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Abstract: Rising demand for bio-based products exerts growing pressure on natural resources such
as wood. The agricultural technique of short rotation coppice (SRC) to produce dendromass from
fast growing trees has gained relevance to ease the pressure of demand for wood from forests. The
European-funded project Dendromass4Europe supports the establishment of SRC in Western Slovakia
and its biomass use for four new bio-based materials, in the context of a developing bioeconomy.
Along with the development of the SRC and material value chains, eco-efficiency assessment is
carried out to anticipate areas of critical concern and derive measures for improvement. Among many
other assessment approaches, eco-efficiency assessment was conducted by combining Life Cycle
Assessment (LCA) and socio-economic assessment to optimize the whole production system towards
eco-efficiency. An LCA study provided necessary data to assess the environmental performance.
The added value and revenue results from the socio-economic assessment were used to assess the
economic performance. The value chain of the moulded fibre parts shows the best eco-efficiency
value, but only because its economic performance is comparatively strong. The lightweight boards
have the least environmental impact but do not perform so well in terms of eco-efficiency. The overall
eco-efficiency of the full value chain can be optimized only with a specific combination of all four
dendromass-based materials within the whole production system.

Keywords: bioeconomy development; Life Cycle Assessment; LCA; wood; dendromass; short
rotation coppice; eco-efficiency; sustainable innovation; R&D; regional value added

1. Introduction

“The bioeconomy means using renewable biological resources from land and sea,
like crops, forests, fish, animals and micro-organisms to produce food, materials and
energy” [1]. It has been recognized as one potential sustainability approach [2] to sup-
port rural development, reduce the use of fossil resources, and inherently cut down on
greenhouse gas emissions [1,3]. Here, innovation is seen as a key ingredient in bringing
forward the bioeconomy transition [1,4]. However, bioeconomic innovations are not per se
more sustainable [5]. Rising demand for bio-based products exerts growing pressure on
natural resources such as wood. Instead of sourcing wood only from semi-natural forests,
as practiced widely in Europe, the agricultural technique of short rotation coppice (SRC) to
produce dendromass from fast-growing trees has gained relevance to ease the pressure of
demand for wood from forests. To avoid competition for fertile lands that are also used for
food production, the establishment of SRC in Slovakia is limited to marginal agricultural
lands, where crop yields are limited due to low soil fertility. The adoption of SRC is re-
portedly beneficial due to farm diversification and new possibilities for income generation;
however, its success depends on situational factors including market conditions and legal
settings combined with personal factors such as values and attitudes [6]. Fiirtner et al. [7]
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reported on social concerns related to SRC regarding workers” health, safety, and working
conditions as well as local communities” employment and living conditions. Meanwhile,
regional value creation and economic development are important aspects that have not yet
been sufficiently covered. Perdomo et al. [8] reviewed several life-cycle assessments (LCA)
of agricultural wood production, and observed a focus on potential impacts of climate
change, eutrophication, and acidification, highlighting fertilizer application, harvesting,
and transportation as environmentally relevant issues [8].

Complex systems with interlinkages between different dimensions of sustainabil-
ity and different levels of assessment need to be understood, while unintended effects,
trade-offs, and potential shifts in impacts from one life-cycle stage to another, need to be
assessed [9,10]. One aspect of sustainable development is the support of rural development
by using regionally available resources, creating new job opportunities, and, in doing so,
supporting regional economies [1].

For emerging technologies and new products, identifying environmental hotspots and
providing information for decisionmakers are seen as crucial starting points for sustainable
product and process development [11]. It was found that 80% of environmental impacts are
determined in the product design phase [12]. In this phase of R&D, profit maximization is
usually the main driver, while environmental aspects are often neglected [13]. Integrating
eco-efficiency in all phases of the product life cycle, as well as in management practices,
provides the possibility to improve environmental and economic performance [14]. The
application of eco-efficiency during the innovation process, from idea to R&D and all
the way to market deployment, makes it feasible to anticipate opportunities to guide
further R&D investments—the term “ex-ante eco-efficiency” stresses that the assessment is
conducted prior to full commercialization.

The World Business Council for Sustainable Development (WBCSD) is a CEO-led
organization advocating for economic and sustainable development. It was founded by the
Swiss consultant Stephan Schmidheiny. The WBCSD published the eco-efficiency concept
of Schaltegger and Sturm [15] and with that brought it toa broad audience.

Eco-efficiency involves a combined assessment of a product system’s environmental
performance and a product system’s value [16]. It is a relative measure to compare one
production system to another; the comparison can consist in alternatives within the product
system itself. This makes it suitable for following the progress of innovation projects,
process improvements, or variations. Process changes can be directly translated into a
product system’s increase or decline in eco-efficiency. Note that better eco-efficiency can be
achieved when environmental performance or value is improved. However, worsening the
environmental performance for the sake of a higher product system value is not acceptable,
according to the ISO 14045:2012 [16].

For the assessment of the environmental impacts, the standard refers to LCA
(ISO 14040:2006, 14044), but there are different interpretations of how value should be
depicted, often referred to as the economic part of the eco-efficiency ratio.

