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ABSTRACT

Introduction The European Union is in danger of not fully meeting
the energy and environmental targets for 2020. A change of course
will require increased effort on the part of all relevant industry
members. The woodworking industry is seen as a key contributor
to achieving several of these targets. To be effective, its various
stakeholders need to fully understand the relevant interrelations
between their sector and others (e.g. forestry and construction),
between decisions they make and their impact within context of the
target paths, and how the industry in general reacts to implemented
policy tools.

Aim This study aims to supply the woodworking industry’s stake-
holder groups with science-based methods and data that will enable
them to include an understanding of the potential environmental
impacts of their decision-making in their respective fields of action.

Methods The stakeholders require knowledge of the past develop-
ment of environmental and energy aspects of the sector. They also
require the tools to reasonably approximate the environmental impli-
cations of decisions made today and a comprehensive understanding
of the current situation.

Building upon the well-established Product Environmental Life Cycle
Assessment (LCA) tool, the study in hand uses different approaches.
On the one hand a survey based bottom-up approach - from products
to sector - is used to calculate the current environmental situation
of the woodworking industry. By complementing information on
the current state with historic environmental data on sector level
towards a hybrid database, the monitoring approach supplies a view
on the sector’s historic development. On the other hand, a top-down
approach - from sector to products - allows insight into the historical
product-specific environmental impacts and their development over
time.

For decision support, the established LCA methodology, as used
in the construction sector, is analyzed in terms of its capability
to include the relevant parameters for decisions on micro- meso-
and macro-level. A case study addressing the significant aspects is
conducted to identify any blind spots.

Results Representative information on the environmental implica-

tions of producing the core products of the woodworking industry
was surveyed and expanded in the context of the bottom-up ap-

iv



proach. With this, reliable background data to be applied in product
specific LCA is available.

The monitoring approach proved to supply reliable results on
greenhouse gas emissions trends within the sector and on the change
in the greenhouse gas intensity of specific products over time. This
allows retracing and explanation of developments of the sector.
Furthermore, the approach allows to include the development of
product specific environmental impacts over time within LCA.

In the context of decision support, the broadening of system bound-
aries identified additional aspects to be considered for micro- meso-
and macro-level decision support.

Conclusion The results of this dissertation enable companies of the
woodworking industry to declare the environmental impacts of their
processes and products in accordance with the available product and
corporate assessment schemes and labels. The study further helps
them understand how technical developments influence the outcome
of LCA which is applied in these assessment schemes and labels.
The results can therefore be implemented into the development
procedure of new products with less environmental impacts. They
can also by combined with environmental or energy management
systems to continuously monitor the processes.

Policy tools can be evaluated in terms of their effectiveness towards
reaching the targets.

Researchers and LCA practitioners are supported in understanding
problems like uncertainties and data gaps connected to the results
produced with the established tools which serves them in developing
methodologies. Furthermore, they gain transparently documented
background data to be used in studies also apart from sustainability
assessment schemes for construction. Finally, the results allow a
well-reasoned choice of LCA methods for the different problems
addressed in micro- meso- and macro-level decision support in the
context of the woodworking industry.



ZUSAMMENFASSUNG

Einfithrung Fiir die Europédische Union besteht das Risiko, die
Energie- und Umweltziele fiir das Jahr 2020 nicht vollstindig zu
erreichen. Fine Kurskorrektur setzt ein verstarktes Bestreben aller re-
levanten Industrieteilnehmer voraus. Die holzbearbeitende Industrie
wird dabei als bedeutender Akteur zur Erreichung mehrerer dieser
Ziele gesehen. Um den richtigen Kurs einzuschlagen, miissen die
relevanten Akteure hierfiir zundchst verstehen, welche wesentlichen
Wechselbeziehungen ihres Sektors mit anderen (z.B. Forst und
Bau) bestehen, welche realen Auswirkungen von Entscheidungen
im Hinblick auf die Erreichung der Ziele ausgehen und wie die
holzbearbeitende Industrie auf die im Kontext der Zielerreichung
implementierten Politikinstrumente reagiert.

Ziel Das Ziel dieser Arbeit ist es, den Akteuren der holzbearbeiten-
den Industrie wissenschaftlich basierte Methoden und Daten zur
Verfiigung zu stellen. Diese sollen es ihnen ermdglichen, potentielle
Umweltauswirkungen in die Entscheidungsfindung auf ihren jewei-
ligen Handlungsfeldern einzubeziehen.

Methode Die Akteure bendtigen Kenntnisse iiber die frithere Ent-
wicklung der Umwelt- und Energieaspekte des Sektors. Zudem muss
ein umfassendes Verstandnis fiir die heutige Situation vorliegen und
Werkzeuge zur Verfiigung stehen, um die potentiellen zukiinftigen
Umwelteffekte heutiger Entscheidung abschitzen zu konnen.
Aufbauend auf der etablierten Methode der Okobilanzierung nutzt
die vorliegende Arbeit hierzu verschiedene Ansdtze. Zum einen
dient ein auf Umfragen basierter “bottom up”-Ansatz - vom Produkt
zum Sektor - dazu, den derzeitigen Zustand der Umweltwirkungen
der holzbearbeitenden Industrie zu bilanzieren. Mittels einer Er-
weiterung der Informationen zum jetzigen Zustand um historische
Daten auf Sektorebene hin zu einer hybriden Datenbasis, konnen im
Rahmen eines Monitorings Einblicke in die bisherige Entwicklung
des Sektors erfolgen. Ein “top-down”-Ansatz - vom Sektor zum
Produkt - ermoglicht Einsicht in die fritheren produktspezifischen
Umweltwirkungen und ihre Entwicklung tiber die Zeit.

Zur Unterstiitzung von Entscheidungsprozessen wird die etablierte
Okobilanzmethodik, so wie sie derzeit fiir Bauprodukte Anwendung
findet, hinsichtlich ihrer Eignung zur Einbeziehung aller relevan-
ten Aspekte auf Mikro-, Meso- und Makroebene untersucht. Eine
Fallstudie identifiziert in diesem Zusammenhang die aufler Acht
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gelassenen Bereiche.

Ergebnisse Reprdsentative Informationen zu den Umweltaspekten
der Produktion der Hauptprodukte der holzbearbeitenden Industrie
wurden erhoben und im Sinne des “bottom-up”-Ansatzes erweitert.
Damit sind umfassende Grundlagendaten zur Verwendung in Oko-
bilanzen auf Produktebene verfiigbar.

Der Monitoring-Ansatz liefert zuverldssige Daten zur Entwicklung
von Treibhausgasemissionen des Sektors und zur Verdnderung der
Treibhausgasintensitdt spezifischer Produkte tiber die Zeit. Damit
konnen in Zukunft Entwicklungen des Sektor nachvollzogen und
erklart werden. Zudem bietet der Ansatz die Moglichkeit, zeitliche
Veranderungen der produktspezifischen Umweltwirkungen in Oko-
bilanzen zu beriicksichtigen.

Im Kontext der Unterstiitzung von Entscheidungen konnten mit
Hilfe von Systemraumerweiterungen die fiir Entscheidungen auf
Mikro-, Meso- und Makroebene wichtigen Aspekte identifiziert
werden.

Fazit Die Ergebnisse dieser Arbeit versetzen Unternehmen der
holzbearbeitenden Industrie in die Lage, die Umweltwirkung ihrer
Prozesse und Produkte in Ubereinstimmung mit den verfiigba-
ren Nachhaltigkeitsbewertungssystemen und Labeln auf Produkt-
und Unternehmensebene zu deklarieren. Dariiber hinaus machen
sie deutlich, welchen FEinfluss technische Entwicklungen auf die
Ergebnisse von Okobilanzen haben, die im Rahmen dieser Bewer-
tungssysteme und Label angewandt werden. Die Ergebnisse konnen
daher genutzt werden um Produkte mit geringeren Umweltwirkun-
gen zu entwickeln bzw. fortlaufend die Produktion zu iiberwachen
indem Okobilanzen mit Umwelt- oder Energiemanagementsystemen
kombiniert werden.

Politikinstrumenten kdnnen auf ihre Effektivitdat im Hinblick auf eine
Erreichung der Ziele bewertet werden

Wissenschaftler und Okobilanzexperten werden beim Umgang
mit Datenliicken und Unsicherheiten bei den Ergebnissen unter-
stiitzt so dass sie die entsprechenden Methoden weiterentwickeln
konnen. Dariiber hinaus erhalten sie transparent dokumentierte
Hintergrunddaten zur Nutzung in Okobilanzen auch jenseits der
Nachhaltigkeitsbewertung von Gebauden.

SchliefSlich kann auf Basis der Ergebnisse eine begriindete Wahl von
Okobilanzmethoden erfolgen, die eine sinnvolle Unterstiitzung von
Entscheidungen auf Mikro-, Meso- und Makroebene mit Relevanz
fiir die holzbearbeitende Industrie erlaubt.
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Part I

SUMMARY OF THE CUMULATIVE
DISSERTATION






CONTEXT

1.1 INTRODUCTION

The aim of this dissertation is to supply the woodworking industry’s
various stakeholder groups with science-based methods and data that
will enable them to include an understanding of the potential envi-
ronmental impacts of their decision-making in their respective fields
of action. These groups are companies and associations of the wood-
working industry, policy makers, users of sustainability assessment
schemes and researchers.

As the fields of action can vary for each stakeholder group, the disser-
tation addresses each of them individually and supplies methods and
data to disseminate impacts, to understand and interpret them and
to justify decisions by showing their potential impact and relevance.
In Chapter 1 of Part I, the dissertation initially outlines the essential
policy background on international and national level and describes
the related issues which are specific to the woodworking industry.
Secondly, life cycle thinking is presented as the essential tool used in
this dissertation and the field of required research is identified before
the objectives of the dissertation are derived.

In the second chapter, the document includes short summaries of the
publications with essential content for the dissertation. The methods
are described in Chapter 3 before the conclusions and recommenda-
tions are given in the fourth chapter.

Part IT of the dissertation includes reprints of the publications.

1.2 STAKEHOLDERS - POLICY, INDUSTRY AND SOCIETY
1.2.1 International framework

The following description of the international framework explicitly
comprises facts which are relevant for the woodworking industry. It
is not exhaustive.

