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Abstract About 80% of environmental performance is determined during product
development. This study assesses environmental impacts of wood-plastic composite
(WPC) boards still in development, to identify impact hot spots and improvement
potentials. A seven-step approach to ecodesign implementation was used. It identi-
fies environmental impacts and derives improvement strategies. A life cycle assess-
ment (LCA) according to ISO 14040 was conducted to quantify potential envi-
ronmental impacts. The WPC boards are made of PVC and wood flour. Impacts
mostly result from PVC and electricity consumption for production. Thus, this study
proposes replacing PVC with polylactic acid (PLA). Further improvement strate-
gies are increasing material efficiency, energy efficiency, renewable electricity use
and secondary plastic input. Increased end of life recycling reduces environmental
impacts, compared to incineration only. These changes reduce the initial climate
change results of 145 kg CO, eq by 55%. Thus, early consideration of environmental
aspects supports sustainable product development.
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3.1 Introduction

About 80% of a product’s environmental performance is determined during product
development (McAloone and Bey 2009). Thus, considering environmental impacts
throughout a product’s life cycle beginning during its development is necessary to
create a more sustainable product. The ecodesign concept provides a framework
for this, as it aims at minimizing environmental impacts without compromising
other essential factors (e.g., cost, quality, performance) by integrating environmental
considerations into the product development process (van Weenen 1995). Incor-
porating ecodesign into business processes results in improved product develop-
ment processes (Rodrigues et al. 2018). This enhances both sustainability perfor-
mance (Rodrigues et al. 2018) and business outcomes (Pigosso et al. 2013). Tradi-
tional ecodesign approaches in product development focus on either environmental
evaluations (LCA) or using guidelines to environmentally improve product design
(Tchertchian et al. 2013). This study combines both of these approaches by assessing
the environmental impacts starting during product development and then optimizing
the product’s environmental performance in accordance with the ecodesign frame-
work. This study addresses the question of how the material composition and the use
of secondary raw materials affect the WPC boards’ environmental performance.
Additionally, the potential of ex-ante LCA to implement ecodesign during the
development stage of WPC boards is assessed.

Studies on combining LCA and ecodesign are not new. Gonzdlez-Garcia et al.
(2012) conducted an LCA on a wooden modular playground and created ecodesign
strategies to reduce environmental impacts. Gutiérrez Aguilar et al. (2017) reduced
environmental impacts of a wooden chair by incorporating LCA into product design.
Cobut et al. (2015) created ecodesign strategies based on an LCA and scenario
analysis of wooden doors. However, no case studies on the seven-step approach have
been published so far. Through the seven-step approach, this study combines ex-ante
LCA and ecodesign thinking to steer towards sustainable product design starting
during the material development stage. Despite its negative effects on the environment
and human health (Bidoki and Wittlinger 2010), global PVC use continues to grow
(Markarian 2007). PVC has a high chlorine content (Sarker et al. 2012). As this causes
a number environmental issues (Thornton s.a.), PVC is considered unsustainable
(Leadbitter 2002). However, because of the presence of chlorine, PVC is very durable
in use (Leadbitter 2002). Due to its unique properties, PVC is widely used in the
construction sector (e.g., pipes, window frames) (Markarian 2007), In construction,
it replaces traditional building materials like wood (Bidoki and Wittlinger 2010). In
some cases (e.g., wall claddings, floor decking), wood-plastic composites (WPC) can
be used instead of neat plastic or solid wood products (Sommerhuber et al. 2017).

According to EN 15,534-1 (European Committee for Standardization 2014),
WPCs are materials made of a combination of one or more cellulose-based materials
and one or more thermoplastics, which are then processed through plastic processing
techniques (European Committee for Standardization 2014). This study uses LCA
to assess the environmental performance of WPC flooring boards made of PVC and
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wood flour, which are still in product development. The wood flour consists of beech
wood saw dust and poplar bark chips.