“The value of the product system may be chosen to reflect, for example, its resources,
production processes, delivery, use efficiency, or a combination of these. The value may be
expressed in monetary terms or other value aspects” [16].

A review of the literature since 2009 indicated that the concept of eco-efficiency has been
applied in various fields. For example, it has been used in the fields of energy [17-23], trans-
portation [24,25], material production [18,26-31], processing [32-38], and recycling [39,40].
Environmental indicators were given in all application cases and mostly refer to the cal-
culation of environmental impacts according to LCA (ISO 14040:2006). This is the case
probably because the literature search strategy combined the keywords “Life Cycle As-
sessment” and “eco-efficiency”. Moreover, a strong link to LCA is implemented directly
in the eco-efficiency assessment standard ISO 14045:2012. That standard clearly defines
the environmental performance as a set of indicators, and its calculation is defined equally
clearly. The studies include various impact indicators such as land use, resource deple-
tion, water depletion, eutrophication potential, acidification potential, ozone depletion
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potential, photochemical ozone, formation potential, climate change, and human toxicity,
amongst others. Compared to the environmental performance, the economic perspective is
interpreted more diversely. A standard approach of indicating the (economic) value of a
product system is not observed in the application cases, due to a lack of specification in the
eco-efficiency standard (ISO 14045:2012) and WBCSD approach. Furthermore, there is no
standard for calculating life-cycle costs (LCC), although LCC (as a term) is often referred to
in different standards. Twenty-two out of 26 studies implemented the value proposition
as monetary value. As the measure of value, one case instead referred to the safety and
recyclability of a product [37] and another to the technical properties of the product [28].
Eight studies applied LCC [25-27,30,34,39,41], five applied value added [21,31,38,41,42],
and others earnings before interests [32], net profit [23], net present value [26], and costs or
price-related indicators [20,24,29,35,43].

Assessing and interpreting the sustainability of production systems is challenging,
because multiple aspects of environmental, economic, and social issues can be involved.
The impression that results are ambiguous can arise due to the occurrence of trade-offs
between the different pillars of sustainability [10,44] and even within the economic, social,
and environmental impact categories. The concept of eco-efficiency addresses part of this
ambiguity by combining the environmental impact and the benefit of a production system
into a single indicator. As a set of indicators should be studied for each pillar instead of only
a one, trade-offs cannot be fully avoided. Taking this into consideration, the eco-efficiency
of a production system and its alternatives can be compared more effectively, ideally aiming
at decreasing environmental pressure while increasing the product system’s value. Eco-
efficiency always represents a ratio and cannot be used to make absolute statements [45].
The concept of eco-efficiency is developed and applied differently from product or company
level or at the macroeconomic level or in different sectors and application cases, based on
different methods and indicators [46].

The authors of this publication conducted an eco-efficiency analysis of a demonstration
project of dendromass production, assessing four bio-based value chains. The perspectives
of the conducted LCA and socio-economic assessment of the demonstration project have
been combined to derive recommendations for improving the environmental and economic
performance of the four new bio-based materials.

2. Material and Methods
2.1. Eco-Efficiency Theory and Application

The international standard for eco-efficiency assessments 1SO014045:2012 defines the
eco-efficiency indicator as the “product system value divided by the environmental impact
indicator” [16].

“The value of the product system may be chosen to reflect, for example, its resource,
production, delivery or use efficiency, or a combination of these. The value may be ex-
pressed in monetary terms or other value aspects” [16]. The generally applicable indicators
for product or service value are quantity of goods or services produced or provided to
customers, and net sales [47].

The generally applicable indicators of environmental impact in product or service
creation are energy consumption, materials consumption, water consumption, greenhouse
gas emissions, and ozone-depleting substance emissions [47].

For calculating eco-efficiency, product service or value is divided by environmental
impact or resource use. A greater value per unit of environmental impact or resource use is
rated as more eco-efficient; however, careful interpretation is needed [47]. The WBCSD has
developed a common framework for eco-efficiency indicators, with terminology consistent
with the ISO 14000 series and the Global Reporting Initiative [47].

The international standard for eco-efficiency assessments 1ISO14045:2012 defines the
eco-efficiency indicator as the “product system value divided by the environmental impact
indicator” [16]. Requirements, recommendations, and guidelines for specific choices of
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categories for environmental impact and values are not included. The ISO 14045:2012 does
not specify any units, since product system value can be functional or monetary.

Accordingly, an increase in eco-efficiency can be based on the following measures:

Maximizing the value of the product, for example, through higher efficiency in energy
and material input; through the implementation of innovative products that can increase
revenues; through optimized marketing activities.

Optimizing the production and use of the product and its input resources, for example,
by increasing the productivity; by enhancing the sustainable use of renewable resources
(e.g., cascading use); by extending the product’s life.

Reducing environmental impacts, for example, through reducing the use of toxic
substances and emissions; through higher rates of material recycling and reuse [14].