20-20-20 targets

The EU climate and energy package was enacted in 2009, setting
binding energy and environmental targets to be reached in the year
2020. These so called 20-20-20 targets set objectives in terms of a 20
% energy efficiency improvement, a 20 % reduction of greenhouse
gas (GHG) emissions and a share of 20 % renewable energy of the
total energy consumption. The targets are expected to be achieved by
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several different measures.

For the reduction of GHG emissions, a major tool is represented by
the Emissions Trading System (ETS), which operates in the EU-28
Member States, Norway, Iceland and Liechtenstein. It “caps” the
total emission allowances for many power plants, heavy industry
and air transport while enabling “trade” of allowances between those
emission sources.

However, about 60 % of the EU wide GHG emissions are out-
side the ETS. For those, national targets have been set for the EU
Member States under the “Effort Sharing Decision” (Decision No.
406/2009/EC). Each Member State has limits for GHG emissions
from non ETS sources in 2020, resulting in -10 % reduction for
EU-28 compared to 2005. The combination of the ETS and the “Effort
Sharing Decision” are intended to accomplish the 2020 reduction
target, cutting emissions 20 % below 1990 levels.

The major increase of the share of renewable energy up to 20 %
is supposed to be achieved by the “Renewable Energy Directive”
(Directive 2009/28/EC). It sets a framework to promote the use of
renewable energy and sets mandatory national targets for the share
within the energy mix.

The tools to reach energy efficiency targets are not directly in-
cluded within the EU climate and energy package. Instead, the
European Commission adopted the “Energy Efficiency Plan 2011”
(COM/2011/0109) to increase energy efficiency. The communication
paper proposes to foster low energy consumption in the construction
sector, develop a competitive European industry, intensify energy
taxation and carbon tax, help consumers save energy, and to widen
the scope of national primary energy reduction targets to cover
all stages of the energy chain. The legislative result of the com-
munication paper is the Energy Efficiency Directive (2012/27/EU)
which obligates each Member State to set indicative energy efficiency
targets for 2020.

For 2030, more ambitious targets were set. On 23 October 2014, EU
leaders agreed upon a 40 % reduction target for GHG emission and
an increase of renewable energies up to 27 % until 2030 (Press release
IP/14/54).

Kyoto targets

Besides the 20-20-20 EU targets, GHG emission commitments have
to be fulfilled due to the responsibility under the Kyoto Protocol’s
compliance mechanism. For EU-15, legally binding national targets
for 2012 have been agreed on in the “burden sharing” agreement. In
accordance with article 4 of the Kyoto Protocol, Member States and
the European Community (EU-15) quantified emission reduction
commitments expressed as percentages of emissions in their chosen
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base years (in most countries 1990 for CO,, CH4 and N0, and 1995
for fluorinated gases). For the second period from 2013 - 2020, the EU
intents to fulfill its commitments as EU-28 jointly (-20 % compared
to 1990 emissions).

During the 1st period of the Kyoto Protocol Land Use, Land Use
Change and Forestry (LULUCF) activities have been taken into
account. With decision (2/CMP. 7) (UNFCCC, 2011) of the Kyoto
Protocol, annex I parties to the convention now shall also account
for anthropogenic greenhouse gas emissions resulting from forest
management (UNFCCC, 2011, Article 3.4, paragraph 7) and the
change in carbon pools of harvested wood products (UNFCCC, 2011,
General, paragraph 26).

Progress towards the targets

The EU progress towards reaching the agreed targets varies between
the targets. It is on track to reach the Europe 2020 target and the
Kyoto target for the period 2013-2020 in terms of reduction of GHG
emissions (European Commission, 2013b). Essential reductions (48 %
on EU level) were achieved during the industrial recession in 2009
(ADEME, 2013).

Underpinned by a revision of the Emissions Trading Directive (Direc-
tive 2009/29/EC), in phase 3 of the ETS a single EU-wide cap for ETS
emissions and a reduction of free allocation of emission allowances
towards more auctioning has been agreed upon. This will ensure the
reduction of EU wide ETS emissions to be 21 % below 2005 levels in
2020 (European Commission, 2013b).

In contrast, however, the growth of renewable energy in the EU
reveals a less optimistic outlook for 2020 (European Commission,
2013¢). To achieve the agreed goals here, Member States need to im-
plement further measures. One reason for the forecast gap, although
not being the most evident failure in terms of compliance with EU
targets, is the negative trend for biomass energy utilization, which
means that it is increasingly diverging from its target path (European
Commission, 2013c¢). The cited progress report assumes that “this de-
viation could be linked to the production cycles of the wood, pulp
and paper industries, whose wastes and residues constitute a signifi-
cant part of biomass feedstock” (European Commission, 2013c, p.5).
The energy efficiency (energy consumption compared to macroeco-
nomic variables) increased by 12 % from 2000 to 2010. After 2007, the
efficiency progress slowed down drastically. The EU industry (25 % of
the total final energy consumption) even reversed the trend towards a
decrease in energy efficiency in 2009 and 2010. Moreover, 60 % of the
efficiency gains made before 2008 can be explained by a shift towards
less energy intensive industry branches only.

But the industry was not the only sector of concern. The even larger
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building sector (41 % of total final energy consumption in Europe
in 2010) increased its final energy consumption by 1 % per year
(ADEME, 2013) since 1990.

In total, final energy consumption in the EU did not decrease as is
should have but instead increased by 23 Mtoe from 2000 to 2010.

1.2.2  German framework

In terms of GHG emission reductions, the ETS is implemented in Ger-
many and the country agreed upon emission reductions in the con-
text of the “Effort Sharing Decision” as specified on EU level. Start-
ing in 2015, the LULUCF activities in terms of aspects in relation to
afforestation, deforestation and reforestation which were reported al-
ready on a voluntary basis in the previous National Inventory Sub-
missions (NIRs) (after the voluntary option had been chosen, the re-
porting was obligatory from that year onwards) and carbon storage
in wood products will be reported in the NIRs.

The fundamental national implementation to reach the renewable en-
ergy targets is the “German Renewable Energy Act” (Erneuerbare
Energien Gesetz (EEG)), guaranteeing feed-in tariffs for electricity pro-
duced from renewable sources. With its revision in July 2014, feed-in
tariffs for new installation were capped (or the build-up of new in-
stallations respectively) and the EGG surcharge has to be paid as well
by producers of renewable energy which use their own energy. The
larger power plants will be capped in production (remote controlled)
if too much energy is available temporarily in the market.

An increase in energy efficiency in the industry was agreed upon
between the German industry association and the government (BDI
etal., 2012) and with the implementation of the Energy Efficiency Di-
rective, tax reductions which had been granted to industry members
without obligations before, are tied to the implementation of energy
auditing schemes.

In the building sector, assessment schemes for sustainability in con-
struction have been introduced broadly on EU level and within
several Member States, including Germany. The German DGNB
(Deutsche Gesellschaft fiir Nachhaltiges Bauen e.V.) started its volun-
tary scheme in 2007 and the BNB (Bewertungssystem Nachhaltiges
Bauen fiir Bundesgebédude) started its scheme, mandatory for public
buildings, in 2011. Besides social and economic aspects, both schemes
include the assessment of environmental and energy related issues
connected to the life cycle of the construction materials. The share of
renewable energy, the consumption of primary energy as well as the
emission of GHG are substantial pieces of information disseminated
by those schemes.
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1.2.3  The woodworking industry

The woodworking industry - a stakeholder in various contexts

The German woodworking industry is a relevant stakeholder in the
national implementation of climate, environment and energy related
regulations.

Forests and wood products are deeply embedded within the LULUCF
mechanism of the Kyoto protocol. As forests are the main primary
resource of wood, and wood products are the primary output of the
woodworking industry, changes, for example, to the production vol-
umes, the total mass of wood within the products (for wood based
panels this can vary) and the recycling intensity have a potential in-
fluence on the reported quantities in the NIRs.

From a fuel flow perspective, almost 56 % of all renewable energy
(as final energy) consumed in the German industry in 2012 was con-
sumed by the woodworking industry (Destatis, 2014b, NACE 2.2
Code 16). Furthermore, the woodworking industry ranks at position
9 among the largest energy consumers of all German industry sec-
tors with a total share of 2.5 % of energy consumed in the industry
(Destatis, 2014b).

Since the ETS assigns an emission factor of zero to biomass (EU ETS
Directive, Annex IV) (sustainability emission factors in case of liquid
biomass and biofuels exist, but not for solid biomass European Com-
mission DG A.3 (2012)), the ETS it is relevant for the fossil parts of the
fuels used in combustion plants exceeding 20 MW of thermal input
(Parliament and Council of the EU, 2009) only.

Consequently, the woodworking industry has not shown much inter-
est in actively taking part in the trading system (Stassen etal., 2012).
In total, the woodworking industry was responsible for the emissions
of approximately 5 million tonnes of CO,-eq. (non - biomass) (see
Section 3.2), which equals about 0.6 % of the total German CO;-eq.
emissions in 2012 UBA (2014). In addition, 7 - 8 million tonnes of CO,-
eq. emissions are emitted on site from the combustion of biomass (see
Section 3.2).

The extensive use of wood fuel in the woodworking industry is also
well embedded within the national electricity mix. Since drying pro-
cedures (especially in sawmills) operate with low temperatures, com-
bined heat and power (CHP) plants have been proven to be feasible
additions on production sites: with a production of about 2 TWh of
electricity in 2012 (Destatis, 2012a), they produced approximately 6 %
of the gross electricity production from biomass in Germany (BDEW,
2013). Therefore, the prosperity of the sawmill industry (SMI) and the
wood based panels industry (WBPI) depends not only on the availabil-
ity and price of the resource wood, but also the feasibility of benefit-
ing from selling “green” energy in terms of remote heat or electricity
from CHP plants. Any policy action with influence on this has a po-
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tential impact on the economic circumstances of the woodworking
industry.

With regard to the policy tools installed to reach the 2020 targets and
those to come to reach the 2030 targets, the woodworking industry is
a relevant stakeholder. Thus, any policy framework in context with
energy efficiency increases, a reduction of energy consumption, the
share of renewable energy and the reduction of GHG emissions has a
potential relevant impact.

The woodworking industry - Understanding its role from a life cycle perspec-
tive

As a stakeholder in the presented policy framework, the woodwork-
ing industry needs to understand its role within that framework and
its development towards the targets. To understand the impact of de-
cisions made at company level, all gains or losses which result from
those decisions need to be visible and clearly distinguished from
gains and losses triggered by other stakeholders. The companies
of the woodworking industry need to understand the relationship
between choices they can make in terms of process and product
design and the resulting impact of those choices. Changing supply
chains, the mix and composition of materials, the weight and size of
products, the reduction of energy consumption, changing fuel types
and others need to be understood in context of the implemented
assessment schemes their products are ranked with.

