon-

effective PV module designs must be a similar operation time as in conventional modules. Novel 

materials, such as sustainable composite lumbers that are currently being developed at the cutting edge 

of material sciences may be relevant candidates for further research. Also, frameless module design may 

be an effective angle to reduce GHG emissions altogether.  

Moreover, considering that sustainability is not limited to single indicators such as GWP, this study also 

highlights that the application of wood instead of aluminum holds a significant potential to mitigate a 

wide array of environmental impacts beyond the scope of GHG emissions. This may consequently 

contribute positively to the United Nations Sustainable Development Goals. Hand in hand with recent 

research endeavors such as the elimination of critical materials, like lead and cadmium on cell-level, 

exploring more applications for wood in PV systems might positively impact the overall performance 

of the entire PV value chain and help it to live up to its full sustainability potential.  

Regarding the higher price of wooden frames compared to aluminum frames, private consumer markets 

may be of special interest due to the assumption that aesthetics and environmental symbolism are 

prioritized over marginally higher prices. Besides, a prediction of price trends is difficult since the 

material cost of aluminum and wood are subject to a constant fluctuation due to the dynamics of supply 

and demand - especially because future price developments may also be influenced by political 

decisions, e.g. the implementation of carbon taxes or subsidies. 

Considering the bigger picture, PV capacity has been growing exponentially over the past decades and 

this trend is expected to continue. Modules installed today will reach their end of life around the middle 

of the century: 2050, the historical target in which carbon neutrality is to be obtained. Therefore, future 

module optimizations should aspire to implement cradle-to-cradle standards, in which the recycling 

process is already accounted for in the design phase. This will also aid an alignment with circular 

economy principles that are of growing importance considering recent progressive policies like the 

European Green Deal, which sees PV as a key driver in achieving climate targets. Mandatory eco-labels 

are anticipated to reveal the environmental performance of products and are thus expected to encourage 

manufacturers to incorporate eco-design principles into their products. Hence, this may be an important 

moment for the European PV industry to substantially increase its competitiveness by developing 

products with distinct sustainability properties that will provide strong selling points in the global 

market. Therefore, LCA and other methods that are currently being developed in the research field of 

Industrial Ecology are of growing relevance since they allow for a quantitative evaluation of 

sustainability metrics. Those criteria are rapidly gaining importance; hence further research is essential 

to allow for data driven decisions in politics and business that cater to contemporary sustainability 

demands of the PV industry.  
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Appendix A – Proof of Concept 
 

A.1 FEM Input Data 
 

Software: COMSOL Multiphysics v5.5 

Input and Array: 

- 120 half-cells: 166 x 83 x 0.17 mm³ - Glass: 10547 x 17847 x 3.2 mm³ 

- 3 mm cell gap - Backsheet: 10547 x 17847 x 0.175 mm³ 

- 4 mm string gap - EVA: 2 layers of 450 µm each 

- Distance (cell and glass): 

   - Side: 19.36 mm 

   - Top/Bottom (symmetrical): 33.85 mm 

 

 

Appendix Table 1: Material Parameters used in FEM 

 

Material Young’s Modulus Density Poisson’s Ratio Coeff. of therm. exp. 

Frame 

(Robinia) 

13350 N/mm² 0.72 g/cm³ 0.3 - 

Glass 710 Pa 2500 kg/m³ 0.2 9×10-6 1/K 

Encapsulant temp. dependent 960 kg/m³ 0.4 270×10-6 1/K 

Cell elasticity matrix 2.329 g/cm³ - temp. dependent 

Backsheet 3.5 GPa 2.52 g/cm³ 0.29 50.4×10-6 1/K 

Frame Inlay 7.4 MPa 67 kg/m³ 0.3 769×10-6 1/K 

 

 

A.2 Equipment, Consumable Material and Assembly 
 

The different types of wood were delivered in the shape of beams and had to be further processed to 

match the desired shapes. For the assembly, various pieces of equipment and tools were needed that are 

compiled in the following list, sorted by sequence of use respectively. The quantity declared in the right 

column refers to the number of consumables required per frame. 