While a consensus seems to exist regarding the environmental part of the ratio, there
are different interpretations of how to depict the value, referred to as the economic aspect
of eco-efficiency: “The value of the product system may be chosen to reflect, for example,
its resource, production, delivery or use efficiency, or a combination of these. The value
may be expressed in monetary terms or other value aspects” [16].

In this study, the eco-efficiency assessment follows this formula:

product system value
environmental per formance

Eco-ef ficiency = (1)

Eco-efficiency was assessed for a regional value chain located in the EU including
dendromass production and four dendromass-based products, as well as for the value
chain as a whole. The value chain is explained in more detail in the next section. According
to ISO 14045:2012, the environmental indicator is related to product system value, which in
this study is represented by the (regional) value added and the revenue.

2.2. Demonstration Project and System Definition

To meet the increasing demand for woody biomass in an emerging bioeconomy, short
rotation coppices (SRC) are proposed as a promising opportunity. Fast-growing tree species
such as poplar are cultivated in high stock density on agricultural land, to produce woody
biomass within very short rotation periods (five to ten years) using fully mechanized
harvesting. Wood biomass originating from such cultivation is called dendromass [48]. The
European-funded project Dendromass4Europe (2017-2022, Horizon 2020 BBI-IA-DEMO,
BBI JU Grant Numbers 745874) supported the establishment of 1285 ha SRP on marginal
agricultural lands in Slovakia and demonstrated the valorisation of the dendromass into
four value chains. With the complete harvest of dendromass, the following new bio-based
materials (NBBM) were produced: lightweight boards (NBBM1), moulded fibre packaging
(NBBM2), wood plastic composite terrace decking (NBBM3), and bark-enriched granulate
for injection moulding (NBBM4) (see Figure 1).

Dendromass production refers to the activities on the fields of short rotation coppice
in Slovakia, comprising field preparation, planting of poplar rods, and harvesting in a
five-year cycle, as well as storage and transportation of the logs. There are various culti-
vation sites across several regions in Western Slovakia. It is assumed that the plantations
have a lifespan of 20 years and are harvested every fifth year, with a planting density of
1667 cuttings per hectare. The calculations are broken down on an average of one year
and one hectare with a yield of whole-stem-harvested poplar of 8.01 bdt/ha. NBBM1
(lightweight boards) is produced in Malacky, located in Western Slovakia, by the project
partner IKEA Industry. The annual production volume of the lightweight board plant
is estimated at 500,000 m?, starting with the poplar logs at factory gate following the
dendromass production. NBBM2 (molded fiber parts) is produced in £6dz, Poland, by
the project partner Pulp-Tec. The calculated scenario is an example of a molded fiber part
used for the packaging of a water filter with an assumed production volume of 192.07 t
per year. The product can be enriched with milled and sieved poplar bark, which can be
used to substitute up to 20 % of the cardboard. The bark-enriched wood plastic composite
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(WPC) profiles (NBBM3) are produced near Ostrava, Czech Republic, by the project partner
TerrainEco. It is assumed that the machinery can produce 80 t of WPC profiles per year.
NBBM4 is produced in Neustadt, Germany, by the project partner Pulp-Tec Compound,
with a production volume of 7.2 t of WPC granulate per year.

Background system

Electricity production

Chemical's production

Auxiliary materials

Pine Production

Foreground system
|mm——————————
: Dendromass
| production
| SN PR
Poplar logs
************* [ EEEeeE) (S —————— e s — e ————))
Ly [ D I
Lightweight Boards { || Eco-fungicidal Moulded fibre parts | Wood Plastic composite || Wood Plastic composite granulate ||
(NBBM1) | : (NBBM2) : (NBBM3) | : (NBBMA4) :
S I § A S (I S J A I
sk h .

Figure 1. Schematic illustration of the D4EU production system.

The project was accompanied by LCA and socio-economic assessments of the dendro-
mass cultivation, the materials produced, and the value network as a whole—see project
reports 5.2-5.8 for details under “https://cordis.europa.eu/project/id /745874 /results
(accessed on 3 March 2023)”. For the optimization of the project’s contribution to sus-
tainable development, the LCA and socio-economic assessments were combined in the
eco-efficiency metric.

The assessments—LCA and socio-economic assessment—were conducted in a mod-
ular manner by splitting the D4EU value chain system according to the main products
produced. Figure 1 illustrates the whole D4EU product system.

These modules are later integrated into the assessment of the DEU value chain as a
whole production system.

The first step of assessment requires the definition of the goal and scope. In the case
of LCA, this means providing a clear description of the intended application of the study,
stating the reasons why the study is being conducted, the intended audience, the system to
be studied, the functional unit and system boundaries, among other important matters [49].
The current LCA aims to assess the potential environmental impacts of the new SRC-based
value chains and to identify potential sustainability levers. This will support sustainable
establishment of value chains while focusing on relevant environmental impact categories.
Moreover, the LCA seeks to identify hotspots and derive possibilities for reducing the
potential environmental impacts within the R&D of the project. The results of the LCA
are of value for all project partners involved in the D4EU project, as its findings present
quantifiable environmental information that will be of important use during decision-
making processes.

