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This contribution focuses on reducing the greenhouse gas (GHG) emissions of
solar photovoltaic (PV) carport structures by replacing carbon-intensive steel with a
wood-based material. There is a growing need for PV systems that are suitable for
urban environments where the lack of roof spaces and open land limits the use of
traditional PV installations. To date, PV carports have beenmainly constructed with
steel, which has a high carbon footprint and can be considered aesthetically
unattractive. Wood structures, on the other hand, could act as carbon storage
and thus reduce the GHG emissions of the whole system. Emissions and costs of
supporting structures for PV systems have received very little attention, and there is
virtually no literature specific to them. This study compares wood-based glued
laminated timber (GLT) structures with conventional steel structures by
investigating the GHG emissions and economic feasibility. The simulated
485 kWp system with wooden structures yielded base-case lifetime GHG
emissions of 11.3 g CO2 eq/kWh in Turku Finland (60°N), and 8.2 g CO2 eq/kWh
in Dijon France (47° N), representing a 48% lower value compared to systems with
steel structures. Furthermore, wooden structures were competitive in terms of
costs, being approximately 25% cheaper. Thus, wooden structures provide a very
attractive way to make infrastructure integrated PV more sustainable.
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1 Introduction

Solar photovoltaic (PV) is one of the key technologies used to attain a sustainable
low-carbon energy system in Europe and globally. Even in Nordic countries, where the
annual energy yield is lower than in areas closer to the equator and largely harnessed
during the summer months, PV remains an important element of the 100% renewable
energy mix. In the Nordic region, especially during winter, wind power outperforms
solar power due to the presence of consistent strong winds, offering a significant
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contribution to the energy mix. During summertime, solar and
wind power can together contribute to a resilient renewable
energy portfolio in these challenging environments.

Article 15c of the European Union Renewable Energy Directive
(RED III) defines renewable acceleration areas and requires member
states to give “priority to artificial and built surfaces, such as rooftops
and facades of buildings, transport infrastructure and their direct
surroundings, (and) parking areas”. Explicit mention is made of the
fact that concerns are typically not raised in these areas related to
competing uses of space or environmental impact (THE
EUROPEAN PARLIAMENT, 2023). PV carports avoid
competition with other land use and answer well to the
requirements of Article 15c.

In some European countries, there is already binding legislation
regarding PV carports, as seen in France, where PV carports are
mandatory for new and existing car parks (Legifrance, 2023). Similar
legislation exists in parts of Germany (The Institute for Climate
Protection and Energy andMobility, 2023), where it applies to newly
built parking areas. To date, carports have been mainly constructed
with steel structures (Figure 1), which have a high carbon footprint
and can be considered aesthetically unattractive. A study conducted
in 2016 found that support structures for PV had a larger CO2

footprint than the PV panels themselves (Fahad and Gamalho
Pereira, 2015). Recent studies highlight that substituting steel
with wood has potential as a means of climate mitigation
(Morris et al., 2021). Investigating how to reduce the cost and
environmental impact of the support structures is thus a major
issue for the PV system and, despite the urgent need for related
research, is currently highly understudied. The environmental
impact is even more significant with infrastructure-integrated PV
systems, where the support structure is usually heavier than in
rooftop or ground-mounted systems.

The few existing studies on PV canopies and carports primarily
focus on system design, performance, and optimisation (Ranta et al.,
2022; Huerta et al., 2023) rather than environmental analysis. Some

other studies omit supporting structures and focuses on potential to
reduce GHG emissions of PV modules and their substrate (Li et al.,
2023). This study calculates lifetime electricity production and GHG
emissions for a 485 kWp PV carport system in two locations: Turku,
Finland (60°N) and Dijon, France (47°N). The economic and
environmental benefits of using wood-based glued laminated
timber (GLT) structures as replacements for steel structures in
PV carport construction are analysed. GLT structures are a well-
known solution in the building industry (Wood Magazine, 2021)
and have been successfully used in other infrastructure
constructions, such as wooden bridges (Mitterpach et al., 2023).

FIGURE 1
(A)—PV carport with similar steel structures than studied in this article, at the IKEA building in Adelaide, Australia; (B)—PV canopy with wooden GLT
structures at Naantali, Finland (photographs: Samuli Ranta).