 

Appendix Table 2: Equipment and consumable material used in the assembly of one module frame 

Equipment Consumable Material (Type/Quantity) 

Wood shaping machines (saws, mills, grinders) Silicone (Durasil E811 / 1x cartridge = 310 ml) 

Hoffmann-Schwalbe special tool Polyurethane glue (Kleiberit 501/ ca. 10 ml) 

Tension belt Hoffmann-Schwalbe keys (W3, 32 mm / 4x) 

Mallet Pegs (Meranti Ø8mm, 40 mm / 4x) 

Joiner clamps Sandpaper (180, 240 /ca.  200 mm²) 

Horizontal drilling machine   

 

Not to be disclosed 
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Step-by-Step Assembly:  

1. Wood beams are being milled to desires profile shape. 

2. Profiles are cut into desired length and miter cut is done on the ends. 

3. Profile ends are prepared with Hoffmann Key special tool. 

4. Laminate is placed onto two sawhorses that stand roughly 1 m apart. The orientation of the 

laminate is sunny side down (to allow for a better silicone distribution later on). 

5. Silicone is applied into the groove. Glue is applied on miter wood faces and into Hoffmann Key 

cut-out. 

6. Profiles are pressed onto the sides of the laminate. 

7. Tension belt is fastened around the edges to ensure an evenly fit on the laminate until the 

Hoffmann Key cut-outs align. 

8. Module is moved onto an even surface (e.g. floor) and the Hoffmann Keys are driven into cut-

outs with a mullet (only 80% of total insertion). 

9. Module is placed back on the sawhorses and excess silicone and glue are removed. 

10. Small joiner clamps are used to drive in the remaining 20% of the Hoffmann Keys. The 

Hoffmann Key connection is now complete. 

11. Large joiner clamps are used to apply pressure onto the sides of the profiles to ensure consistent 

fit to laminate. Edges are supported with pieces of wood to optimize pressure distribution of 

tension belt. Additional excess silicone and glue are removed. 

12. After at least 12 hour of setting time for silicone and glue, the strap and clamps are removed, 

and the holes for the pegs are drilled with a horizontal drilling machine. 

13. Glue is applied into peg-holes. Pegs are driven is with a mullet. 

14. Edges of finished module are abraded with sandpaper. 

 

 

A.3 Mechanical Load Test  
 

Appendix A.3 shows a juxtaposition of FEM and ML and lists all ML test results. 

 

 

Appendix Figure 1: Juxtaposition of FEM (simulation) and ML (reality) at + 2400 Pa. 

Not to be disclosed 
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A.4 Module of Reference for POC  

 

Appendix Figure 2: Technical datasheet of module of reference used in the POC of this study. Available at:  

https://www.voltec-solar.com/dynamic/documents/210210_fiche_technique_tarka_120_vsms_330w_5bb_ 

1685x1000x42_fr.pdf 

https://www.voltec-solar.com/dynamic/documents/210210_fiche_technique_tarka_120_vsms_330w_5bb_1685x1000x42_fr.pdf
https://www.voltec-solar.com/dynamic/documents/210210_fiche_technique_tarka_120_vsms_330w_5bb_1685x1000x42_fr.pdf
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A.5 Moisture Monitoring and Weathering Effects  
 

 

 

Appendix Figure 3: Experimental setup of moisture monitoring system in outdoor installation. 

 

 

 

 

Appendix Figure 4: Visual weathering effects of PV module frames after 5 months of outdoor exposure.  
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A.6 Drainage  
 

 

Appendix Figure 5: Drainage design realized in three of the nine specimens in the outdoor setup. 

 

 

Appendix B – Life Cycle Assessment 

B.1 – Overview: Processes 
 

 

Appendix Table 3: Overview of selected databases for respective woods. For Robinia, only most recent ecoinvent 

data was used. For Accoya and Bamboo, manufacturer LCAs (see Appendix B.4) were scaled which use the 

databases indicated below. Please refer to manufacturer LCAs (Dr. ir. J.G. Vogtländer, 2010, 2014) for more 

details.  