The assessed product system is defined for each study and does not have to cover the
entire life cycle of the product or product system [49]. In this study, a modular approach to
the system is proposed and implemented, which allows for the analysis of individual unit
processes instead of calculating several pathways. The approach consists of dividing the
DA4EU value chain into sub-systems, the NBBMs. Each NBBM can then be assessed as a
standalone system. This approach allows the researcher to identify areas of concern and in
some cases to offer technological alternatives. It furthermore facilitates the identification
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and addition of input/output flows, including products and co-products, which eases the
integration of further life-cycle stages with technological advancements.

The environmental performance and product system value are calculated for a defined
functional unit. “A Functional Unit is a quantified description of the function of a product
that serves as the reference basis for all calculations regarding impact assessment” [50]. In
this study, the functional units are:

1 ton of bone dry (bdt) dendromass,

1 m? of finished NBBM]1,

1 ton of NBBM2,

1 ton of NBBM3,

1 ton of finished NBBM4, and

1 ton of dendromass and the maximum of NBBMs that can be made from it, as the
D4EU value chain.

The D4EU value chain entails the production of dendromass and the production of
NBBM1-4. The production starts with soil preparation and planting of poplar rods, and
ends with four finished products. The data used for assessing the eco-efficiency of D4EU
were derived from combining the results of the LCA and the socio-economic assessment. In
all four cases, meaning NBBM1—4, the demand for dendromass was larger than its supply.
Therefore, four scenarios— base case, economic best case (scenario 1), environmental best
case (scenario 2), and NBBM 1 only (scenario 3)—depict different distributions of the
harvested dendromass to the four product systems (NBBM1-4).

Table 1 provides a summary of the dendromass distribution in the four scenarios,
including the quantity of products produced and the quantity of dendromass used for
each product system and scenario. For the base case scenario, it was assumed that 1 ton
of dendromass is produced, from that the maximum amount of NBBM1 (5.15 m3), and
the bark as a by-product of NBBM1, is split equally by mass between NBBM2 (0.40 t),
NBBMS3 (0.71 t) and NBBM4 (1.27 t). For scenario 1, the ratio between the NBBMs produced
was changed to increase the economic output by limiting the production of NBBM3 and
NBBM4 and allocating more dendromass to NBBM2. In scenario 2, a different allocation
of dendromass to the NBBMs was assumed to reduce the total impacts on the value chain
(Table 1). Additionally, in this scenario, all impact-reducing measures such as renewable
electricity or different material inputs were applied. Dendromass input to NBBM1 remained
the same as in the previous scenarios. Because the environmental performance of NBBM
1 was found to be best (Table 2), in scenario 3 it was assumed that only this product was
produced from the dendromass, including heat recovery from bark incineration. The heat
recovery was not valued in monetary terms for the socio-economic assessment.

Table 1. Distribution of dendromass to the four product systems in four scenarios.

Scenario Allocation Key NBBM1 NBBM2 NBBM3 NBBM4
Quantity produced (t) 2.58 0.40 0.71 1.27
Base Case
Dendromass content (t) 0.76 0.08 0.08 0.08
Quantity produced (t) 2.58 0.75 0.50 0.50
Scenario 1 (economic best case)

Dendromass content (t) 0.76 0.15 0.06 0.03
Scenario 2 Quantity produced (t) 2.58 0.50 0.90 0.60
(environmental best case) Dendromass content (t) 0.76 0.10 0.10 0.04

Scenario 3 Quantity produced (t) 2.58 0 0 0

(NBBM1 only) Dendromass content (t) 1.00 0 0 0
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Table 2. Environmental performance of the dendromass production and NBBM1-4 per ton of product.

Environmental \,;(1::12/};;;11 Value/1 ton Value/1 ton Value/1 ton Value/1 ton
Performance Dendromass NBBM1 NBBM2 NBBM3 NBBM4
GWP (kg CO,-eq) 4.19 x 10 2.79 x 102 3.39 x 103 221 x 103 242 x 103
TAP (kg SO»-eq) 5.90 x 102 1.52 1.37 x 10 7.43 6.75
ODP (kg CFCy1-eq) 8.27 x 107° 2.56 x 107> 230 x 1074 5.80 x 10~* 7.30 x 104
FEP (kg P-ep) 4.00 x 1074 1.60 x 1071 2.18 2.31 2.01
FDP (kg oil-eq) 1.59 x 10 1.40 x 10? 1.25 x 103 8.71 x 102 1.14 x 103
CED (M)) 4.79 x 102 1.58 x 103 2.07 x 10* 5.68 x 10° 6.63 x 103

2.3. Life Cycle Assessment/Environmental Performance

In this project, the products” environmental performance was assessed by performing
an LCA during the demonstration phase of the project innovation, which means that it is
an ex-ante LCA with an explorative character, implemented to identify critical hotspots
and improvement potentials before full commercial exploitation [51]. It also means that the
LCA relies on assumptions and scenarios, since the technology needs to be modelled at a
future point. Therefore, the present LCA is carried out in line with the demonstration of
the project and by assessing different options in terms of assessment methodologies and
process alternatives. This ex-ante LCA approach requires bidirectional communication
between the stakeholders and the LCA practitioner in order to integrate new primary data,
for instance, new technological advancements, iteratively throughout the project runtime
(see [52]).