FIGURE 2
Studied carport measuring 50 by 50 m with 108 parking places
and a bifacial PV system of approximately 485 kWp.
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They have proven to be robust and long-lasting solutions in these
applications, making them an attractive option for PV structures as
well. Finally, we consider other potential benefits of GLT structures,
such as increased acceptability.

2 Methodology

2.1 Carport structure

In this study, we calculate the lifetime electricity production for a
hypothetical but realistic 485 kWp PV carport that is similar to the
one illustrated in Figure 1A and compare the GHG emissions and
material expenses with steel- and wood-based structures. The size of
the carport is 50 by 50 m, it accommodates 108 parking places, and
can support a bifacial PV system of approximately 485 kWp
(Figure 2). Such large carports can be located, for example, near
supermarkets, shopping centres, universities, government offices,
concert halls, and stadiums. The study compares hot-dip galvanised
steel structures to GLT structures (untreated wood). Rainwater
drainage, foundations, and paving are omitted from our
calculations since these parts remain the same regardless of the
structural materials used and would largely exist even without a
carport. The size of the carport was chosen to be the maximum
practical size for a single carport unit, considering typical maximum
beam lengths, tilt angle, and height restrictions. The structure was
dimensioned using commercial structural design software, with a
snow load of 2.0 kN/m2, a value required in South-West Finland
(Finlex, 2024).

2.2 Weather-to-power modelling

A ray-tracing-based PV production model was used to simulate
the total electricity production of the carport over a 25-years period.
The typical meteorological year (TMY) data for Turku, Finland and
Dijon, France were obtained from the PVGIS (Siemens, 2023)
database. Geographical coordinates, GHI, DHI, DNI, air
temperature, and wind speed were used as the inputs for the
irradiance and power simulation. The carport’s 3D model,
following the configuration shown in Figure 2, was created using
Simens NX CAD software (Pelaez and Deline, 2020) for irradiance
simulation. The carport is oriented towards the south and has a
clearance height of 4.7 m.

The 3D model was introduced to the Bifacial Radiance toolkit
(Ward, 1994) to simulate the plane-of-array (POA) irradiance on
the front side of the modules using Radiance software (Súri and
Hofierka, 2004). Additionally, back irradiance was simulated for the
scenarios involving bifacial PV modules. The POA irradiance
simulation was performed using ray-tracing technique
cumulatively for each month, enabling a much faster evaluation
compared to hourly simulation, while keeping the resulting annual
output difference within 0.5% based on our internal comparison.

The PVsyst temperature model and single diode model, as
implemented in PVlib for python (Holmgren et al., 2018), were
used to simulate cell temperature and power output, respectively.
The module electrical parameters of Sunpower_SPR_X22_480_
COM were used for power calculation. This kind of module has

a nominal power of 480Wp and a module efficiency of 22.2%,
making it a suitable choice due to its good efficiency and availability
in the PVlib database.

Module mismatch loss of 2%, wiring loss of 1.5%, and inverter
loss of 2% were considered, using default values in PVsyst and SAM
(Pvsyst 7, 2023) as references for generalised estimations. Based on
the state-of-the-art technology, a moderate degradation rate of the
PV modules was assumed to be 2% for the first year and 0.55% per
year from the second year onwards (Longi, 2024). Possible losses due
to soiling, snow coverage, and especially shading from adjacent
objects which have negative impacts on power production as well as
on the module’s integrity (Li et al., 2020) were omitted here, since
they are highly site-specific. Carports like the one evaluated for the
study are typically large and tall structures, designed for installation
in expansive parking areas where shading from nearby buildings is
minimal and sometimes negligible. However, carports with smaller
dimensions, such as those adapted for commercial buildings within
urban areas, may incur higher potential shading losses due to their
proximity to surrounding structures, and in those cases, shading
must be properly addressed.

2.3 Cost and GHG emission estimations

The capital expenditure (CAPEX) of both the timber- and steel-
based structures was calculated based on lumber and steel futures for
the end of year 2023 and considering value chain revenue
expectations. The total volume or weight of each building
material was taken from the structural dimensioning software
and used to calculate the respective price estimation for each
scenario. The purpose of these calculations was to estimate the
CAPEX for each construction scenario, considering that various
design decisions and local price factors can impact the final costs. In
other words, the goal was to assess whether the timber-based
solution is, in general, competitive against the more common
steel-based one.