 Robinia Accoya Bamboo 

ecoinvent v3.6 X   

ecoinvent v3   X 

ecoinvent v2  X  

Idemat2014   X 

Idemat2008  X  
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Appendix Table 4: Frame LCA inputs per m² of module area  
 Process Value Unit Comment 

A
lu

m
in

u
m

  

Aluminium alloy, 

AlMg3 {DE}| 

production | APOS, U 

 

1.599941936 

 

kg 

 

Aluminum process recommended by 

ITRPV adjusted to German energy 

mix. Quantity defined with ISE 

internal data. Mass used per m². 

 

R
o
b

in
ia

 

 

Sawnwood, lath, 

hardwood, dried 

(u=10%), planed {RS}| 

planing, lath, hardwood, 

u=10% | APOS, U 

 

0.00275345 

 

m³ 

 

 

 

Volume of wooden frame per m². 

 

Modified ecoinvent process. This 

process is one of the most energy 

intensive wood processes and 

therefore a conservative 

approximation of the required 

energy in the processing of wood. 

Energy mix adjusted for Serbia. 

 

Estimate of used material: cross 

section of wood profile multiplied 

with perimeter of prototype (= ca.  

0.00484 m³) divided by the surface 

area (1.758 m²) of the module = 

0,002753 m³ 

 

Inaccuracy: Cannot specify density 

of wood as adopted ecoinvent 

process assumes fixed density of 

650kg/m³ for hardwood. Minimal 

deviation since density for Robinia 

is ca. 740 km/m³ 

 

Polyurethane, rigid 

foam {RER}| market 

for polyurethane, rigid 

foam | APOS, U 

0.005687557 kg Proxy for Hoffmann Schwalbe 

(Corner Connector) per m². 

 

Estimate of used material: ca. 10g 

weight per 4 HS used divided by the 

surface area (1.758 m²) of the 

module. 

 

Polyurethane, rigid 

foam {RER}| market 

for polyurethane, rigid 

foam | APOS, U 

0.011375114 kg Proxy for PU glue per m². 

 

Estimate of used material: ca. 20 g 

of glue for entire frame divided by 

the surface area (1.758 m²) of the 

module 

 

Transport, freight, lorry 

>32 metric ton, euro5 

{RER}| market for 

transport, freight, lorry 

>32 metric ton, EURO5 

| APOS, U 

3.05633 tkm Transport of wooden frame per m². 

 

Estimated transport distance from 

Serbia to generic factory location in 

Germany. Distance: 1500 km 
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A
cc

o
y
a

 
 

Manufacturer LCA 

 

 

2.246815 

 

 

GWP 

 

GWP results from manufacturer 

LCA scaled to FU of this study (m²) 

 

Transport, freight, lorry 

16-32 metric ton, euro5 

{RER}| market for 

transport, freight, lorry 

16-32 metric ton, 

EURO5 | APOS, U 

 

 

 

 

2.55E2 

 

tkm 

 

Transport from storage facility (NL) 

of manufacturer to manufacturing 

location in Germany: 500 km. 

Adjusted to specific density of 

Accoya. 

 

 

 

Polyurethane, rigid 

foam {RER}| market 

for polyurethane, rigid 

foam | APOS, U 

0.005687557 kg Proxy for Hoffmann Schwalbe 

(Corner Connector) per m². 

 

Estimate of used material: ca. 10g 

weight per 4 HS used divided by the 

surface area (1.758 m²) of the 

module. 

 

Polyurethane, rigid 

foam {RER}| market 

for polyurethane, rigid 

foam | APOS, U 

0.011375114 kg Proxy for PU glue per m². 