The life-cycle inventory entails the collection of data, calculation of data, and the
allocation of flows and emissions. Here, all inputs and outputs of a product or product
system are gathered, sorted, and clustered, and converted to correspond to the functional
unit. Inputs and outputs in this context are product flows, material flows, and energy flows
that can be connected to individual process steps of the product. This is the part of the LCA
that requires the most time and effort [49].

Primary data were collected either by the LCA practitioners themselves, by industry
experts, or the project partners. Different data collection strategies were used, such as
data sheets, telephone calls, and checklists. By working closely with the project partners,
both qualitative (e.g., system structure, improvements) and quantitative (e.g., amounts of
energy) data were collected. In this life cycle inventory (LCI), a continuous data collection
process was run alongside the project advancements.

Secondary data were obtained from publicly available databases and publications
(e.g., technical data sets, project reports, scientific studies). Both data sources were continu-
ously consulted to update the LCA models. The Ecoinvent database version 3.8 was used
to update the previous LCA model (Deliverable 5.5). Furthermore, the LCA for NBBM4
was updated using primary data provided by the project partner Pulp Tec. Thus, the
goal and scope and the primary data for the LCI phase were maintained as described in
deliverable 5.5.

For this LCA, different impact categories were analysed, using the impact assessment
method ReCiPe midpoint (H) and the impact categories global warming potential 100
(GWP100), fossil depletion potential (FDP), ozone depletion potential (ODP), terrestrial
acidification potential (TAP100) and freshwater eutrophication potential (FEP). Addition-
ally, the cumulative energy demand (CED)—often used as a proxy indicator in LCA
studies [53]—was assessed. The environmental impact values for the dendromass and the
four product systems are summarized in Table 2.

The dendromass production contributed a GWP of 41.86 kg of CO, eq/bdt. This is
similar to the results assessed by Schweier at al. [22]. NBBM1 had the best environmental
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performance in all impact categories, contrary to NBBM2 (Table 2). Meanwhile, NBBM 3
and 4 demonstrated similar environmental performance.

2.4. Product System Value

Implementing the concept of added value into D4EU allowed us to investigate an
aspect of its socio-economic sustainability in a monetized form. The establishment of rural
value chains is acknowledged to contribute to rural diversification, which can counteract
depopulation in rural areas of Eastern Europe [54].Under the European Bioeconomy Strat-
egy, bioeconomies seek to harness the potential of bio-based innovations in agriculture
and to create new products, processes, and value chains for the development of rural
areas in the European Union (2018). Value added calculations measure the generation of
social wealth, which is potentially achieved through the economic activities of business
entities [55].

A common definition for the term “added value”, as well as one for “region”, is
missing in the scientific context. It can be assumed that regional added value is the sum
of economic activities that can be attributed to a certain region—or, more specifically,
that is created within this region. Meanwhile, the acquisition of products and services
from outside the region can reduce the value creation of a region. Therefore, regional
supplier networks are a fundamental element of increasing regional value creation (e.g., by
purchasing input material and/or services from a defined region; see [56]). In this study,
the region is defined by proximity rather than by state borders and includes all countries
involved in producing the dendromass or the products.

Value added measures the residual return of an enterprise generated through the
utilization of the enterprise’s productive capacity (e.g., labor and capital) [57]. The concept
of value added allows investigation of socio-economic sustainability in a monetized form
and indicates the monetary economic performance of an entity in relation to the (regional)
society as the “wealth generated and distributed by an economic entity” [55,57]. Thus, the
economic and social dimensions of business operations are combined [57].

The regional value added was assessed on the operational level for each of the five
systems (dendromass production, NBBM1—4) separately and as a single value chain. The
actors of the value-added creation are the organizations involved in project D4EU, namely,
IKEA Industry, Pulp-Tec, TerrainEco, and Pulp-Tec Compound. By the creation of added
value, the companies contribute to the gross domestic value added and thus to regional
value creation. The potential of regional value added from the D4EU value chain is
calculated following the formula given by Haller et al. [57]:

Value added = Output — Input (2)

The input is calculated by multiplying the quantities of the external expenditures
required by the respective market and the value of the external expenditures. Value added
can be defined as the value created by the activities of a firm and its employees [55]. By
this definition, obtaining subsidies does not create value for a region; consequently, they
are not considered in the calculations of value added. Furthermore, the amortization of
the infrastructure used (e.g., company buildings, machinery, etc.) is taken into account
within the input. The output, which is the total value of the goods produced, is described
by quantity times market price (= revenue). For the items’ revenue and output, the tax
component is included. Internal employment costs (e.g., overhead costs) are not included
in calculations of value added. Further information about the method of regional value
added is presented in D 5.6.