The GHG emissions and uptake of the timber structures were
calculated based on a recent study (Linkosalmi et al., 2023). Values
for cross laminated timber (CLT—Stora Enso 2022) were selected as
their manufacturing and material characteristics match those of
GLT. These values were then compared with another study (Ruuska,
2013) to investigate variance. Despite a 10-year difference between
the studies and the use of different primary units, the results were

TABLE 1 GHG emission values used in calculations.

GHG emissions [CO2eq]

Element unit

Glued Laminated Timber (GLT) 54 kg/m3

GLT Uptake 761 kg/m3

Galvanised Structural Steel 1.711 kg/kg

Aluminium Extrusion 2.264 kg/kg

Inverters 4.29 kg/PV module

Other BOS (excl. Inverters and Mounting Structures) 1.32 kg/PV module
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very close. Similarly, the GHG emissions of the hot-dipped steel
structures were based on another recent study (Arguillarena et al.,
2021) and are presented in Table 1.

2.4 LCA analysis

The goal of this life cycle assessment (LCA) analysis is to
evaluate the life cycle GHG emissions and economic feasibility of
two different car port structures: GLT and steel. The functional unit
is a quantified description of the function of a product that serves as
the reference basis for all calculations. The functional unit for GHG
impact assessment were set as 1 kg/m3, 1 kg/kg and 1 kg/PV module
of materials of the hypothetical car port described in Section 2.1. The
functional units for economic feasibility were set as 1 kg and 1 m3 of
the materials. The system boundary of the analysis was
cradle to gate.

In this study, the life cycle inventory data (GHG emissions and
costs) were extracted from relevant literature (Linkosalmi et al.,
2023; Rajagopalan et al., 2021). The GHG emissions of the 485 kWp
PV carport systems were calculated to better understand the GHG
impacts of each element in the hypothetical carport structure.
Instead of using actual values for randomly selected PV module
types, the base-case scenario was calculated based on the average
LCA in French Ministère de la Transition Écologique tenders
(367 kg CO2 eq/kWp), which represents a more realistic value of
the current industry average (Ministère de la Transition Écologique,
2023). Furthermore, a worst-case scenario was considered based on
the minimum requirement of the French Evaluation Carbone
Simplifiée (550 kg CO2 eq/kWp) (Commission de Régulation de
l’Énergie, 2023). In this scenario, the relative decrease of the CO2

emissions reaches its lowest value, providing a lower limit for
emission savings when using GLT instead of steel. All LCA
values focus on GHG emissions in scopes 1 and 2. Finally, the
balance of system (BOS), which in this case included inverters,
cables, and aluminium extrusions (excluding racking, which is
calculated separately), was determined based on the literature
(Rajagopalan et al., 2021).

2.5 Assumptions

Assumptions used for the GHG emissions and economical
calculations:

• Uniform solar irradiance across the entire surface area of the
carport throughout the year, without considering the effects of
shading from nearby objects or buildings.

• The carport’s PV modules are oriented to the South to
maximize solar energy capture.

• Parking area, water drainage, paving etc. are in place before
carport construction and they are excluded from the analysis.

• Lifespan of the PV modules is 25 years.
• PV modules GHG emissions will reach French Ministère de la
Transition Écologique tender’s requirements (Ministère de la
Transition Écologique, 2023).

• Carport is installed to the location with a maximum wind or
snow load requirement of 2,400 Pa.

• End-of-life GHG emissions and costs are excluded.

3 Results and discussion

3.1 Estimating GHG emissions for
construction of the PV carport

If the GHG emissions of PV modules are 367 kg CO2 eq/kWp
(base-case scenario), the timber structure PV carport has 53% lower
total GHG emissions than the steel-structured one (Table 2).
Conversely, if the GHG emissions of PV modules are more
conservative, at 550 kg CO2 eq/kWp (worst-case scenario), the
timber-based solution has 40% lower total GHG emissions, as
shown by the values in Table 3. The main contributors to the lower
GHG emissions from the timber-based solution are the significantly
lower initial emissions and, equally importantly, the capability of the
wood structure to act as a carbon storage. Timber products form a
storage pool of wood-based carbon and can substitute environmentally
problematicmaterials, in this case steel. The expected lifetime of timber-
based structures is typically 50 years, so carbon in such structures is
stored for at least that period. Since GLT is structurally a very simple
product, composed only of wood, glue, and surface treatment, it is also
easy to reuse or recycle after decommissioning, extending the carbon
storage period beyond its first life.