For the latter, the development of the environmental impacts trig-
gered by the woodworking industry thus have to be embeddable into
the context of the complete forest wood chain. If the environmental
impact of the woodworking industry is to be included within long
term evaluations of current political decision making, being aware
of the environmental aspects of the complete forest wood chain, the
life cycle of its products and services, monitoring their development
and understanding their reaction to policy changes is indispensable.
Product consumers need to understand the potential impact of
their choices. Industry associations which like to discuss policy
implications in terms of their effectiveness to reach political targets
need to be able to holistically explain the development of their
branch and possible interrelations with policy tools.

To put it in a nutshell, firstly the assessment of the development
of environmental impacts of the woodworking industry has to be
delimited to reflect decisions made at the company level in particular,
while the interfaces to the rest of the forest wood chain have to be
defined unambiguously. In terms of defining interfaces, emissions
from harvesting and changes in the forest and wood product carbon
pools can be assigned to the development of the woodworking
industry by evaluating the reported produced volumes which are
available in national statistics. For wood based panels, some accuracy
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problems occur due to the unknown densities and the actual carbon
content in the products. For solid wood products, the density of the
species and the carbon content respectively might vary as well. A
consistent approach needs to define densities and wood contents for
each product.

The other aspect, the surveillance of current developments, is per-
formed on different aggregation levels (forests and wood products
in terms of carbon pools (LULUCF), emissions from harvesting and
emissions from the woodworking industry within the industry sector
monitoring, transports within the transportation sector monitoring).
However, the development of the environmental impact of the actual
production process of the wood products is aggregated within the
indicators frequently published by the government (BMWi 2014)
which report achievements in context with the political targets
for energy and GHG emissions. Here, either the energy intensive
industrial sectors are the singular focus (excluding the woodwork-
ing industry), or the woodworking industry is aggregated within
“others” (Lechtenbohme etal., 2014; Fleiter etal., 2013; Wiinsch etal.,
2012) and is not part of the industry monitoring in context with
the agreement between the German industry association and the
government mentioned above (Frondel etal., 2013).

Of course, the achieved gains or losses as a result of policy tools will
become visible at national or international level anyway, since the
relevant monitoring systems report at this level. But although the po-
tential rebounds are taken into account (as totals), the interrelations
might stay hidden, preventing the understanding of cause and effect
and a deliberate implementation of policy tools which are aware of
these potential rebound effects.

Furthermore, the energy consumption and direct CO, emissions are
only two aspects of the various environmental impacts potentially
triggered by the woodworking industry. The generation of energy
(CHP plants) on site, emissions which occur in the supply chain
(other than wood) and other important emissions like NMVOC, SO,
and NOy are not holistically available for the woodworking industry
in general.

1.3 TOOLS - ENVIRONMENTAL LIFE CYCLE THINKING
1.3.1  General framework

Life cycle thinking means to holistically understand the full life cycle
of decisions. This includes decisions on policy, business, or any other
level. The most prominent tool used for this approach is the Life Cy-
cle Assessment (LCA).
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LCA is a standardized method to quantify effects of the complete life
cycle of a product or service on resource depletion, environmental
impacts and health issues. The approach is a structured method to
comprehensively analyze all relevant aspects from the extraction of
resources along the product or service life of the product to the dis-
posal of the remaining waste, usually referred to as from cradle to
grave.

The underlying standards are ISO 14040 and ISO 14044 which pro-
vide a robust framework for the application of LCA but also leave
high flexibility to adjust certain issues for the specific cases. While
those adjustments are needed to gain relevant results for all possible
cases, this high level of freedom can also lead to biased results if cho-
sen blindfold.

Some typical applications for LCA, studies are product improvement
by identification of key issues, weak point analysis or eco design.
Products can be compared in order to benchmark them against the
average or competitive products. Another large field of application
is communication of environmental issues and therefore encouraging
life cycle thinking by means of life cycle based eco labels or carbon
footprints. LCA can also supply information for environmental man-
agement systems. At policy level, the tool is used to supply strategic
decision support and after the decision has been made, it can be used
to monitor changes in environmental issues of sectors, nations, sup-
ply chains and others (European Commission, 2010b).

The structure of every LCA is given by ISO 14044 and consists of five
steps:

THE GOAL DEFINITION is an essential part, as it ensures an unam-
biguous statement on the intended application and audience of
the results. Understanding the goal of the study and the reason
for carrying it out is essential for choosing a well-balanced LCA
approach.

THE SCOPE DEFINITION is a clear description of the specific deci-
sions made where ISO 14044 is flexible. This includes the de-
scription of limitations of the LCA and the implications for the
targeted audience. This step is crucial in terms of the applica-
bility of results to answer the questions addressed in the goal
definition.

THE INVENTORY ANALYSIS is a detailed description of elementary
flows which result from the system under study as defined in
the scope definition. The result is referred to as the Life Cycle
Inventory (LCI)

THE IMPACT ASSESSMENT aggregates the identified elementary
flows of the LCI in support by assumption (European Commis-
sion, 2010b). Several methods are available.
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THE INTERPRETATION of the results is essential for translating re-
sults from the impact assessment to results directly answering
questions addressed in the goal definition. Again, the descrip-
tion of limitations is essential in this context.

1.3.2  The scope of the study

The essential approaches

ISO 14044 offers several possible ways of adopting the LCA method-
ology to the specific case under study. While this is indispensable
for an ISO standard which offers a methodology for possibly all
LCA studies, the standard also requests the practitioner of the study
to supply a comprehensive and transparent documentation of the
specific choices that were made. Furthermore, choices with a major
impact on the results should be the subject of sensitivity analysis.
One of the most controversially discussed aspects in this context is
the attribution of environmental burdens in case of multi-functional
systems. Those systems typically supply more than one service or
product. Burdens connected to the product under study have to be
separated from those connected to the other products.

In this context it is important to understand which question was
addressed in the goal definition. Questions on “what was” and “what
is” have to be treated differently than questions on “what if”. While
the two former questions address information about the current sta-
tus of a life cycle, “what if” addresses possible consequences which
result from a change of the current status. Ekvall and Weidema (2004)
argue that considering the consequences of an action is necessary
to make a rational decision, but the actual way of how to build a
model for this to get robust results for decision making has been
discussed intensively. The two modeling principles are commonly
called “attributional modeling” and “consequential modeling”, also
referred to as Attributional Life Cycle Assessment (ALCA) and
Consequential Life Cycle Assessment (CLCA).

The two ways of LCA modeling can be differentiated by how the mod-
eled life cycle of a product deals with multi-functional systems and
the change in demand or supply as a consequence of a decision. The
comparison of two products or - more precisely - the comparison of
consuming one product instead of another are dealt with differently.
The attributional approach aims to isolate the environmental impact
of the primary service (the functional unit) provided by the product
system from those of any secondary services of the system. For the
comparison, two isolated systems are compared with each other and
the system with less impact can be argued to be the better choice.
The consequential approach instead tries to avoid any allocation
procedure but strives to include all secondary services of a product
system by system expansion. Further on, changes in demand are
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dealt with by analyzing the most possible reaction of a supply
market to the change in demand (called “marginal supply”) rather
than assuming the reaction reflects the typical proportion of the
market share of each supplier. Typically, both choices are modeled in
one system.

The advantages of an idealized ALCA are straight forward modeled
systems and the availability of basically well-established databases
supplying generic data. The disadvantages are certainly that market
reactions are not considered and relevant impacts that might be
triggered in by-product systems are not detected.

CLCA models, on the other hand, tend to be rather more abstract
models as the relevant impact might take place in the secondary
systems. Furthermore, the background data used for the models
(e.g. electricity supply) are different from those used in ALCA since
they reflect the marginal production and not the average status quo
(Weidema etal., 1999). The differences occur since some technologies
are subject to constraints (Ekvall and Weidema, 2004) and cannot
be up-scaled linearly to the average. Lund etal. (2010), for example,
showed that the difference between the environmental impacts of the
average Danish electricity mix can vary drastically from the marginal
energy production.

Choosing the right approach

While it is not clear which approach should be used, it is generally
understood that both approaches yield valuable insights (Plevin
etal., 2014a; Suh and Yang, 2014; Branddo etal., 2014) and that
some aspects are visible in one method yet obscured in the other
(Earles and Halog, 2011). The value of mixing the approaches is also
unclear.Suh and Yang (2014) argue that there is no real life LCA that
matches the ideals of a true ALCA or CLCA therefore, there is never
a case in which the approaches do not mix. Plevin etal. (2014b), on
the other hand, argue that ALCA answers fundamentally different
question. In ALCA the question is “which portion of total pollution
can be attributed to product system X” and in CLCA it is “what
is the net effect of an action”. A mixed approach therefore gives
answers to neither of them.

In conclusion, there is a strong argument for using ALCA for mon-
itoring purposes and CLCA for policy decision support. Anything
in between such as identification of key issues, weak point analysis,
eco design, life cycle based eco labels, carbon footprints and many
other applications should include a discussion not only of the
generated results, but also on the applicability of the methodological
choices made, knowing that instead of preferring one approach to
another, one should recognize the strength and weaknesses of both
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approaches to best support a decision (Suh and Yang, 2014).

Practical implications

Beside the question of which general approach is to be used for a
certain case, the practical implications of building the LCA model
according to the type of approach need to be further determined.
It is especially important to choose and document the type of
allocation procedures (Weidema and Schmidt, 2010; Werner etal.,,
2007b; Jungmeier etal., 2002), cut-off rules and applied background
data (Ekvall and Weidema, 2004) and to interpret their implications.
A comprehensive harmonization effort in this context has been
conducted by the Joint Research Center, Institute for Environment
and Sustainability (IES) on EU level (European Commission, 2010b),
which lead to the International Reference Life Cycle Data Sys-
tem (ILCD), a series of LCA handbooks, established by the European
Commission, giving technical guidance to many LCA situations.
Many situations can be dealt with within the scope of an LCA. The
European Commission (2010b) differentiates between micro-level
decision support, meso- and macro-level decision support and
accounting.