Revenue = Quantity x Market price 3)

The data used for the calculation of value added and revenue of D4EU processes were
gathered through interviews carried out with the industrial partners (primary data) and
with the help of data-collection sheets that were made available by the partners. In cases
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where primary data were lacking and for the calculation of previous land management
forms, they were supplemented by secondary data from the literature and databases. A
detailed list of the data and assumptions can be found in the appendix of deliverable 5.6
“https://cordis.europa.eu/project/id /745874 / results” (accessed on 3 March 2023).

The product system values for the eco-efficiency calculations include regional value
added (VA) and revenue (RE), as shown in Table 3. The results show that the highest added
value and revenue per ton of product can be achieved with the production of NBBM2.
Under the current assumptions and data used for calculating the value added by NBBM3
and 4, the value added is negative, meaning that no added value is created. The fact that
no positive added value was created for those product systems may be because these
items were produced within a demonstration project at a low technology readiness level
(TRL). As production becomes established, the numbers may differ from the present results.
However, such an upscaling process cannot be demonstrated on the basis of the currently
available data.

Table 3. Product system value of the dendromass production and NBBM1-4 per ton of product.

Economic Value/1 bdt Value/1 ton Value/1 ton Value/1 ton Value/1 ton
Performance Dendromass NBBM1 NBBM2 NBBM3 NBBM4
VA €/t 24 430 12,348 —-707 —6071
RE €/t 24 711 16,667 1220 1027
3. Results

Eco-efficiency is presented here as the ratio of the two economic indicators, i.e., value
added and revenue, to five different potential environmental impact categories. The higher
the eco-efficiency metric, the higher the economic performance per unit of environmental
performance. In the case of CED, negative eco-efficiency can occur when surplus energy is
generated by the production system. In such a case, negative eco-efficiency indicates the
value of the production system per unit of energy generated.

3.1. Eco-Efficiency of Each Product

The eco-efficiency was calculated using the value added and the revenue as product
system value indicators. Regarding value added, the results show that calculation of
the eco-efficiency was possible only for the production of dendromass and the products
NBBM1 and NBBM2, because neither NBBM3 nor NBBM4 created added value at this
stage of development in the demonstration phase (c.f. SI). Based on the results, NBBM2
can be described as more eco-efficient compared with NBBM1, although not because
the potential environmental impacts are lower, but because the regional value added is
relatively higher. Considering eco-efficiency based on revenue, NBBM2 performs best
followed by NBBM1 in all impact categories. Looking at the cumulated energy demand,
we see that the dendromass production creates less value per MJ input. Since dendromass
is the feedstock for all the NBBMs, the environmental impact and product system value
of the dendromass is integrated into the eco-efficiency calculation of the other products.
More details on the results and their integration are presented for each scenario in the
following section. The results can be understood as representing the eco-efficiency of D4EU
as a whole.

Eco-efficiency of terrestrial acidification potential and freshwater eutrophication po-
tential driven by the electricity mix represent environmental areas of concern. Phenol
formaldehyde resins significantly contribute to global warming potential and fossil deple-
tion potential.

The impact categories ODP and FEP typically involve very low amounts of emissions,
which explains why the eco-efficiency ratio has a high numerical value. Comparison of
the eco-efficiency ratio between different impact categories does not make sense. Negative
eco-efficiency can occur when the economic performance is negative, representing a critical
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hotspot. In such a case, the efficiency measure is inappropriate—there is no economic bene-
fit and the environment is impacted negatively—and has been excluded from illustration
in the tables (Tables 4-6).

Table 4. Eco-efficiency based on value added by the production of dendromass and NBBM1-4 per
ton of product (Base Case).

Eco-Efficiency (Base Case) Value/1 bdt Value/1 ton Value/1 ton Value/1 ton Value/1 ton
Dendromass NBBM1 NBBM2 NBBM3 NBBM4
VA (€)/GWP (kg CO»-eq) 5.70 x 107! 1.54 3.64
VA (€)/TAP (kg SO»-eq) 4.02 x 102 2.83 x 102 9.02 x 102
VA (€)/ODP (kg CFCy1-eq) 2.87 x 100 1.68 x 107 5.37 x 107
VA (€)/FEP (kg P-ep) 5.93 x 10* 2.69 x 103 5.66 x 103
VA (€)/FDP (kg oil-eq) 1.49 3.07 9.84
VA (€)/CED (M]) 5.00 x 1072 2.70 x 1071 6.00 x 1071

Table 5. Eco-efficiency based on revenue of the production of dendromass and NBBM1—4 per ton of

product (Base Case).

Eco-Efficiency (Base Case) Value/1 bdt Value/1 ton Value/1 ton Value/1 ton Value/1 ton

Dendromass NBBM1 NBBM2 NBBM3 NBBM4
RE (€)/GWP (kg CO-eq) 5.70 x 107! 2.55 492 5.50 x 107! 4.20 x 1071
RE (€)/TAP (kg SO,-eq) 4.02 x 10? 4.68 x 102 1.22 x 10° 1.64 x 10? 1.52 x 10?