 

Estimate of used material: ca. 20 g 

of glue for entire frame divided by 

the surface area (1.758 m²) of the 

module 

 

B
a
m

b
o
o

 

 

Manufacturer LCA 

 

 

3.941839531 

 

GWP 

 

GWP results from manufacturer 

LCA scaled to FU of this study (m²) 

 

Transport, freight, lorry 

16-32 metric ton, euro5 

{RER}| market for 

transport, freight, lorry 

16-32 metric ton, 

EURO5 | APOS, U 

 

5.75E2 

 

tkm Transport from storage facility (NL) 

of manufacturer to manufacturing 

location in Germany: 500 km. 

Adjusted to specific density of 

Bamboo. 

Polyurethane, rigid 

foam {RER}| market 

for polyurethane, rigid 

foam | APOS, U 

0.005687557 kg Proxy for Hoffmann Schwalbe 

(Corner Connector) per m². 

 

Estimate of used material: ca. 10g 

weight per 4 HS used divided by the 

surface area (1.758 m²) of the 

module. 

 

Polyurethane, rigid 

foam {RER}| market 

for polyurethane, rigid 

foam | APOS, U 

0.011375114 kg Proxy for PU glue per m². 

 

Estimate of used material: ca. 20 g 

of glue for entire frame divided by 

the surface area (1.758 m²) of the 

module 
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B.2 - Sankey Diagrams 
 

 

Appendix Figure 6: Sankey diagram of the process structure of the Robinia frame. The largest share of GHG is caused by the wood harvest and manufacturing. The second 

largest share is caused by the road transport from Serbia to Germany. The Polyurethane used for the corner connections causes the least GHG emission. 
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Appendix Figure 7: Sankey diagram and analysis of suggested ecoinvent process by PEFCR and PVPS: Aluminum Alloy, AlMg3, adjusted for German electricity mix. This figure 

illustrates the differential of mass and CO2 emissions and the different impacts of primary and secondary aluminum. In the first degree of subprocesses (a), magnesium is responsible 

for 15.7% of CO2 emissions albeit accounting for only 3% of the total mass. In the second degree of sub-processes (b), primary aluminum is responsible for the larger share of 

GHG emissions albeit accounting for the smaller share of the mass. Accordingly, the secondary aluminum is responsible for the smaller share of GHG emissions albeit accounting 

for the bigger share of the mass. 
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B.3 – Life Cycle Impact Assessment 
 

 

 

Appendix Table 5: Indicators and units used in the EF 3.0 LCIA (European Commission, 2018). 

 

Impact category Indicator Unit   

 

Climate change  

 

Radiative forcing as Global 

Warming Potential (GWP100)  

 

 

kg CO2 eq  

  

Ozone depletion  Ozone Depletion Potential 

(ODP)  

 

kg CFC-11eq    

Human toxicity, cancer effects Comparative Toxic Unit for 

humans (CTUh)  

 

CTUh    

Human toxicity, non- cancer effects  Comparative Toxic Unit for 

humans (CTUh)  

 

CTUh    

Particulate matter/Respiratory 

inorganics  

Human health effects associated 

with exposure to PM2.5  

 

 

Disease 

incidences5  

  

Ionizing radiation, human health  Human exposure efficiency 

relative to U235  

 

kBq U235    

Photochemical ozone formation  Tropospheric ozone 

concentration increase  

 

kg NMVOC 

eq  

  

Acidification  Accumulated Exceedance (AE)  

 

mol H+ eq    

Eutrophication, terrestrial  Accumulated Exceedance (AE)  

 

mol N eq    

Eutrophication, aquatic freshwater  Fraction of nutrients reaching 

freshwater end compartment (P)  

 

kg P eq    

Eutrophication, aquatic marine  Fraction of nutrients reaching 

marine end compartment (N)  

 

kg N eq    

Ecotoxicity freshwater  Comparative Toxic Unit for 

ecosystems (CTUe)  

 

CTUe   

Land use  Soil quality index6 (Biotic 

production, Erosion resistance, 

Mechanical filtration  

Dimensionless, 

aggregated 

index   
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B.4 - Manufacturer LCAs for Accoya & Bamboo 
 

 

 

 

Appendix Figure 8: Results of manufacturer LCA for Accoya (Dr. ir. J.G. Vogtländer, 2010). The red rectangle 

indicates the results used in this study: 1.7 kg CO2eq/kg of wood product.  