Micro-level decision support - example of wood products in building appli-
cations

The micro-level decision support is used to analyze the environmen-
tal impacts of decisions which are assumed to have no or only neg-
ligible consequences outside the decision context. Especially conse-
quences that influence the characteristic structure of, for example, a
production process are not expected. Typical applications are product
comparison and communication. For wood products, labels and foot-
prints are typical applications.

At least 66 % of the produced sawnwood and 34 % of the wood based
panels produced in the woodworking industry are used in the con-
struction sector (in 2007, Mantau and Bilitewski, 2010). Hence, on the
product level, producers have to deal with environmental assessment
schemes that rate the environmental quality of their products.
Schemes like DGNB and BNB typically include the evaluation of the
environmental, economic and social performance of buildings and cu-
mulate the results to a single sustainability indicator. With mandate
M /350 EN in 2004, the CEN Technical Committee 350 (CEN/TC 350)
was set up to develop “horizontal standardized methods for the as-
sessment of the integrated environmental performance of buildings”.
Thereafter, for the assessment of environmental aspects on building
level (CEN, 2011, EN 15978:2011), environmental information for the
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construction products are required based on Type III Environmental
Product Declarations (EPD) (ISO, 2007, ISO 14045:2006). Developing
EPD is typically based on additional specific rules, requirements and
guidelines called Product Category Rules (PCR). For the construction
sector, EN 15804:2012-04 supplies general rules for building products
(core PCR) and every program holder develops additional PCR on top
of this for specific construction products (like doors, flooring, wood
based panels in case of wood products). All EPD based on ISO 14025
include environmental information based on product life cycle assess-
ment in accordance with ISO 14044:2006 (ISO 14044:2006, 2006).
Besides the named DGNB and BNB systems other sustainability as-
sessment schemes for construction works are in place. Starting in
1990, “BREEAM” (Building Research Establishment Environmental
Assessment Method) has been developed in the UK and LEED (Lead-
ership in Energy and Environmental Design) has been developed in
North-America since 1993. Although several other schemes are avail-
able, DGNB, BREEAM and LEED have the highest penetration in Eu-
rope (McGraw-Hill Construction, 2013). All three build upon envi-
ronmental information of building products in accordance with ISO
14025.

The actual decision support is typically available on building level
only. DGNB and BNB for example express the total environmental
impacts of a building in relation to the results of a fictive building.
The distance is than expressed in ratings which can be compared be-
tween buildings. But on these grounds, it can also be argued that if
sustainability labels are targeted within the design phase of a build-
ing, the choice for building products will be governed by their envi-
ronmental impacts from cradle to grave on product level.

It should be stated at this point, that the environmental aspects are
only one aspect within the sustainability assessment schemes de-
scribed above. Further considering the fact that the use phase of a
building typically has a larger environmental impact than the pro-
duction phase, the difference in environmental impacts assigned to
different building products is not always a decisive factor for the to-
tal result of the sustainability assessment.

Micro-level decision support - example of wood products in non-building
applications

Besides the EN 15804:2012-04 methodology which is applied within
the construction sector, other environmental assessment methods or
guidelines for products in general are available which all build upon
LCA in accordance with the ISO 14040 series. The French environ-
mental footprint guidance BPX 30-323 provides general guidance for
product specific assessment with a focus on climate change. Others
exclusively take climate change into account. The ISO product carbon
footprint ISO/TS 14067:2013, the UK’s products carbon footprint



1.3 TOOLS - ENVIRONMENTAL LIFE CYCLE THINKING

(BSI, 2011, PAS 2050:2011) and the GHG Protocol developed by the

World Resource Institute (WRI) and the World Business Council for
Sustainable Development (WBCSD) provide information on the life
cycle greenhouse gas emissions of goods and services.

Finally with the Product Environmental Footprint (PEF) (Annex
IT of European Commission, 2013a), the European Commission’s
Joint Research Centre together with DG Environment developed an
environmental footprint which builds upon the named approaches,
especially the ILCD with the intention of a harmonization.

The decision support based on labels outside the building context
is typically available by comparing the results for two (comparable)
functional units, either directly or within more comprehensive
comparative studies. Some of them adapt and document specific
aspects of ISO 14044 apart from the established footprints and labels
to best fit their needs. For example, Gonzalez-Garcia etal. (2011)
analyzed different options for furniture manufacturing and Benetto
etal. (2009) analyzed the environmental benefit of different drying
technologies for Oriented Strand Board (OSB).

Accounting - product and company level

LCA is used for accounting to purely describe a system under study
without analyzing any type of consequences. Examples are sector
monitoring, corporate or site specific environmental reporting. This
can be done based on ILCD and the GHG Protocol offers a company
level approach as well. ISO 14064:2006 supplies principles to quantify
GHG emissions on company level and other approaches are available
(e.g. the “Guidance on how to measure and report your greenhouse
gas emissions” Defra, 2009). Some methodologies include life cycle
assessment by definition (e.g. ILCD), others offer guidelines for the
inclusion of Scope 2 and Scope 3 emissions (i.e. adopting the WRI/W-
BCSD methodology Scope 1 are direct emissions, Scope 2 emissions
are indirect emissions from energy supply and Scope 3 emissions
are all other emissions happening along the supply or waste chains).
Mentionable in this context is that the international standard for
environmental management systems is currently being revised.
With regard to Lewandowska and Matuszak-Flejszman (2014), the
revised version ISO 14044:2015 is likely to move towards LCA as well.

Accounting - sector level

For sector level accounting, standardized reporting procedures are
not available, but with regard to the holistic monitoring procedures
on national level in terms of GHG emissions reduction, reduction
of energy consumption and the increase of the share of renewable
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energy in the energy mix, some requirements can be derived.

For reports which disseminate results on national level, the single
results of sectors must be summarized to national level without
double counting. The system boundaries (used in the reporting) of
sectors therefore circumscribe the site specific rather than products
specific aspects. Examples are the GHG reporting (UBA, 2014) and
energy reporting (BMWi, 2014) on national level.

A different approach is conducted by the ODYSSEE-MURE Project
(Department of Energy and Climate Change, 2012), especially focus-
ing on the energy efficiency development in the EU. The indicators
on sector level (e.g. industry, or even one level below e.g. pulp and
paper industry) include all energy consumed by the industrial sector
(excluding transports).

Meso- and macro-level decision support

Decision support on meso- and macro-level is described to support
decision making where structural consequences are expected outside
the decision context. Typical applications are strategic decision sup-
port for policy development, policy information and the assessment
of environmental benefits of different value-, process- or product-
chains applicable to the same type of resource material or products.
For forestry residues and by-products of the woodworking industry
the potential benefit of shifting from material to energetic utilization,
or the other way around, was discussed (Helin etal., 2014; Cespi
etal., 2013). The environmental impacts of forest management has
been analyzed and decision support for different forest management
options, especially in context with GHG emissions and carbon storage
issues, have been discussed extensively (Lippke etal., 2005; Poudel
etal., 2012; Werner etal., 2010; Nabuurs etal., 2007; Osterburg etal.,
2009). On product level, carbon storage issues are also relevant
(Ingerson, 2011; Lippke etal., 2010; Tsunetsugu and Tonosaki, 2010;
Riiter, 2010) and some effort has been made to evaluate the benefit
of substitution of products derived from steel and plastics with
wood products (Gustavsson etal., 2006; Sathre and O’Connor, 2010).
Finally, benefits of cascade chains and other end of life options have
been discussed (Osterburg etal., 2013; Gértner etal., 2013; Frithwald
etal., 2010).

From the viewpoint of the woodworking industry this means, LCA
data is needed for the average products of the woodworking indus-
try to be disseminated in public databases (e.g., the Oekobau.dat
supplied by the BBSR) to supply the relevant information for sustain-
ability schemes.

Furthermore, the impact of producing wood products, using them
and treating them at their end of life are essential aspects for
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environmental evaluations on policy level. Transparency and well
documented data is necessary to make it adaptable to the broad
range of methodologies used and in addition, eco design processes
and environmental optimization efforts should be analyzed in
context of the schemes in which the products have to compete .
Finally, on company level LCA data will help to communicate in
connection with management systems, while data used on company
level should be applicable on sector level as well. On sector level, the
required data needs to be available for several points in time to show
a trend and it needs to be detailed enough, to filter the causes of the
trend.

1.3.3 Life cycle inventory data

Considering the chosen approach

The life cycle inventory represents the results of the data collection
based on the methodological choices defined in the scope of the LCA
and the requirements of the impact indicators which are intended to
be disclosed to the audience of the LCA.

European Commission (2010b) provides a framework for the LCI
modeling principles. Basically the background processes require
aspects of marginal production if the consequences of a decision are
expected to be large. The average market mix is used for decisions
with no expected large structural changes or monitoring purposes.
Multi-functionality is solved by following ISO 14044 recommen-
dations, where subdivision is followed by system expansion and
allocation is named as a last possible solution only.

For the collection of data in attributional modeling, European
Commission (2010c) proposes starting from a central process which
is usually the functional unit (the reference flow of the system) and
then expanding the data collection from there. For a structured
approach, the analyzed system is separated into a foreground system
and a background system. Following the “specificity perspective” as
defined by European Commission (2010b), the foreground system
includes all processes which are specific to the system which are
typically all processes from “gate to gate” of a production site. The
background system then represents the homogeneous market behind
the supply and waste chains of the foreground system delivering
cradle to grave models (European Commission, 2010c). The “man-
agement perspective” as a second alternative to divide the systems,
defines the foreground system to include all processes in direct
influence of the driver of the central process and the background
system which includes everything else.

For consequential modeling, European Commission (2010c) proposes
identifying and modeling the processes needed to meet the addi-
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tional demand and the required alternative processes to substitute
the changed demand of co-functions in case of multi-functionality.
Both reactions are referred to as “primary market consequences”.
Consequential models can also include “secondary market conse-
quences” like an increased demand of a co-product where the price
of the co-product is reduced and obviously the reduced consumption
of the competing co-product. Moreover, consumer behavior changes
and industrial behavior like increased efficiency due to higher prices
can be included in the model.