The distribution of the GHG emissions is shown in Figure 3. It
is notable that while the emissions from the PV modules remain
the most significant part of the total emissions, the share of
emissions from the steel-based construction is also significant
(almost 30% for the base case, as shown in Table 2). The share
of steel structures is expected to increase in the future as the
efficiency of PV modules improves, leading to a reduction in their
emissions. In the timber-based solution, the CO2 uptake capability
of the wood can significantly offtake the emissions generated by the
PV modules and make the total emissions of the system much
lower (40%–53%).

3.2 Estimating the CAPEX for the
construction of the system

The estimated CAPEX analysis for the timber and steel structures
indicates that timber structures can also be economically competitive
in the current market (Tables 4, 5). The installation costs are omitted
from the calculations since they vary considerably based on local
labour costs. The exactfinal costs for such a PV carport will vary due to
market prices, local availability, and detailed design decisions. Lumber
and steel futures underwent significant fluctuations (more than 100%)
during the period 2020–2022, when the COVID-19 pandemic was
ongoing. The futures of 2023 chosen for the current analysis are
considered relatively stable, with approximately 20% cost fluctuations.
Although the unit cost of timber is much higher than the unit cost of
steel, the total cost of the wood-based carport is lower than that of the
steel-based one (Tables 4, 5). A 10% increase in lumber futures will
increase the total cost of the wood-based carport presented in Table 4
by 6%, whereas a 20% decrease in steel futures will decrease the total
carport costs by 11%; thus, it would still be more expensive than the
wood-based one. The main outcome of the CAPEX estimate is that
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even price considerations promote the use of timber-based structures
for carports that reduce GHG emissions drastically.

3.3 Sensitivity analysis regarding the weight
of steel

The biggest uncertainty in the calculation is the weight of the
steel structures, which is influenced by two primary factors: design
decisions and the selection of profile type. For example, if high-

strength steel construction were used, the total weight of the system
could be reduced. To study the weight impact, calculations were
repeated with the weight of the steel structures reduced by 33%,
which represents the maximum weight-saving potential gained by
using high-strength steel. Thus, the role played by the PV modules
themselves in the total CO2 emissions increased in the steel-based
system. The results for the PV carport system GHG emission
reduction in the base-case scenario decreased from a 53% to a
48% reduction when timber was used instead of steel (Table 6).
Similarly, the results for the PV module’s GHG emissions in the
worst-case scenario decreased from a 40% to a 35%
reduction (Table 7).

3.4 Energy generation emissions

To calculate the total emissions of the generated electricity, the
emissions of the system and its lifetime energy yield is needed. Lifetime
energy production of the carport was simulated by the model described
in the Methodology section. Energy yield and corresponding emissions
were calculated for two locations, one for airport parking lot at Turku
Finland (60° N), and another for household department store parking lot
at Dijon France (47° N). Both steel and timber-based structures were
considered to have a similar annual yield as differences of structural
shading are minimal. The lifetime of the PV carport was assumed to be
25 years, indicating that PV panels are replaced with new ones after
25 years of operation. Energy emission calculations were also done for
the 25 years, including 100% of the emissions from panels and other
components. The replacement of all modules after 25 years represents a
conservative scenario since the modules may have a lifetime extending
beyond 30 years and substructures beyond 50 years.

TABLE 2 Total GHG emissions of base-case scenario for PV panel emissions.

GHG emissions [kg CO2eq]

Timber structure Steel structure

Structures 4,868 73,484

CO2 Uptake −68 603 0

PV Modules 367 kg CO2 eq/kWp 178,032 178,032

BOS Components 5,854 5,854

Total 120,151 257,370

TABLE 3 Total GHG emissions of worst-case scenario for PV panel emissions.