RE (€)/ODP (kg CFCy1-eq) 2.87 x 100 2.78 x 107 7.25 x 107 2.10 x 100 1.41 x 10°
RE (€)/FEP (kg P-ep) 5.93 x 10* 4.44 x 103 7.65 x 103 5.28 x 102 5.11 x 102
RE (€)/FDP (kg oil-eq) 1.49 5.07 1.33 x 10 1.40 9.00 x 1071
RE (€)/CED (M) 5.00 x 1072 450 x 107! 8.10 x 1071 2.10 x 1071 1.50 x 1071

Table 6. Ranking of eco-efficiency (value added) performance of the different scenarios in the different
impact categories (green = best to red = worst).

Eco-Efficiency (VA) Base Case Scenario 1 Scenario 2 Scenario 3
VA (€)/GWP (kg CO2-Eq n. a. 1.25 1.33 1.50
VA (€)/TAP (kg SO2-Eq) n. a. 315.27 397.40 230.35
VA (€)/0DP (kg CFC11-Eq) n. a 7,888,764.04 4,360,000.00 15,796,089.39
VA (€)/FEP (kg P-Ep) n. a 1655.90 5869.23 2570.45
VA (€)/FDP (kg oil-Eq) n. a 3.03 2.49 3.04
VA (€)/CED (M]) n. a 0.27 0.13 —0.31

3.2. Environmental Performance and Product System Values of Scenarios

In the previous section, the eco-efficiency was reported for dendromass production
and for each NBBM. Since the dendromass production provides the raw material for
the NBBMs, it is no longer considered an upstream process but as part of the NBBMs.
The environmental impacts and product system of the dendromass were subsequently
allocated to the four NBBMs according to the allocation keys summarized in Table 1. The
distribution of dendromass in four scenarios was shown to affect the total impacts of the
four respective NBBMs. The changes in environmental performance and product system
value are summarized in Figures 2 and 3.
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Figure 2. (a) Global warming potential, (b) terrestrial acidification potential, (c) ozone depletion
potential, (d) fossil depletion potential, (e) freshwater eutrophication potential, and (f) cumulative
energy demand of NBBMs in four scenarios.
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Figure 3. Revenue (a) and value added (b) of NBBMs in four scenarios.

The results for the environmental performance of the NBBMs in the different scenarios
as represented in Figure 2 show that the base case and scenario 1 (increased economic
output) were associated with the highest environmental impacts in most categories. One
exception here is the impact measured on cumulative energy demand, where the highest
impacts for NBBM1 were caused in scenario 2 (environmental best case), because more
dendromass is allocated, so more NBBM1 is produced. The negative results for NBBM1
in scenario 3 for the CED can be explained by the fact that the bark is used for energy
generation, and this was considered as an avoided burden in the calculations. The lowest
impacts for the NBBMs in most impact categories were observed in scenario 3, where all the
dendromass is used for the production of NBBM1 (Table 1), since this valorization scenario
is connected with the lowest environmental impacts (Table 2).

The revenue and value added of the NBBMs in the four scenarios are illustrated in
Figure 3. Again, no value added was generated through the production of NBBM3 and 4,
therefore these values were negative in all scenarios expect scenario 3 where no dendromass
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was allocated to those products. For Scenario 1, the ratio between the NBBMs produced
was changed to increase the economic output by reducing the supply of dendromass
to NBBM3 and NBBM4 and allocating more dendromass to NBBM2. By doing so, the
value added reached 7021 € per ton of dendromass processed. The revenue of the D4EU
value chain from 1 ton of dendromass input would be 15,502 €, compared to 10,679€ in
the base case scenario. Building on the environmental best case shown in scenario 2,
even higher value added can be achieved for NBBM1 and 2. Because NBBM1 offers the
best environmental performance, in scenario 3 it was assumed that only this product is
produced from dendromass, including heat recovery from bark incineration. Though the
heat recovery was not valued in monetary terms, the results show that revenue and value
added remained the same for NBBM1 but decreased for NBBM2 compared with scenario 2.

3.3. Eco-Efficiency of the Total Product System

The eco-efficiency based on value added in the base case cannot be illustrated (Table 6),
because there is no value added in NBBM3 and NBBM4—value-added-based eco-efficiency
is not applicable. Conclusions on eco-efficiency differ depending on scenario and
impact category.

Table 6 depicts the eco-efficiency based on value added in the scenarios for the various
impact categories. Considering value added and GWP, scenario 3 is most eco-efficient followed
by scenarios 2 and 1. Scenario 2 performed best in TAP and FEP. Scenario 3 depicts the eco-
efficiency of CED as negative, because surplus energy was generated. The base case is not
ranked, because no total added value was generated under the demonstration conditions.

Eco-efficiency based on revenue for the base case assumptions is shown in Table 7.
Scenario 2 performs best in GWP, TAP, FEP, and FDP. Scenario 3 is ranked heterogeneously
over the several impact categories. The base case, which represents the initial D4EU set-up,
is ranked last (Table 7) in most impact categories, which shows that improvement potentials
were identified and already partially implemented.

Table 7. Ranking of eco-efficiency (revenue) performance of the different scenarios in the different
impact categories (green = best to red = worst).