Collecting data

After defining the central process according to the functional unit,
LCI input and output flows are collected for every process which was
identified to be relevant for the foreground system. Flows can be
products, co-products, services, waste, emissions, natural resources
and other elementary flows. Those modeled processes also referred
to as unit processes are the essential elements for the model. Rele-
vant processes identified in the background system are modeled with
generic data. European Commission (2010b) proposes to use well-
documented and pre-verified datasets with high quality if possible.
But collecting information on process level to construct the complete
life cycle of a product is not the only way of gaining knowledge on the
interrelations of a product supply and waste chain. For attributional
models, and especially for gaining knowledge on the completeness
of the model, Input Output Life Cycle Assessment (IOLCA) or mix-
tures of IOLCA and classical LCA also called “hybrid LCA” are applied.
Seppdlda etal. (2005) for example presented an IOLCA-based method
on how to measure and monitor the eco-efficiency of a region. The
approach principally uses economic supply-use tables which supply
information on the supply of goods and services from a sector (called
activity) and the goods and services used by an activity. To isolate the
goods and services that where needed in a sector to produce a certain
product, all co-products which are produced by the sector as well are
substituted by replacing them as negative input to the same activity
(Weidema etal., 2009). The resulting tables are called “direct require-
ment” tables and offer unique insight into the product requirements
of a sector to produce a specific product. Seppilda etal. (2005) used
economic input-output tables in combination with material flows ac-
cording to Nomenclature Generale des Activites Economiques dans
I"'Union Europeene (NACE) sector categories.

One of the advantages of this approach is its ability to produce rapid
screening-level inventories (Wright etal., 2008) but high variations oc-
cur due to the necessary assumptions on prices (Moberg etal., 2014)
and monetary input output tables may violate the underlying mass
balance and unless no detailed data on the difference in consumer
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prices is available, information based on physical causality should be
preferred before monetary input output tables are applied (Merciai
and Heijungs, 2014). Furthermore, calculations are work intensive, do
not produce annual data and the material flow based analysis always
implicitly assumes that each ton of material has the same environ-
mental impact (Seppaélda etal., 2005).

For example, in Germany the economic input-output tables are sup-
plied every fourth year, published four years after the reference year
(data available from 2010, 2006 and 2002, see for example Destatis
(2014a)). As they are based on monetary units, the inherent assump-
tion would be that every Euro in terms of a monetary flow from a
specific activity has the same environmental impact.

Awailability of LCI data in the wood sector

Wood products have been subject to many LCA studies in terms of sta-
tus quo assessments (what is) and decision support (what if ). Follow-
ing the typical process chain of wood products, status quo LCI and
LCA results for forestry operations producing roundwood and for-
est residues have been published by Dias (2013), Timmermann and
Dibdiakova (2014), Gonzalez-Garcia etal. (2013) and Schweinle and
Thoroe (2001). On product level, data for products from the SMI have
been published for the US market (Bergman and Bowe, 2010b, 2008b,
2009, 2008a, 2010a; Puettmann and Wilson, 2005; Wagner etal., 2009),
and for Switzerland (Werner etal., 2007a). Frithwald et al. (2000a) con-
ducted the first comprehensive LCA for sawmill products in Germany.
However, the specific energy consumption for the production of
sawn wood, a key factor for many environmental impact categories
(Diederichs, 2015), can be very different from sawmill to sawmill. This
was shown for the German market in an earlier study by Ressel (1986)
and was verified for modern sawmills (Diederichs, 2014a). Tables 1
and 2 summarize the energy consumption listed in published LCI
data for modern sawmill groups from different regions and years. Al-
though these numbers already show average data from more than one
sawmill, the publications present very different specific energy con-
sumption for the production of similar products. While the reasons
for those differences can be manifold, it becomes clear, that generic
and representative datasets for a country require a broad and up-to-
date database.

Doring and Mantau (2012) counted a total of 2194 sawmills in Ger-
many in the year 2010. Official, but less comprehensive numbers,
are available from Destatis (2010a), identifying 404 sawmills in 2010,
yet excluding companies with fewer than 20 employees. In addition,
the market is served by a significant number of middle size compa-
nies: 37.4 % of the saw log input is handled by at least 803 medium-
sized producers (2,500-200,000 m3/ year saw log input) (Déring and
Mantau, 2012). Hence, having a large relevant population (statisti-
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Table 1: Published data on electricity consumption of sawmill processes

[kWh/m3 output]. A: Bergman and Bowe (2010a), B: Puettmann
etal. (2010), C: Milota etal. (2005) West D: Milota etal. (2005) South,
E: Werner etal. (2007a) F: Frithwald etal. (2000a)

PROCESS A B C D E F
Debarking (D) 1.80 4.5
Milling (M) 19.00 28.20
Total D + M 52.64 20.81 45.35 34.43 32.70 23.15
Kiln drying 24.54 16.71 26.69 28.66 2500 20.28
Planing 19.53 34.09 16.75 13.92 31.00 27.72

Table 2: Published data on heat consumption of sawmill processes (conifer-

ous) [MJ/m?3 output]. A: Bergman and Bowe (2010a), B: Puettmann
etal. (2010), C: Milota etal. (2005) West D: Milota etal. (2005) South,
E: Werner etal. (2007a) F: Frithwald etal. (2000a)

FUEL A B c D? E F
Wood 1803 1066 471
Oil and Gas 263 966 432
Total 2066 2032 2739 3099 959 903

T Average use of fuel for kiln dried products, 2 Heating value of steam
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cally) and probably high deviations between each element, the re-
quired sample size of a relevant survey is large. None of the available
datasets for sawmill products fulfills these requirements.

LCA and LCI studies have also been conducted for all typical prod-
ucts produced by the wood based panels industry (WBPI). Rivela etal.
(2006) conducted LCA for particleboard (PB) and fiberboard (FB) (Riv-
ela etal.,, 2007) by analyzing one Spanish PB plant and two Spanish
as well as one Chilean FB production facilities. Kline (2005) presented
data from four production facilities for OSB. In the US, data for the
production of PB, plywood (PW) and FB was calculated (Wilson, 2008;
Wilson and Sakimoto, 2005; Wilson, 2010b,a) and LCA for Brazilian PB
manufacturing mills that used eucalyptus as the wood resource was
presented by Silva etal. (2013). In Germany, an analysis of five PB and
three FB production lines as well as a production line for OSB was
conducted (Hasch, 2002; Frithwald etal., 2000b). Data was gathered
between 1997 and 1999.

Yet since then, the German market and production of wood based
panels has changed drastically. PW production has decreased by 50 %
and production of PB by 40 %. FB production increased by 125 % and
during those years no considerable amount of OSB was produced (fig-
ures rely on statistics from the European Panel Federation (EPF) and

Food and Agricultural Organization of the United Nations (FAO)). In
addition, Diederichs (2014b) found substantial differences in the spe-
cific energy consumption for the production of very similar products,
which shows that generic datasets need a broad base. Considering the
importance of the German WBPI to the European and world market,
the current status of publicly available, transparently documented,
and up-to-date inventory data for these products is quite unsatisfac-
tory. Analogously to sawmill products, today’s available data does
not fulfill the requirements for relevant generic LCI datasets.

1.3.4 Impact assessment

General

Within the context of an LCA, the inventory related to the life cycle of
a functional unit (the LCI) is evaluated in terms of its potential impact
on an area of protection like human health, the natural environment
and natural resources.

Life Cycle Impact Assessment (LCIA) is a tool used to first classify
the inventory flows in their ability to contribute to an environmental
mechanism and then to quantitatively describe the contribution
(its specific character) within that mechanism. The impact is finally
expressed by means of an impact category. Its value is determined
by adding all elementary flows which were classified to contribute to
the impact multiplied by the specific characterization factor of each
substance or flow.
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Table 3: Impact categories evaluated in the status quo assessment and their
abbreviations used in the text

IMPACT CATEGORY ABBREVIATION
Global warming potential 100yr. GWP
Acidification potential of soil and water AP
Eutrophication potential EP
Depletion potential of the stratospheric ozone obr
layer

Formation potential of tropospheric ozone POCP
Abiotic depletion potential (ADP-elements) for ADPe
non fossil resources

Abiotic depletion potential (ADP-fossil fuels) ADPf

for fossil resources

These two steps, classification and characterization, are the manda-
tory elements of an LCIA as it is defined in ISO 14044:2006. Two
optional elements are described as well. By normalization the evalu-
ated impact categories can be related to those caused by any chosen
reference. Typical references are the population of a country or one
single individual of a defined group of consumers. By weighting
the impact categories, they can be emphasized according to any
preference.

Within this dissertation only the mandatory steps defined in ISO
14044:2006 will be focused.

Today, there is a large variety of LCIA methodologies available (see

for example European Commission (2010a)). The choice of impacts
dealt within the context of this dissertation is distinguished by the
intended application of the results. However, since one focus of this
dissertation is the dissemination of results on the level of LCI rather
than impact categories, the choice does not lead to an exclusion of
information.
In the context of EN 15804:2012-04 7 mid-point impact categories are
used to describe the environmental impact (Table 3). The term mid-
point refers to an assessment model where the impact is expressed
in the middle of the cause-effect chain between the release of the
substance (or the consumption of a resource) and its impact on the
area of protection.

THE GLOBAL WARMING POTENTIAL - GWP calculates the radiative
forcing ability of greenhouse gases for different time spans and
discloses the result in terms of CO; equivalent emissions (CO;-
eq.). The GWP1o00yr indicator as it is used in the context of this
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dissertation uses a 100 year perspective before the cumulative
radiative forcing is cut off. The most prominent substances with
the ability to absorb infrared radiation in the atmosphere are
CO,, CH4 and N>O.

Since the CO; uptake of plants is inventoried in the LCI as an
input to the system (emission to air) and as an output if the
biomass is burned or if it leaves the system as a product (e.g.,
recycling), the total mass of this so called biogenic CO, is bal-
anced in the system. Figure 1 shows the typical carbon balance
of sawnwood products (a) and wood based panels (b). In con-
trast to the cradle to grave totals, cradle to gate totals include
the “negative” biogenic CO; inputs.

For transparency reasons, biogenic CO; is not taken into ac-
count in this dissertation when CO;-eq. are disclosed. The dis-
closure would not give additional information but rather super-
impose the fossil based carbon emissions. However, they can be
easily calculated based on information on the mass of wood in
the products (e.g. in the description of the functional units as
disclosed in Original Scientific Paper (OSP) I and II.) or the fuel
quantity.

THE ACIDIFICATION POTENTIAL - AP indicates the ability of air-
borne emissions to affect the concentration of hydrogen ions
in water and soils. Typical substances are NOy, SO, and NH3.
The impact on mid-point level is expressed in NO,-eq.