GHG emissions [kg CO2eq]

Timber structure Steel structure

Structures 4,868 73,484

CO2 Uptake −68 603 0

PV Modules 550 kg CO2 eq/kWp 266,805 266,805

BOS Components 5,854 5,854

Total 208,923 346,142

FIGURE 3
Distribution of the emissions in the base-case scenario.
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The results of the energy-based emissions are presented in
Table 8. When the base-case scenario PV module emissions was
used, the total emissions were 8.2 g CO2 eq/kWh in Dijon and 11.3 g
CO2 eq/kWh in Turku for timber structured system, and respectively,
15.9 g CO2 eq/kWh in Dijon and 21.9 g CO2 eq/kWh in Turku for
steel structured system (Table 8). Results for the worst-case scenario of
PV module emissions were 14.3 g CO2 eq/kWh in Dijon and 19.7 g
CO2 eq/kWh in Turku for timber structured system, and respectively,
22.0 g CO2 eq/kWh in Dijon and 30.3 g CO2 eq/kWh in Turku for
steel structured system (Table 9). For comparison, the emission
coefficient for the electricity consumed in Finland in 2023 was

38 g CO2 eq/kWh (Fingrid, 2024). Thus, in the base-case scenario,
the simulated system in Turku, Finland would produce emissions
equivalent to 58% of the grid electricity with steel structures and 30%
of the grid electricity with wooden structures.

3.5 Pros and cons of structure materials

The pros and cons of both construction materials are
summarised in Table 9. A comparison of the emissions of the
two materials has already been discussed, as have the cost aspects.

TABLE 4 Material CAPEX for the case carport with a timber frame construction.

Laminated timber frame

Part Width [m] Height [m] Length [m] Volume [m3] Unit cost [€/m3] Number Cost [€]

Pillars 0.19 0.72 7 0.96 600 30 17,237

Primary Beams 0.14 0.54 25 1.89 600 20 22,680

Secondary Beams 0.115 0.36 5.2 0.22 600 100 12,917

Hardware, Bolts [kg] 1 30.00 5 30 4,500

Aluminium Extrusion [kg] 50 1 8 42 16,800

Total 222 74,134

TABLE 5 Material CAPEX for the case carport with a steel frame construction.

Steel frame

Part Width [m] Height [m] Length [m] Weight [kg/m] Unit cost [€/kg] Number Cost [€]

Pillars 0.20 0.30 7 72 1.2 30 18,194

Primary Beams 0.10 0.40 25 50 1.2 20 30,000

Secondary Beams 0.10 0.30 5.2 13 1.2 100 8,187

Aluminium Extrusion 50.0 1 8 42 16,800

Galvanisation (Total Weight) 46,984 0.7 1 32,889

Total 193 106,070

TABLE 6 Total GHG emissions in the base-case scenario and a 33%-reduced
steel structure weight.

GHG emissions [kg CO2eq]

Timber
structure

Steel
structure

Structures 4,868 48,988

CO2 Uptake −68 600 0

PV Modules 367 kg
CO2eq/kWp

178,000 178,000

BOS Components 5,850 5,850

Total 120,000 232,300

TABLE 7 Total GHG emissions in the worst-case scenario and a 33%-reduced
steel structure weight.

GHG emissions [kg CO2eq]

Timber
structure

Steel
structure

Structures 4,890 49 00

CO2 Uptake −68 600 0

PV Modules 550 kg
CO2eq/kWp

267,000 267,000

BOS Components 5,850 5,850

Total 209,000 322,000

Frontiers in Built Environment frontiersin.org06

Ranta et al. 10.3389/fbuil.2024.1379956

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1379956


Wooden structures are usually manufactured locally, so they are
more readily available, including when global market disruptions
occur. The usage of wooden structures reduces the EU’s
dependency of the import from the countries which have a
high-country risk. Local production will also have a positive
impact for the local economy and thus will potentially
accelerate the energy transfer. The wooden structures in a PV

carport may be more acceptable to the public than steel structures
for aesthetic reasons. The same phenomena are seen in
construction sector in general, where it is common cover steel
or concrete structures with a wood cladding to improve the
aesthetic appearance and comfort. Wooden structures act as a
carbon sink, which reduces the total emissions and that further
improves the acceptability of the wood-based construction. On the
negative side, timber-based structures require more maintenance
to keep them looking good while hot-dipped galvanised steel
structures are maintenance-free. Moreover, steel structures are
more durable than timber ones, which can be an issue in public
spaces which are more easily subject to vandalism.