Eco-Efficiency (RE) Base Case Scenario 1 Scenario 2 Scenario 3
RE (€)/GWP (kg CO2-Eq) 1.59 2.76 5.20 2.45
RE (€)/TAP (kg SO2-Eq) 442 .38 696.09 1548.96 377.80
RE (€)/ODP (kg CFC11-Eq) 7,119,333.33 17,417,977.53 16,994,285.71 25,907,821.23
RE (€)/FEP (kg P-Ep) 1945.17 3656.13 22,876.92 4215.91
RE (€)/FDP (kg oil-Eq) 3.64 6.69 9.70 4.98
RE (€)/CED (M]) 0.42 0.59 0.51 —0.50

Comparing the eco-efficiency based on value added (Table 6) and revenue (Table 7)
of the base case scenario with scenarios 1 and 2, an increase in each impact category is
confirmed (Table 7). The eco-efficiency based on value added is higher for scenario 2 than
for scenario 1 (Tables 6 and 7). A comparison of eco-efficiency based on revenue for the
base case and scenario 2 shows an increase in each impact category (Table 7). Considering
eco-efficiency on the basis of value added (Table 6), scenario 3 performs better, but on basis
of revenue (Table 7), scenario 2 outperforms scenario 3.

4. Discussion and Conclusions

The eco-efficiency analysis conducted in this study revealed the ratio of economic
benefit to environmental impacts for four dendromass-based value chains, and highlighted
critical hotspots in the production system. Previous eco-efficiency studies have often fo-
cused on a single production system (e.g., energy, transportation, or material production)
without considering alternative resource utilization. The value chains in this study used the
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same dendromass source, which means the system boundaries were expanded to include
the whole value chain network using the same resource. This allowed investigation of the
effects of varying shares of dendromass between the four value chains, supporting the iden-
tification of an optimized use of dendromass with respect to eco-efficiency. Furthermore, by
taking this systemic view it was possible to examine the effects on the environment through
different measures considering all value chains—for instance, high fuel consumption results
in high CED values for the dendromass production, which are allocated to the NBBMs via
their dendromass content. Reducing the fuel input per ton of dendromass produced results
in an increase in eco-efficiency for all NBBM value chains.

Optimizing eco-efficiency requires allocation of more dendromass to the particular
NBBM which results in the highest eco-efficiency value for the whole value chain. This
was investigated under four scenarios. The results show that producing more NBBM1 for
the sake of reducing impact (NBBM1 performs relatively well in terms of environmental
impact) results in lower eco-efficiency for the whole production system because the value
added and the revenue are relatively low (scenario 3).

Product-wise, NBBM2 has the best eco-efficiency performance because its economic
performance is outstanding compared with the others. However, its environmental per-
formance per ton of produce is worst. Producing more NBMM2 leads to better economic
performance of D4EU; however, because of environmental considerations, producing less
NBBM2 leads to improved eco-efficiency for the whole value chain (scenario 2).

On the product level, NBBM3 performs better than to NBBM2 in terms of envi-
ronmental impacts; however, no added value was generated under the demonstration
circumstances. This also applies to NBBM4. Furthermore, NBBM1 and NBBM2 compensate
for the weak economic performance in scenarios 1 and 2. In the base case, NBBM1 and
NBBM2 do not achieve economic compensation. Generation of value added by NBBM3 and
NBBM4 will be a game changer for the eco-efficiency assessment; NBBM3 and NBBM4 use
PVC as matrix material for the composites, which are not used for high value applications.
In turn, PVC is especially critical in terms of ODP. Aiming at higher value applications can
yield better eco-efficiency; however, the absolute reduction of PVC should be favoured.
Alternatively, secondary PVC and company structures to enable product reclamation and
the establishment of a recycling regime is a potential lever to eco-efficiency. The config-
uration of produce, values, and volumes is essential to optimize the eco-efficiency of the
D4EU value chain, rather than maximizing the output of one single NBBM. Reducing envi-
ronmental impacts as a local optimization measure will benefit all partners. Considering
the studied project as case example for other bio-based value chain networks or indus-
trial ecosystems, we learn that seeking a global optimum of resource utilization can yield
potentials for increasing sustainable production, compared with focusing on individual
value chains.

A limitation is presented by the fact that industrial scale production data is missing,
because the production system with its NBBMs is still at a demonstration level. Such
data is essential for eco-efficiency assessments, especially when choosing the value added
to represent the product system value. Here the goal and scope predefine the choice of
indicator representing the product system value. For studies investigating product systems
at lower TRL (e.g., to support R&D), indicators such as potential revenue or price-related
indicators might be more appropriate. In contrast, studies analysing product systems at a
higher TRL gain insight into the full spectrum of potential economic indicators. Further
research is necessary to provide more concrete recommendations on the choice of indicator
in relation to the type of product system aligned with the TRL stage.

These environmental and economic assessments represent snapshots of the D4EU
value chain configuration and scenarios thereof at a certain phase in demonstration
(2017-2022). The eco-efficiency approach is useful to support R&D in identifying opti-
mized use of a resource to obtain high economic output with low environmental impact.
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