THE EUTROPHICATION POTENTIAL - EP addresses the reaction of
an ecosystem to the addition of nutrients. Emissions of NOy
from combustion plants and NH3 from agricultural processes
are typical substance which lead terrestrial eutrophication, es-
pecially for marine and freshwater systems the availability of
phosphorus as a nutrient is important as well. The impact on
mid-point level is expressed in PO, 3-eq.

THE STRATOSPHERIC OZONE DEPLETION POTENTIAL - ODP
indicates the ability of an airborne emission to deplete the
ozone layer in the stratosphere. To do this, the substances
need to be persistent to reach the stratosphere and disrupt
the continuous procedure of the forming and destroying of
ozone. Chlorine and bromine atoms in airborne emissions like
dichlorodifluoromethane (R-12) and bromotrifluoromethane
(Halon 1301), typically used as cooling fluids have this abil-
ity. The impact on mid-point level is expressed in Rii-eq.
(trichlorofluoromethane).

THE TROPOSPHERIC OZONE FORMATION POTENTIAL - POCP
indicates the ability of a substance to trigger the photochem-
ical generation of ozone in the troposphere. The essential
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reaction takes place under the present of volatile organic
compounds (VOC), NO and radiation of ultraviolet light (day-
light). The impact on mid-point level is expressed in C;Hj-eq.
(ethene).

THE ABIOTIC DEPLETION POTENTIAL - ADPE/ADPF addresses

the depletion of abiotic resources (e.g. minerals, fossil fuels).
The characterization takes the total availability of the resource
into account in relation to the availability of the resource
antimony. In the case of fossil fuels (ADPf) a general charac-
terization factor for fossil fuels is multiplied by the heating
value of the fuel. The impact on mid-point level is expressed in
antimony-eq. for ADPe and heating value for ADP{.
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Figure 1: Typical (schematic) carbon balance of wood products from cradle
to grave (for some wood based panels not all resources shown in
the figures are used), EoL: End of Life
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1.4 OBJECTIVE OF THE DISSERTATION
1.4.1  Motivation

From the presented stakeholder framework it can be derived that the
achievement of mandatory EU targets in context with energy and
environmental issues is endangered. The effort of the industry mem-
bers in contributing to reach these targets needs to be increased. The
woodworking industry is a relevant stakeholder for the achievement
of several of those targets and needs to contribute in line with other
sectors.

In this context it needs to be recognized that

1. The woodworking industry is confronted with new challenges
by a variety of policy instruments (i.e. ETS, Effort Sharing Deci-
sion, Energy Efficiency Directive). Therefore, the interrelations
between the targets, possible competing aspects, specifically ap-
pearing in the woodworking industry, and possible rebound ef-
fects to other parts of the forest wood chain or vice versa need
to be fully understood.

2. The woodworking industry changes as the affecting policy
frameworks change (i.e. profitability of CHP plants, obligatory
implementation of energy management systems). Therefore the
effectiveness of these policy frameworks in terms of reaching
national targets needs to be analyzed based on an understand-
ing of how the woodworking industry has developed in relation
to the political targets.

3. LCA in accordance with ISO 14044 is a well-established tool used
to comprehensively supply the relevant background informa-
tion for accounting purposes and making decisions on micro-,
meso- and macro-level. The tool is deeply embedded within
several policy tools and supplying information to serve the ap-
plication of life cycle assessment is a necessity for companies
today and even more in the future.

4. LCA typically evaluates environmental aspects from cradle-to-
grave of a product life cycle. Therefore, understanding the gate-
to-gate impacts of the production step in context with the com-
plete life cycle of the products requires well-defined system
boundaries and interfaces to the other phases of the life cycle.
This ensures the ability of the process-specific results to be ap-
plicable for studies with a wider view and allows a sector-wide
assessment with transparent boundaries.

5. Available LCA and LCI data does not suffice the requirements
stated above.
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6.

The assessment of representative LCI data for a wide range
of products within the woodworking industry is a comprehen-
sive and complex procedure. Monitoring approaches, therefore,
need to be supported by simplified or streamlined LCI results
based on sector-level data, combining it within a hybrid LCA.

Fully recognizing that possible contributions to reach the political
targets can vary significantly depending on the stakeholder, the fol-
lowing tasks can be derived for the different stakeholder levels:

COM

POL

ASS

USE

RES

1.4.2

panies of the woodworking industry on the one hand need to
declare the environmental impacts of their processes and prod-
ucts in accordance with the available product and corporate as-
sessment schemes and labels. On the other hand, to contribute
to reaching the political targets they need to understand how
technical developments influence the outcome of LCA which is
applied in these assessment schemes and labels.

icy tools focusing on environmental and energy aspects need
to be evaluated in terms of their effectiveness. This evaluation
requires an understanding of the woodworking industry’s reac-
tion to those policy tools based on a comprehensive monitoring
approach of the wood sector.

ociations within the woodworking industry need to understand
the impact of policy tools and give advice to policy actors and
their members based on scientific findings.

rs of sustainability assessment schemes require representative
up-to-date LCI data on building products to run sustainability
assessment schemes based on high quality information required
to make better choices regarding materials and to push produc-
ers to improve their processes and products.

earchers and LCA practitioners need to understand problems
like uncertainties and data gaps connected to the results pro-
duced with the established tools to proceed with the develop-
ment of the methodologies. Furthermore, they need transpar-
ently documented background data to be used in studies apart
from sustainability assessment schemes.

Aim

With regard to this motivation, the targets of this dissertation are:

A.

calculation of representative, average LCI and LCA status quo
data for all core products of the woodworking industry - stake-
holder level: COM, USE, RES
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B. introduction of a monitoring approach to follow the develop-
ment of the woodworking industry based on a simplified, hy-
brid LCA - stakeholder level: COM, POL

c. identification of options of decision support for technology im-
provements by analyzing the ability of the presented tools to
holistically address all potential environmental impacts - stake-
holder level: COM, ASS

D. disclosure of future research and activity fields to improve and
apply the presented tools - stakeholder level: COM, POL, ASS,
USE, RES






SUMMARY OF PUBLICATIONS

2.1 HOLISTIC ABSTRACT

For the three essential aims (A - C) the methodology and underlying
data will be described in Sections A (3.1), B (3.2) and C (3.3). Figure
2 displays the general approach.

In Section A (3.1) the status quo of the life cycle inventory of wood
products is determined and analyzed in detail in terms of quality, rep-
resentativity and applicability. OSP I and II supply this information
for all core products of the sawmill and wood based panels industry.
In addition, two case studies (OSP III and CP I) are conducted to test
various aspects of the methodology before it was applied (CP I) and
to test the applicability of the data for EPD based on EN 15804:2012-
o4 (OSP III).

In Section B (3.2) a monitoring approach is presented. It builds upon
OSP 1V, which combines the comprehensive product related inven-
tory data with data available on sector level. This hybrid approach
aims to provide information on the development of the sector re-
quired by associations and policy actors to evaluate the effectiveness
of policy instruments.

Furthermore, a procedure to simplify the elaboration of LCI and LCA
results for wood products is presented, helping companies in the
woodworking industry to efficiently create the results needed for fu-
ture monitoring tasks.

In Section C (3.3), two case studies (OSP V and CP II) are presented
which allow inferences to the ability of the applied methodology to
support decisions on micro-, meso- and macro level. For micro-level
decision support in particular, OSP I, II and IV supply valuable infor-
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Figure 2: General approach of the dissertation and link to publications, OSP:
Original Scientific Paper, CP: Conference Proceeding
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mation as well.
In Section 4.4.1, recommendations for the stakeholders will be pre-
sented based on the results of this dissertation.

2.2 SINGLE ABSTRACTS

Original Scientific Paper I

Diederichs, S. (2014). 2010 Status quo for life cycle inventory and
environmental impact assessment of the core sawmill products in
Germany. Wood And Fiber Science, 46(1), pp.65-84

Based on a representative survey, the paper presents detailed life cy-
cle assessment data for the core products of the German sawmill in-
dustry for the year 2010. It provides average inventory datasets for
each product, assessment results based on the average and variations
within the inventory datasets and their potential impact. For each
product, the hot spots and the effect of uncertainties within each im-
pact category are discussed. The presented data is compared to re-
sults published in other studies.

Original Scientific Paper 11

Diederichs, S. (2014). 2010 Status quo for life cycle inventory and
environmental impact assessment of wood-based panel products
in Germany. Wood And Fiber Science, 46(3), pp.1-16

The paper presents detailed life cycle assessment data for the core
products of the German wood based panels industry for the year 2010.
Besides average inventory datasets for each product, the LCA results
following the systematics of system boundaries used in EN 15804 are
described. For each product or product group, the hot spots and the
effect of uncertainties within each impact category are discussed. The
presented data is compared to results published in other studies.

Original Scientific Paper 111

Wenker, J.,, Achenbach, H. & Diederichs, S. (2014). Life cycle
assessment of wooden interior doors in Germany - A sector
representative approach for a complex wooden product according
to EN 15804 methodology. Journal of Industrial Ecology. DOI:
10.1111/jiec.12296

The basic concept of the article was developed by Jan Wenker, Hermann
Achenbach and Stefan Diederichs, the data was gathered by Jan Wenker and
Hermann Achenbach, the manuscript was written by Jan Wenker, Hermann
Achenbach and Stefan Diederichs.
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The paper discusses the methodological challenges experienced
during the calculation of a sector representative environmental
product declaration from cradle to gate and the end of life (EoL)
of wooden interior doors. The approach follows the requirements
of EN 15804 and is in line with today’s background information
for sustainability assessment schemes for buildings such as the
German Deutsche Gesellschaft Nachhaltiges Bauen e.V. (DGNB) or
Bewertungssystem Nachhaltiges Bauen fiir Bundesgebdude (BNB)
and others. The assessment builds upon LCI and LCA data presented
in OSP I and II and demonstrates the applicability of the data for
background information of environmental product declarations.

Original Scientific Paper IV

Diederichs, S. (2014). Monitoring Energy efficiency and environ-
mental impact of the Woodworking industry in Germany. European
Journal of Wood and Wood Products. DOI: 10.1007/500107-015-0934-

9.

Within this paper, the LCI information presented in OSP I and II is
combined with national statistical data for the sawmill and wood
based panels industry within a hybrid LCI model, setting the basis
for a holistic monitoring of the SMI and WBPI sectors.