Interestingly, fire safety is an area where massive wood
constructions (such as GLT pillars and beams) have an
advantage over steel construction: burning wood creates a carbon
insulator layer on the surface of the timber element that limits the
oxygen supply and reduces the temperature deeper in the wood,
enabling timber beams to retain their structural integrity for longer.
Unprotected steel structures, on the other hand, lose their structural
integrity much faster. Fire protection for steel construction,
however, would increase its GHG emissions and cost. On the
other hand, if the electrical wiring shorts, untreated wood will
catch fire faster than steel. However, chemical treatments to
increase the fire resistance of wood also increase its GHG
emissions and costs at the end-of-life stage.

TABLE 8 GHG emission of energy production in the base-case scenario.

Energy generation emissions (PV modules emissions 367 kg CO2eq/kWp)

Timber structure Turku
60° N

Steel structure Turku
60° N

Timber structure Dijon
47° N

Steel structure Dijon
47° N

Total system emissions [kg
CO2eq]

120,000 233,000 120,000 233,000

PV system capacity [kWp] 485 485 485 485

PV System Emissions [kg
CO2eq/kWp]

248 480 248 480

Specific yield [kWh/kWp] 876 876 1,206 1,206

First 25 years energy
yield [kWh]

10,630 000 10,630 000 14,620 000 14,620 000

Total [g CO2 eq/kWh] 11.3 21.9 8.2 15.9

Energy generation emissions (PV Modules emissions 550 kg CO2eq/kWp)

Timber structure Turku
60° N

Steel Structure Turku
60° N

Timber structure Dijon
47° N

Steel Structure Dijon
47° N

Total system emissions [kg
CO2eq]

209,000 322,000 209,000 322,000

PV system capacity [kWp] 485 485 485 485

PV System Emissions [kg
CO2eq/kWp]

431 663 431 663

Specific yield [kWh/kWp] 876 876 1,206 1,206

First 25 years energy
yield [kWh]

10,630,00 10,630,000 14,620,000 14,620,000

Total [g CO2 eq/kWh] 19.7 30.3 14.3 22.0

TABLE 9 Comparison of the different structures for the case carport
construction.

Comparison of the structures

Timber structure Steel structure

GHG Emissions +++ ---

CO2 Uptake +++ ---

Cost + -

Fire Safety + -

Acceptability ++ +

Maintenance - +++

Durability + +++

Market Volatility + -
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4 Conclusion

The results show a significant potential for GHG emission
reduction from using timber-based structures for PV carport
systems, namely, 53% for total emissions in the base-case
scenario. This advantage is expected to increase in the future
as the efficiency of PV modules continues to increase and their
GHG emissions to decrease. The third-generation organic and
perovskite solar cells have a high potential of reducing the
greenhouse gas emissions of the PV modules even more when
become available (Li et al., 2022). Therefore, addressing GHG
emissions related to mounting and supporting structures
becomes increasingly important. Furthermore, this study
indicates that wood-based structures can be approximately
25% cheaper. These costs were calculated based on the most
recent pricing, and potential cost reductions are subject to
changes due to shifts in markets. Emissions from energy
production depend on the initial emissions of photovoltaic
modules, BOS components and substructures, but also on the
installation locations. In the two locations studied, Turku
Finland (60° N), and Dijon France (47° N), energy generation
emissions decreased by 48% in the base-case scenario and
correspondingly by 35% in the worst-case scenario.

In addition to the clear improvements in emission reductions,
timber structures offer other advantages over steel structures. For
instance, GLT structures are usually produced locally and thus
support local economies. In general, timber prices are less
vulnerable to a global economic crisis than steel structures and
pose lower supply-chain risks. Furthermore, wooden structures
could be safer than steel ones in the event of fire since steel
structures quickly collapse after a critical temperature is
reached. The massive increase in PV energy production
capacity poses a new challenge for the PV sector in terms of
gaining public acceptance. Therefore, aesthetically pleasing
structures that avoid compromising other land uses, such as
timber-based PV carports, provide a fascinating and easily
acceptable solution.
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