3.2 Methods

The seven-step approach by McAloone and Bey (2009) provides guidance on inte-
grating ecodesign thinking into product development and incorporates an LCA in
accordance with ISO 14040. The seven consecutive steps aim at giving an overview
of environmental impacts of the product or service investigated, creating concepts for
environmental improvements and deriving proposals for an environmental product
development strategy. During this study, an ex-ante LCA is conducted. This type of
LCA is defined as “performing an environmental LCA of a new technology before
it is commercially implemented in order to guide R&D decisions to make this new
technology environmentally competitive with the incumbent technology mix” (van
der Giesen et al. 2020).

3.2.1 The Seven Steps Towards Ecodesign

There are many different methodologies for integrating environmental aspects into
product design (Bovea and Pérez-Belis 2012). The seven-step approach was chosen
because of its transdisciplinary nature, as it combines qualitative and quantitative
methods. Furthermore, it can be applied early on during product development.
Figure 3.1 shows a graphical overview of the seven consecutive steps.

In step 1, the product’s use context and functionality to the user are estab-
lished. This provides the benchmark for following decisions or comparing alternative
concepts. Environmental impacts associated with the product are identified for each

Describe use context
What does the product do?
— Create overview of environmental impacts
5 main stages: materials, manufacture, transport, use, disposal

Categorize the identified environmental impacts
4 categories: materials, energy, chemicals, other + MECO-
matrix

Sketch the stakeholder network

Quantify the environmental impacts
= Quantitative LCA technigue

Create environmental concepts

Develop an environmental
strategy

Fig. 3.1 Graphical representation of the seven-step approach by McAloone and Bey (2009) (own
illustration)
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life cycle stage in step 2. This is done through a review of scientific literature. In step
3, these impacts are assigned to one of four categories: materials, energy, chemicals
or other. This results in the so-called MECO-matrix. It provides an overview of where
environmental impacts occur along the life cycle and their root causes. This helps
identify and prioritize environmental focus areas for improvement. Steps 1 to 3 give
a qualitative overview of the product life cycle and its impact hot spots. This helps
identify the environmental focus areas and serves as a preparation for the goal and
scope definition of the LCA. Additionally, aspects which do not contribute to the
product’s environmental impacts (e.g., use phase of the WPC boards) are identified
and can then be cut-off in the LCA.

During step 4, a sketch of the stakeholder network is created. This includes all
stakeholders relevant to the product’s life cycle, as well as material flows and informa-
tion exchanges between them (McAloone and Bey 2009). This is important because
environmental impacts often occur in stakeholder exchanges (e.g., negotiations along
the supply chain) (McAloone and Pigosso 2018). The environmental impacts consid-
ered the most substantial are highlighted in the stakeholder network sketch. This
way, key stakeholders who need to be included in considerations for environmental
improvement are identified.

Environmental impacts are quantified by a LCA in step 5. This way, the extent
of environmental impacts is determined, and later impact reductions are measur-
able. Based on the results from the previous steps and the LCA results, environ-
mental concepts are created in step 6. This means that new product concepts, which
provide the same functionality by innovative and improved ways, are created based
on selected ecodesign principles. These selected ecodesign principles are as follows:

Reduction of the material intensity of the product

Reduction of the energy intensity of the product

Reduction of the dispersion of harmful substances through the product
Increase in amount of recycled and recyclable materials in the product
Maximization of the use of sustainable resources and supply chains

This step develops approaches to eliminate the problem causing the environ-
mental impacts. In step 7, environmental strategies are derived from the results of
the previous steps. These strategies are quantitative goals for environmental improve-
ments to become rooted in the entire organization. However, this study only created
strategies on a product-level.

3.2.2 LCA Methodology

An LCA in accordance with ISO 14040 is conducted to quantify the environmental
impacts. Because the studied product is still in product development, this LCA can
be classified as ex-ante (Buyle et al. 2019). The LCA methodology is elaborated in
detail in the following subchapters.
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Goal and scope definition. The goal of this study is to identify environmental
impacts, impact hot spots, and impact reduction potentials for the WPC flooring
boards. The functional unit is the provision of walkability of 1 m? outdoor terrace
flooring over a time span of 30 years (Verband der Deutschen Holzwerkstoffindustrie
e.V. (VHI) 2015). The reference flow providing the functional unit is 29.86 kg WPC
flooring boards. The system boundary is cradle to grave. The LCA was conducted
with the open source software openLCA (version 1.10.3).