The approach initially scales the available values up to sector level
based on the reported production volumes for 2010. Secondly, the
data is simplified based on a sensitivity analysis and for those aspects
which have been identified to be relevant, sector level data is inserted
instead of the product level LCI data, combining it to a hybrid sec-
tor LCI. Since the sector level data is available on a yearly basis, the
development of environmental effects of the complete sector can be
monitored based on this approach.

Original Scientific Paper V

Ganne-Chédeville, C. & Diederichs, S. (2015). Potential environ-
mental benefits of ultralight particleboards with bio-based foam
cores. International Journal of Polymer Science, Volume 2015, DOIL:
10.1155/2015/383279

The concept, conclusions, and recommendations were written by Christelle
Ganne-Chédeville and Stefan Diederichs. The model, calculations and
results in context with the EPD approach were conducted and elaborated
by Christelle Ganne-Chédeville, the model, calculations and results in
context with the holistic approach were conducted and elaborated by Stefan
Diederichs
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The paper reports on the comparison of LCA results of three types of
ultra-lightweight particleboard (ULPB) containing foam, based on 100
% polylactic acid (PLA), 100 % expandable polystyrene (EPS) and 50 %
PLA/50 % polymethyl methacrylate (PMMA), as well as a conventional
particleboard (PB).

The assessment follows two different approaches, an EPD approach
in accordance with EN 15804:2012-04 and a holistic approach with ex-
panded system boundaries, allowing forecasting of the consequences
of a broader replacement of PB with ULPB.

Both approaches show that the exchange of PB with ULPB with a foam
core based on PLA is beneficial in terms of a reduction of greenhouse
gas emissions and both approaches supply information for comple-
mentary advisories for environmental impact reduction addressed to
the developers.

Conference Proceeding I

Diederichs, S., & Riiter, S. (2011). Deviation of LCI results from
primary industry data and application of derived LCA in the
framework of sustainable construction certification schemes using
the example of glue laminated timber. In F. Caldeira, J. V. Ferreira,
M. Petric, & R. M. Rowell (Eds.), Minimizing the environmental im-
pact of the forest product industries (pp. 17-24). Porto. ECOWOOD
2010. Conference Proceedings

In this paper, the early stage results of the survey conducted for
the status quo assessment (OSP I and II) were used to decompose
each step of the production of gluelam. The challenge in this study
was to combine data from sawmills which produced several different
products (green, kiln-dried and planed) with those from producers
of gluelam (LCI data from this survey was later published by Riiter
and Diederichs (2012) which bought different types of raw materials
(roundwood, green, kiln dried and planed sawnwood). Each product
had to be regarded separately.

The total demand of supplied timber for each product was calculated
on the basis of demand and supply matrices. This approach allowed
the calculation of the specific wood residues that appeared as conse-
quence of the processing of one specific product, and gave informa-
tion about the ratio at which each product uses the processes and
machinery. Electricity data which was only available on site level (in
most cases estimates were made by the sawmill personnel) was bro-
ken down to process level by measuring the time of total occupation
of the machinery and engine types and then broken down to product
level by using the matrices calculation.

Finally, different allocation procedures were tested in terms of their
significance on the level of gluelam production and the mass re-
lated allocation of CO; from biomass when using the data as back-
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ground information for studies on wood products made from the
semi-finished wood products assessed in OSP I and 1L

Conference Proceeding I1

Diederichs, S. (2012). Okobilanzierung zur Ermittlung von
Umweltkennwerten von Holzprodukten. In 7. Europdischer TMT-
Workshop (pp. 91-100). Dresden: IHD

In this paper, the environmental impacts of thermally modified
timber (TMT) were compared to the production of standard kiln
dried timber. The calculation was based on the datasets for kiln
dried timber from the survey of the sawmill industry (OSP I) and
literature data for the TMT process. The most influential parame-
ters of the TMT process with regard to the complete life cycle of
such a product were identified. The results allow producers of
TMT to understand how their product will compete against standard
kiln dried timber in the context of the EN 15804:2012-04 methodology.

LCA Report

Riiter, S. & Diederichs, S. (2012). Okobilanz-Basisdaten fiir Baupro-
dukte aus Holz. Arbeitsbericht aus dem Institut fiir Holztechnologie
und Biologie des Johann Heinrich von Thiinen Instituts. Hamburg.

pp-316

The basic concept was developed by Stefan Diederichs and Sebastian Riiter.
The survey, data collection, modeling and calculations were developed and
done by Stefan Diederichs. The report was written by Stefan Diederichs and
Sebastian Riiter.

This publication comprehensively reports the detailed modeling, sur-
vey and calculation principles which were followed to establish a life
cycle inventory database for wood products.
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3.1 A - STATUS QUO
3.1.1  Link to publications

The detailed method to analyze the product specific status quo is de-
scribed in OSP I and II. OSP IV describes the method to calculate the
sector specific status quo for the sawmill industry (SMI) and wood
based panels industry (WBPI).

Two case studies in context with the application of the product spe-
cific status quo assessment have been conducted (OSP III and CP I).

3.1.2  Product specific status quo

General

The calculation procedure followed the five steps defined in ISO
14044:2006 (Section 1.3.1).

Within the goal definition, the transparent documentation of the data
relevance and applicability (system boundaries, representativeness,
methodology issues and limitations) was explicitly established and
achieved in the study to allow a wide applicability of the results also
apart from the building context applications (EN 15804:2012-04).

Scope

Within the scope definition an independent functional unit was cho-
sen for each product (Table 4). Each unit refers to 1 m?3 of the specific
product, finished and wrapped, lying at the gate of the production
site, ready to be sold and shipped. For sawn wood products, each
functional unit is an equivalent of 1 m?3 at a moisture content (MC) of
12 %. It should be noted that, for transparency reasons, LCI tables in
OSP I and II include the byproducts.

The LCA results are disseminated for cradle to gate system bound-
aries. LCI results are disseminated for the border between foreground
and background data, which equals a gate to gate assessment.
Subsystem boundaries are defined for transports, on site foreground
emissions and background emissions. The supply of wood and the
connected impacts are disseminated separately to simplify the trace
of carbon flows in biomass and also to enable an exclusion of these
parts of the product life cycle for the monitoring approach.
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Table 4: Functional units of the status quo assessment and their abbrevia-
tions used in the text, all units refer to 1 m3 of product

FUNCTIONAL UNIT ABBREVIATION
Sawnwood, coniferous, green or air dried Cg
Sawnwood, coniferous, kiln dried C kd
Sawnwood, coniferous, kiln dried and planed Cpl
Sawnwood, nonconiferous, kiln dried NC kd
Raw particleboard PBr
Overlayed particleboard PBm
Oriented strand board OSB
Medium density fibreboard MDF
High density fibreboard HDF

In the case of wood based panels, which rely on sawmill byproducts,
the impacts from sawmills are disseminated separately.

The foreground system is defined in accordance to the specificity per-
spective (Section 1.3.3). The foreground data for the unit processes in
the foreground system was gathered by industry surveys. In total the
survey supplied detailed datasets for 43 sawmills and 17 panel pro-
ducers. The representativity in the case of sawmills can be described
for each process step. Table 8 in OSP I shows, that the data is respon-
sible for about 25 % of the total production of coniferous sawnwood
and 4 % of non-coniferous sawnwood and in Germany.

In case of wood based panels, the survey covered approximately 8o %
of the total production of particleboard, 30 % of the OSB production
and 20 % of fiberboard in Germany.

Several more companies supplied additional but incomplete data.
The LCI data was gathered during a three year period from 2009 until
2011 from companies situated in Germany. Missing data, especially
emissions from the combustions on site were modeled according to
literature data as described in Riiter and Diederichs (2012).

Case studies

Two case studies were conducted to test the applicability of the status
quo data to be used in LCA studies for products derived from sawn
wood and wood based panels. The first case study (CP I) connects
LCI from producers of glue laminated timber with generic data for
sawmill products. The case study aims to identify the relevance of
the deviation of the generic data, the relevance of the allocation
procedures and the implications of disregarding the CO, from
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biogenic resources.

The second case study (OSP III) uses generic status quo data of
sawn wood products and panels for a life cycle assessment of wooden
interior doors. The aim of the case study was to supply an LCA dataset
for doors according to EN 15804:2012-04.

Impact assessment

An impact assessment was conducted for the six impact categories
defined in EN 15804:2012-04 (Table 3). The Global Warming Potential
(GWP) indicator only refers to CO; from fossil sources. CO; from
biogenic sources is not taken into account (see section 1.3.4). They
can be easily calculated based on information on the wood used for
fuel and material purposes (see OSP I and II).

3.1.3 Sector specific status quo

Principle

The principle to calculate the sector specific status quo is based on the
assumption, that a sector of industry can be defined holistically by the
products or services it produces and that the energy consumption
and environmental impacts which are caused by the production of
those products and services can be quantified comprehensively by
using the method of product LCA. Hence, multiplying both values
for one specific year, expresses the environmental impact and energy
consumption of the sector of industry in that specific year.

The data derived by this bottom-up upscaling procedure is compared
to statistical data available on sector level (see below).

Definition of the sector and production quantities

Differentiation between the SMI sector and the WBPI sector was done
analogously to the LULUCF accounting methodology, which differen-
tiates between sawnwood and wood based panels (European Par-
liament and Council of the European Union, 2013). The sectors are
defined by all products listed under Production Communautaire
(PRODCOM) Codes 16.1 (NACE Rev. 2), 20.1 (NACE Rev. 1.1) and
PRODCOM Codes 16.21 (NACE Rev. 2), 20.20.1 (NACE Rev. 1.1).
Information on annual production volumes for the core products are
based on (Destatis, 2012b, ff.) and (Destatis, 2010b, ff.).

Statistical data on sector level

The yearly final energy consumption (FEC) is publicly available for the
SMI and WBPI from 2003 until 2012 (Destatis, 2012a). Emission data
is available from the European Pollutant Emission Register (EPER)
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based on directive 96/61/EC from 2003 until 2005 and from the
Pollutant Release and Transfer Register (PRTR) based on regulation
166/2006/EC from 2007 onwards. Data is available for the WBPI only.
For several companies, emissions of NOy and non methane volatile
organic compounds (NMVOC) are reported.