 

 

 

 

Appendix Figure 9: Results of manufacturer LCA for Bamboo (Dr. ir. J.G. Vogtländer, 2014). The red rectangle 

indicates the results used in this study:  1.193 kg CO2eq/kg of wood product. Since the volumes of all frame designs 

are equal and Bamboo is characterized by a significantly higher density than Accoya (1200 kg/m³ vs 510 kg/m³), 

the total emissions per frame are higher. 
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B.5 - LCA Reference Model (ISE Data) 
 

Appendix Table 6: Main characteristics of cell and module used in LCA: Glass-Backsheet module manufactured 

in Germany as modelled by (Müller, 2020).  

 Parameters Unit  Value 

 C
el

l 

Cell type  -  sc-Si Cz PERC p-type 

Cell size  mm2  156.75×156.75  

Cell efficiency  %  22.5  

Wafer weight  g  9.7  

Wafer Thickness  μm  170  

Kerfloss  μm  70  

Silver usage  mg/cell  90  

Aluminum usage  mg/cell  850  

 

M
o
d

u
le

 

Rated Power  Wp  328  

Module size  m² 1.66×0.996  

Number of cells  Pcs.  60  

CTM  %  99  

Module efficiency  %  19.86  

Reference flow  m²/kWp  5.035  

Glass thickness  mm  3.2  

Backsheet μm 25 PVT, 250 PET, 60 Polyolefin 

Aluminum frame kg 2.64  

    

    

B.6 - Sensitivity Analysis  
 

Appendix Table 7: LCI, input type and corresponding processes used in the sensitivity analysis of aluminum 

LCI Type Process  

ecoinvent Primary Aluminium, cast alloy {GLO}| aluminium ingot, primary, to 

market | APOS, U 

 Market Mix Aluminium alloy, AlMg3 {DE}| production | APOS, U 

 Secondary Aluminium, cast alloy {RoW}| treatment of aluminium scrap, 

new, at refiner | APOS, U 

USLCI Primary Aluminum, primary, ingot, at plant/RNA 

 Market Mix Aluminum ingot, production mix, at plant/US 

 Secondary Aluminum, secondary, ingot, at plant/RNA 

Idemat Primary Idemat2021 Aluminium  (primary) 

 Market Mix Idemat2021 Aluminium trade mix (66% prim 33% sec) 

 Secondary Idemat2021 Aluminium (secondary) 
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B.7 - Wooden Mounting Structures 
 

Appendix Table 8: Ecoinvent processes and quantities used for comparison of mounting structures 

Material Process  

 

Wood 

 

Sawnwood, beam, hardwood, dried (u=10%), planed 

{GLO}| market for | APOS, U 

 

Steel Steel, low-alloyed {GLO}| market for | APOS, U 

 

 

Cases 

 

Unit 

 

Material per MWp 

Harms: Espenhain + Höslwang kg 60.000 

Mason et al.: m-Si kg 31.468 

Ito et al.: m-Si (a) kg 96.580 

Ito et al.: m-Si (a) kg 79.630 

Stylos et al. 2014 (base case) kg 195.134 

Stylos et al. 2014 (improved case) kg 122.072 

Stylos et al. 2014 (forward case) kg 101.690 

CAD Model: Solar Mounting Structure kg 86.806 

 

 

Appendix Figure 10: Images of wooden PV mounting structures that were identified. a) power plant (5MW) 

in Höslwang, Germany by GEOSOL b) Hyogo prefecture in Japan by Sun Forest c) retail for small scale 

operations in Canada by ewatts.ca d) Small power plant (250 kW) in France by the cooperative Céléwatt.  
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