Inventory analysis. The WPC boards consist of PVC (44.45 wt%), wood flour
(44.45 wt%), CaZn-based stabilizer (5.33 wt%), calcium carbonate (4.44 wt%), and
masterbatch (1.33 wt%). Because of a lack of data availability, the stabilizer and
masterbatch were not considered in this study. The product system is illustrated
in Fig. 3.2. The wood flour is manufactured in Slovakia. It consists of 75 wt%
beech wood flour from a saw mill and 25 wt% poplar bark chips. The poplar bark
originates from the EU-funded Dendromass4Europe short rotation coppice (SRC)
project, which aims at establishing regional value chains for new bio-based materials
(Dendromass4Europe 2021). The wood flour is transported to the Czech Republic,
where the WPC boards are produced. Through extrusion, wood flour, PVC, and
additives are manufactured into WPC boards. Then, the WPC boards are packed onto
wooden pallets. The pallet input was created with input data from Deviatkin et al.
(2019). The WPC boards are sold to the customer, who uses them for terrace flooring.
Due to the small amounts of input per functional unit, installation and maintenance
(e.g., water and cleaning agents) were not considered in this assessment. At the end
of the WPC boards’ use phase, the WPC board waste is collected. Incineration was
assumed as end of life (EoL) treatment for WPC boards and wooden pallets. For
waste incineration, a transport distance for waste collection of 30 km was assumed
(Gantner 2012).

D4EU contributed material and energy input data for poplar bark production.
The WPC manufacturer (Energochemica SE) provided input data for wood flour and
WPC production. Table 3.1 lists the life cycle inventory data for the WPC produc-
tion system. Additional data from scientific sources were used. Background data
for supply processes were taken from the European Reference Life Cycle Database
(ELCD database version 3.2). This database was used because it is publically avail-
able at the openLCA nexus website and provides extensive life cycle inventory data,
specifically for Europe.

Impact assessment. The impact assessment method used is ILCD 2011 midpoint+.
The impact categories selected for this study are acidification (AP), climate change
(GWP), freshwater ecotoxicity (FRWTOX), freshwater eutrophication (EUTF),
human toxicity, cancer effects (HTCE), land use (LU), particulate matter (PM), and
water resource depletion (WD). This selection is based on the impact categories
deemed relevant to the wood furniture sector (Bianco et al. 2021). This assessment
does not include any normalization or weighting.
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Fig. 3.2 Simplified representation of the WPC board product system within the system boundary

3.3 Results

The results are presented following the seven steps of the approach to provide a
clear overview to the reader. In addition to the seven-step approach, the results of
implementing the environmental strategies into the product life cycle are presented.
The quantitative improvements through this ecodesign product optimization are given
at the end of this chapter.
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Table 3.1 Life cycle inventory inputs per reference flow for the WPC board life cycle

29

Input Quantity Unit Source
Calcium carbonate 1.33 kg Energochemica (2021)
Compressed air 1.49E—05 m3 Energochemica (2021)
Diesel (transport of final WPC boards to | 0.26 kg Perdomo et al. (2021),
retailer and customer) Energochemica (2021)
Electricity (CZ grid mix) 40.58 kWh Energochemica (2021)
Electricity (SK grid mix) 1.03 kWh Energochemica (2021)
Hard wood (beech wood) 9.96 kg Perdomo et al. (2021),
Energochemica (2021)
Hard wood (poplar biomass needed to 19.52 kg Clark and Schroeder
achieve the poplar bark content) (1977)
Occupation, forest, primary (non-use) 0.92 m? Perdomo et al. (2021)
Natural gas 0.60 kg Energochemica (2021)
pPvC 13.27 kg Energochemica (2021)
Cooling water 2.24 m3 Energochemica (2021)
Wooden pallet 0.73 kg Deviatkin et al. (2019)
Lorry transport of wood flour to WPC 13.242*440 kg*km Energochemica (2021)
production facility
Lorry transport of WPC board waste 29.86*30 kg*km Gantner (2012)
Output Quantity Unit Source
WPC boards 29.86 kg Energochemica (2021)
Cooling water 224 m? Energochemica (2021)
Energy from waste incineration 17.38 kWh ELCD 3.2 (2016)

3.3.1 Step 1: Use Context

The WPC boards are used for outdoor terrace flooring over a life span of 30 years.
Households and household-like organizations in the eastern European Union are their
users. After their use, the WPC boards are discarded and replaced.

3.3.2 Step 2 and 3: Environmental Impacts

The WPC boards’ environmental impacts organized by life cycle stage and category
are shown in the MECO-matrix in Table 3.2. In the material stage, wood biomass
extraction causes loss of wildlife habitat and biodiversity (Higgins 2011). PVC is
the emission source of various toxic chemicals, e.g., dioxins or phthalate plasti-
cizers. Many of them have neurotoxic and cancerogenic effects (Thornton s.a.).
They often do not biodegrade and accumulate in the biosphere (Allsopp et al.
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Table 3.2 MECO-matrix categorizing the environmental impacts associated with the WPC boards’
life cycle

Materials Manufacturing Transport | Use | Disposal
phase
Materials | ¢ Loss of wildlife
habitat and
biodiversity
Energy * Loss of wildlife
habitat and
biodiversity
* Land use change
Chemicals | Ecotoxic effects | Global warming |+ Global ¢ Global warming
* Bioaccumulation | ¢ Acid rain warming » Contamination
of pollutants * Smog * Health of water and soil
 Health issues * Ecotoxic effects issues * Health issues
(e.g., due to e Contamination | Acid rain
carcinogens, of water and soil |« Smog
neurotoxins)
Other » Health risks for | Health risks for | Health  Health risks for
workers workers risks for workers
workers

2001). Manufacturing-related impacts result from electricity consumption. Elec-
tricity generation from fossil fuels causes toxic emissions, which can result in cancer
or other health issues (IAEA 1999). CO, emissions from fossil fuel combustion
contribute to global warming, while SO2 and NOX emissions cause acid rain forma-
tion (Alberta Environment 2001). Land use changes through mining activities, and
power plant generation causes loss of wildlife habitat and biodiversity (IAEA 1999).
Transport contributes to global warming and health issues (e.g., through air pollution,
traffic accidents) (Browne et al. 2012). Air pollutants from fossil fuel combustion
cause smog formation (Elsom 1996) and acid rain (Alberta Environment 2001).
As for this study, no use related environmental impacts were identified. Disposal
related impacts are caused by waste incineration. CO, emissions contribute to global
warming (Pivato et al. 2018). Human health issues (e.g., cancer, respiratory diseases)
result from emitted chemicals (Hamer 2003). Incineration residues are landfilled and
can contaminate soil or groundwater (Allsopp et al. 2001).

3.3.3 Step 4: Stakeholder Network

Figure 3.3 shows the stakeholder network for the WPC board life cycle. Material flows
occur between suppliers and manufacturers via a transportation company. The WPC
boards are then sold by a retailer to the customer. WPC board waste is incinerated.
Energy is recovered and fed into the electricity grid, which supplies manufacturing
processes again. Information flows occur between D4EU and the poplar bark supplier
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Fig. 3.3 Stakeholder network for the WPC board life cycle including material, energy, and
information flows

(D4EU SRC project), as well as between Energochemica R&D and the wood flour
and WPC manufacturers. As visible in Fig. 3.3, environmental impacts occur in
relation to materials used (PVC and wood biomass), transport, energy generation,
and disposal.

3.3.4 Step 5: LCA Results

Acidification associated with the WPC board life cycle is 0.508 mol H + eq. Climate
change contribution equals 144.990 kg CO; eq. Freshwater ecotoxicity is 3.851 CTUe
and freshwater eutrophication is 0.001 kg P eq. The result for human toxicity (cancer
effects) is 1.828E-07 CTUh. Land use equals 7.696 kg C deficit. Particulate matter
formation associated with the WPC board is 0.029 kg PM2.5 eq. Water resource
depletion is 0.565 m*® water eq.

Figure 3.4 illustrates the contribution of the different life cycle stages to each
impact category. The majority of freshwater eutrophication (97%) and human toxi-
city cancer effects (82%) is material related. With 44%, material is also the main
cause of freshwater ecotoxicity. Material impacts result from the PVC. Land use is
an exception for this, as 24% of land use impacts result from biomass production.
Manufacture is responsible for 54% of acidification, 76% of land use, 59% of partic-
ulate matter and 71% of water resource depletion. Electricity consumption is the
cause of manufacture impacts. Disposal is responsible for 51% of climate change
results. This is caused by end of life incineration of the WPC boards. Transport only
contributes very little to the total environmental impacts. No impacts result from the
use phase. Thus, the impact hot spots are material, manufacture and disposal. This
coincides with the results from steps 3 and 4 (see Table 3.2 and Fig. 3.3). Levers for
impact reduction are the use of PVC, electricity consumption and EoL incineration.
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3.3.5 Step 6: Environmental Concepts

The environmental concepts are based on the ecodesign principles listed by the
seven step approach (McAloone and Bey 2009). However, it is impossible to fulfil
all of them in one product (McAloone and Pigosso 2018). Figure 3.5 illustrates how
LCA findings connect to the ecodesign principles selected for implementation. These
environmental concepts are theoretical concepts.

Impact hot spots

Materials: PVC

Manufacture:
electricity

Disposal

Selected ecodesign principles

Reduce material intensity

Reduce energy intensity - - b

Reduce harmful substance _ _ . # by
dispersion through product e P

Increase use of recycledand  _ _ -
recyclable materials g

Increase use of sustainable azlem"s s

resources and supply chains %

Environmental concepts
- = =z Increase material efficiency
P
Use bio-based resources
(wood, bio-based plastic)

g Increase secondary plastic

content

Increase energy efficiency

Increase share of
renewable electricity

Increase Eol recycling

Fig. 3.5 Connections between impact hot spots from LCA results, ecodesign principles, and the

derived environmental concepts
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Material related impacts are addressed by the principle of reducing material inten-
sity. With increased material efficiency, material related impacts decrease. Reducing
the dispersion of harmful substances through the WPC boards also is beneficial for
material impacts. This can be achieved by increasing material efficiency and using
bio-based resources (e.g., wood biomass, bio-based plastic like PLA). The principle
of using recycled and recyclable materials is put into practice by increasing the
secondary plastic content and increasing EoL recycling to provide secondary WPC
material, which can be used for WPC board manufacturing.

Manufacturing impacts are addressed by improving energy efficiency and
reducing energy intensity of WPC board production. The principle of increased use
of sustainable resources is implemented by increasing the share of renewable elec-
tricity used for WPC board production. Disposal aspects relate to the dispersion of
harmful substances through the WPC boards. Increased EoL recycling avoids waste
incineration and thus also the generation of toxic incineration residues. This reduces
environmental impacts of WPC board disposal. Increased EoL recycling reduces
the amount of WPC boards incinerated. Therefore, disposal related environmental
impacts are reduced.

3.3.6 Step 7: Environmental Strategies

Figure 3.6 shows the quantitative environmental strategies derived from the environ-
mental concepts. A 20% increase in material efficiency of WPC board production is
proposed based on the Roadmap to a Resource Efficient Europe (European Commis-
sion 2011). This means that through improving the board design, less WPC material
is needed to produce the minimum requisite number of WPC boards to provide 1 m?
of WPC board flooring. Replacing PVC with a bio-based plastic reduces material
related impacts. The bio-based plastic alternative chosen in this study is PLA because
it is suitable for WPC production (Kim and Pal 2011). Substituting PVC with PLA
results in a PLA content of 44.45 wt%. Using 30 wt% secondary PLA is deemed
feasible (Petchwattana et al. 2012).

Based on the EU Clean Energy Package (European Commission 2010), an energy
efficiency increase of 20% is proposed. The current renewable electricity share in
the Czech grid mix is 14% (Eurostat 2021). This study proposes an increase to 32%
for WPC board production. This is based on the EU’s renewable energy goals in the
Renewable Energy Directive (2009/28/EC) (European Commission 2021). There
are no numbers on current WPC recycling rates and no estimations on future WPC
recycling rates are available. Recycling 65% of WPC boards is proposed based on
municipal waste recycling goals of the European Waste Framework Directive (2008/
98/EC) (European Commission 2015). Currently, 38% of PVC post-consumer waste
is recycled (PlasticsEurope 2019). The PVC recycling rate is considered because
WPC waste can be considered as post-consumer plastic waste (Sommerhuber et al.
2015).
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Fig. 3.6 Quantitative environmental strategies and status quo of WPC board production

3.3.7 Ecodesign Product Optimization

Impact category result changes through step-by-step implementation of environ-
mental strategies are shown in Fig. 3.7. Total impact assessment results for the WPC
boards after ecodesign implementation are shown in Table 3.3. First, impacts for
substitution of PVC with PLA were calculated. Life cycle inventory data for PLA
production were taken from scientific literature (Groot and Borén 2010; Vink and
Davies 2015). Then, material efficiency, secondary plastic input, energy efficiency
and renewable electricity use associated with the life cycle of 1 m?> of WPC boards
were increased. Life cycle inventory data from Stichnothe and Azapagic (2013) were
used to create the secondary plastic supplier process. This study assumes that 30%
of the primary plastic was replaced with secondary plastic (Cordella et al. 2020;
Petchwattana et al. 2012).

Finally, results for a recycling rate of 62% were calculated. Wood particles and
thermoplastic matrix of the WPC are irreversibly bonded and thus cannot be separated
at the EoL (Sommerhuber et al. 2017). Because of the thermoplastic, WPC materials
can be re-extruded to new WPC products (Boeglin et al. 1997). This study refers to
this as recycling WPC. The wood content allows for the WPC boards to be recycled
into wood particle boards (Schirp 2021). For this study, it is assumed that equal
parts of WPC board waste are recycled to WPC and to wood particle boards (31%
of total WPC boards each). For recycling to WPC, inventory data from Stichnothe
and Azapagic (2013) were used. Recycling to particle boards was modeled using
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Fig. 3.7 Changes in environmental impacts of the WPC board life cycle after step-by-step
implementation of the proposed environmental strategies

Table 3.3 Environmental impacts for the initial WPC boards and the WPC boards after ecodesign

implementation

Impact category | Reference Unit | Initial WPC boards | Ecodesign WPC | Impact result

boards change [%]

AC mol H + eq 0.508 0.265 —47.86
GWP kg COz eq 144.990 65.931 —54.53
FRWTOX CTUe 3.851 2.023 —47.47
EUTF kg Peq 0.001 0.000 —98.17
HTCE CTUh 1.828E—07 4.996E—-08 —72.67

LU kg C deficit 7.696 7.323 —6.03

PM kg PM2.5 eq 0.029 0.015 —47.42
WD m? water eq 0.565 0.439 —22.29

AC = acidification, GWP = global warming potential, FRWTOX = freshwater ecotoxicity, EUTF
= freshwater eutrophication, HTCE = human toxicity (cancer effects), LU = land use, PM =
particulate matter, WD = water resource depletion
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inventory data from Rivela et al. (2006). A distance of 250 km was assumed for
waste collection and transport to the recycling facility (Gantner 2012).

As a result of ecodesign implementation, acidification is reduced by 48%. The
highest impact reductions were achieved by replacing PVC with PLA and increasing
the share of renewable electricity. PLA is responsible for an impact reduction of
15%. Climate change contribution is reduced by 55%, in which increased EoL recy-
cling plays a key role. PLA reduces climate change impacts by 10%. Freshwater
ecotoxicity decreases by 47%. Main contributors to this impact reduction are PLA
and increased EoL recycling. Freshwater eutrophication is reduced by 98%, mostly
because of replacing PVC with PLA (97%). Human toxicity (cancer effects) drops by
73%. Again, PLA is responsible for most of this impact reduction (57%). Total land
use results in a 6% decrease. Replacing PVC with PLA increases the land use associ-
ated with the WPC boards. Major impact decreases are achieved by increasing energy
efficiency and a higher share of renewable electricity. Particulate matter formation
decreases by 47%, mostly because of switching to PLA, increasing energy effi-
ciency and increasing renewable electricity consumption. Water resource depletion
is reduced by 22%. Again, replacing PVC with PLA strongly contributes to this.

3.4 Discussion

This study identified impact reduction potentials derived improvement strategies
in accordance with ecodesign principles. The impact hot spots in the WPC board
life cycle are material (PVC), manufacturing (electricity consumption), and disposal
(EoL incineration). They offer the biggest potential for environmental improvement.
Replacing PVC with a different plastic material, like PLA, reduces environmental
impacts. Partly substituting primary plastic with secondary plastic also reduces mate-
rial impacts. Both recycling to WPC and recycling to wood particle boards decrease
disposal related impacts from WPC waste incineration. Thus, the environmental
strategies created to improve the WPC boards’ environmental performance incorpo-
rate increasing material efficiency, energy efficiency, secondary plastic input, share
of renewable electricity, and EoL recycling, as well as replacing PVC with PLA.
This is not new; however, most studies on environmentally improving products
with the help of LCA and the ecodesign approach only focus on improving product
design, e.g., material intensity (Gutiérrez Aguilar et al. 2017) or selection of raw
materials (Gonzalez-Garcia et al. 2012). This study’s contribution to sustainability
research is improving the WPC boards’ material composition and their entire life
cycle, based on LCA results and the derived environmental strategies. As a result,
not only is the product improved (e.g., reduced impacts through optimized material
composition) but also the production process results in less environmental impacts
(e.g., through increased energy efficiency and renewable energy). Additionally, this
study includes the product’s EoL in sustainability considerations and a more environ-
mentally friendly EoL treatment is fostered. This results in the holistic development
of a sustainable product. A limitation of this study is the data availability. The ELCD
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database, which was used for this study, does not provide data for PLA production
or EoL recycling. Thus, inventory data from Vink and Davies (2015)were used to
model PLA production, and data from Stichnothe and Azapagic (2013) were used
to model EoL recycling. Using inventory data from the same source would result in
better comparability of results.

Implementing the aforementioned combination of environmental strategies
substantially decreased the WPC boards’ environmental impacts. For example,
climate change results were reduced by 55%. Without integrating ecodesign thinking
and a LCA into product development, these reduction potentials remain unused.
Thus, the seven-step approach complements the traditional LCA by translating LCA
results to quantitative environmental improvement concepts for the entire organiza-
tion. The majority of environmental impacts are determined during product develop-
ment (McAloone and Bey 2009). Therefore, integrating ex-ante LCA into the devel-
opment process contributes to sustainable product development and leads towards
maximization of environmental product performance (Buyle et al. 2019).

3.5 Conclusion

The seven-step approach complements conducting an LCA by translating LCA
results into environmental improvement efforts. The individual steps help in gaining a
better understanding of the product system studied and promotes life cycle thinking.
By combining LCA and ecodesign, this approach identifies impact hot spots and
derives concepts for environmental improvement. Impact hot spots in the WPC board
life cycle are materials (PVC), manufacturing (electricity consumption), and disposal
(waste incineration). Environmental concepts derived from these insights propose
increasing material and energy efficiency, as well as using less impact-intensive
raw materials and energy sources and increased EoL recycling. Implementing these
strategies resulted in substantial impact reductions. Because about 80% of a product’s
environmental impacts are determined during product development (McAloone and
Bey 2009), early integration of LCA and ecodesign thinking into product develop-
ment can identify improvement potentials, which would otherwise remain untapped.
This study showed how incorporating ex-ante LCA and ecodesign thinking into the
product development process improves a product’s environmental performance. The
seven-step approach is a suitable tool for this and thus contributes to sustainable
product development.
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