3.1.4 Results

Product specific status quo

LCI and LCA results were published for each core product of the
SMI in Table 4, Table 6 and Table 7 in OSP I. The data was compared
to existing data described in Section 1.3.3 on the basis of single
processes (Table 1 and Table 2 in OSP I).

Uncertainties and data ranges were disseminated in Table 9 and
Table 10, the representativeness of the status quo data was shown in
Table 8, each in OSP 1.

LCI and LCA results for each core product of the WBPI were
published in Tables 3 and 4 in OSP II. Comparison to existing data
was conducted and results were published in Table 7. Uncertainties
(Table 5), data ranges (Figure 3) as well as the representativeness
(Table 6) were disseminated, each in OSP II.

The underlying model of OSP I and II was successfully applied to
calculate the cradle to gate and end of life LCA of glue laminated
timber (GLT) in CP I. At the stage when CP I was published, no final
data for sawn wood products as published in OSP I and II was ready:.
Hence, the data ranges (Figure 4, CP I) refer to milling processes
located at the producers of GLT only. Although data was derived
from several producers, the underlying procedure of modeling (the
matrix inversion step was also used for the sawn wood products in
OSP I and 1I, see Section “system boundaries” above) allowed the
dissemination of the contribution of each process.

The impact of different allocation procedures (see Section 1.3.3) for
the sawmill process was tested (Figure 1, CP I) to be of little relevance
for the cradle to grave results when choosing between mass and price
based allocations, but of significant relevance if system expansion
was chosen.

Further on, in CP I, the modeling principle of separating biogenic
CO; flows and those from fossil resources was tested successfully
(Figure 3, CP I) and applied to the model used to calculate results in
OSP I and II.

The applicability of the data published in OSP I and II for Environ-
mental Product Declarations (EPD) based on EN 15804:2012-04 was
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successfully tested in OSP IIL

Sector specific status quo

Gate to gate inventories for the SMI and the WBPI were calculated
based on the bottom up approach described in OSP IV. Table 2 in
OSP 1V reports the differences of the bottom up approach to data
available on sector level for the total consumption of electricity and
fuels for the sMI and WBPI as well as the emission of NO, and NMVOC
for the WBPL

The results comply with the expected results described in Section 3.3
in OSP IV.
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3.2 B - MONITORING
3.2.1 Link to publications

A detailed description of the monitoring approach was published in
OSP V.

3.2.2 Method and data

Principle

The fundamental principles of the monitoring approach build upon
the principles of the sector status quo assessment (Section 3.1.3). In
addition to this, the development can be monitored if the results
which have been derived by multiplying product specific LCI data
and production quantity data for one specific year to results from a
different year.

System boundaries

The monitoring approach has two system boundary types, namely
Scope 2 and Scope 3 system boundaries. The Scope 2 system bound-
aries include all emissions from gate to gate of the production. This
includes i.e. emissions from the combustion on site and NMVOC from
the drying process. The Scope 2 system boundaries also include the
supply chain for all energy types used on site. This includes the gen-
eration of electricity, starting from the supply of fuels (coal, natural
gas etc.) and ending with the utilization on site to process the wood.
This equals Scope 2 boundaries described in Section 1.3.2 and those
used by the ODYSEE MURE Project described in Section 1.3.2.

The Scope 3 system boundaries include all aspects included in the
Scope 2 system boundaries and in addition all emissions arising in
the supply chains, which equals Scope 3 boundaries described in Sec-
tion 1.3.2. The wood chain is excluded from this, as the monitoring
approach aims to analyze the woodworking industry isolated from
forestry (see Section 1.4.1, 4th recognition).

Indicators

The relevant indicators for the monitoring approach mirror its aim in
terms of generating knowledge about the development of the sector
in the context with political targets for 2020 and the environmental
assessment of building products in general (Table 1 in OSP IV.

The five impact categories disseminated in EPD based on EN
15804:2012-04 are included. Comparability to political targets is
achieved by integrating absolute values for the total final energy con-
sumption (FEC) (Parliament and Council of the EU, 2012), for the to-
tal primary energy consumption (PEC) (Parliament and Council of
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the EU, 2012) and the total emissions of greenhouse gases (United
Nations, 2012). The comparability to sector level targets is gained by
disseminating the above absolute values relative to the total produc-
tion volume of a sector (Frondel etal., 2013) and relative to the net
value added generated by the sector, whereas the Net Value Added
(NVA) is used as it is promoted by the United Nations to be used for
eco-efficiency indicators (Sturm etal., 2002).

Evaluation of the approach

Unfortunately, as described in Section 1.3.3, the required LCI data
is not available for every product and every year and therefore the
monitoring approach is based on a hybrid LCA technique, combining
simplified product LCI data with results of surveys on sector level.
Figure 3(a) shows the essential idea of the simplifying procedure that
underlies the monitoring approach:

Process based LCI data for all product groups is analyzed in
terms of the sensitivity of every inventory flow quantity towards
an indicator following the concept of a perturbation analysis.
The approach is used to differentiate between inventory flows
with high relevance (HiRel) for an indicator and inventory flows
with low relevance (LoRel). The aim of this method is to cover at
least 80 % of an impact category with as little information as possible.

Figure 3(b) shows the combination of the LCI data with the sector
level data within the monitoring. In contrary to typical hybrid
approaches, the most important part of the LCI, the HiRel, is covered
by data on sector level and the quantities are based on physical flow
information instead of monetary flow information from input-output
tables as described with its specific challenges in Section 1.3.3.

For the reference year 2010, a plausibility test was conducted to
compare data which was calculated by multiplying product specific
LCI with production volumes for all products relevant for the sector,
with sector data available from statistical offices (Table 2 in OSP 1V).
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The results demonstrate the plausibility as they correspond to the ex-
pected results. In addition, some conclusions can be derived from this
for the general data quality for energy consumption figures available
in companies of the woodworking industry. Section 4.2 deals with
this in detail.

3.2.3 Results

General

The monitoring approach supplies reliable results especially for the
cradle to gate GHG emissions of the SMI and the WBPL. Figures 4 and
5 show the development of the GHG emissions from the SMI and the
WBPI from 2003 until 2012. The type of the graphs used for both sec-
tors is the same and therefore explained in this general context. The
top figures (a) show the development of the total GHG emissions from
cradle to gate (without forestry) compared to the total production vol-
ume of the sector (dashed line). In the case of the sMI, the Scope 2
emissions and Scope 3 emissions are very similar, therefore Figure 4a
only shows the Scope 3 emissions of that sector. The middle figures
(b) show the total production of each sector differentiated by product
types. The figures at the bottom (c) show the volume specific GHG
emissions of the sectors. The dashed line shows the results according
to the LCI data (reference 2010) extrapolated based on the produc-
tion mix and energy mix reported by the statistical offices, the other
line shows the results of the monitoring approach. In other word, the
dashed line shows the development of 1 m3 (average) produced in
the sector with the assumption that the inventory for each product
of the sector remained the same in ever year (the energy mix for the
generation of thermal energy is set according to data from energy
statistics of the sector). The continuous line shows the real GHG emis-
sions of 1 m? (average) in each year. The distance between the lines
therefore indicates the development of the efficiency compared to the
year 2010.

The sawmill industry

In absolute quantities, the sawmill industry increased its GHG
emissions from 664 kt CO-eq. in 2003 up to 912 kt CO;-eq. in 2012
(+37 %). In the same time the total production increased by 11 %
only (Figure 4). The specific GHG emissions to produce 1 m3 of an
average product from this sector increased from 35 kg CO;-eq. up to
43 kg CO,-eq. (Figure 4c). The main reason for this was the increased
production of kiln dried sawn wood at the burden of green sawn
wood in the product portfolio (Figure 4b).

In 2007 the total production of the SMI was at its highest level. A
significant amount of the production increase before 2007 was due
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to the extra production of kiln dried sawn wood (a product with
high GHG compared the green sawn wood). From an LCA modeling
perspective, the GHG emissions therefore should have increased
accordingly. But they did not. The highest GHG emissions were
reported in 2010 instead.

This indicates, that the GHG emissions efficiency to produce a
specific product (not the average product of the sector but i.e.
particle board or fiberboard) decreased. A reason for this could be
the decrease in capacity utilization: in 2007 the production volume
was about 20 % higher than in 2012. Since several infrastructural
processes in the sawmill industry (lighting, transport chains etc.)
consume the same amount of energy no matter if the capacity of
the mill is fully utilized or not, the energy efficiency of a sawmill is
likely to increase with an increased utilization of its capacity. Figure
4c¢ indicates that from 2007 until 2012 the GHG efficiency (CO;-eq
per m3) decreased by 35 %.

There is a reasonable amount of uncertainty in these figures due
to the described data quality for the biomass quantities in the
surveys from the statistical offices (see Section 4.2). The LCI based
development (dashed line in Fig 4c) is based on the energy mix used
to generate thermal energy in the SMI which is based on the share
of fuels reported by the statistical office. If the amount of biomass
used for the generation of thermal energy was actually higher than
reported, the actual share of fossil fuels (relevant for GHG emission)
would have been lower (and therefore closer to the other line which
means that the efficiency loss was actually less than 35 %). However,
the gravity of these uncertainties cannot not be quantified in this
context.

From an economical point of view, the emitted GHG per value added
(not shown in figure) increased from 1.05 to 1.24 kg CO,-Eq./Euro
(+18 %) between 2003 and 2011 (no figures available for 2012 at the
time of calculation). This means the sawmill industry was not able to
demand higher prices on the market in the same magnitude as CO;
emission were increased.

The wood based panel industry

The wood based panels industry decreased its total GHG emissions
from 4751 kt CO;-eq. in 2003 down to 3885 kt CO,-eq. in 2012 (- 18
% - Fig 5a). At the same time, the total production volume decreased
by 11 % only. Also the product specific emissions of GHG (for the
specific product mix) decreased from 353 to 325 kg COz-eq./m? (-
8 %) (Fig 5¢). The emitted GHG per value added decreased as well,
from 6.6 to 6.5 kg CO;-eq./Euro (- 1.5 %) between 2003 and 2011 (not
shown in Fig 5).

The production maximum in 2006 (please also see “The product statis-
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tics problem” on page 58) lead to total GHG emissions of about 5658
kt CO;-eq. in that year, the highest value between 2003 and 2012. But
as visible in 5a, the EGHG emissions did not increase much between
2004 and 2007.

This is caused by the high GHG efficiency for the specific product
(i.e. 1 m3 fiberboard) in 2006 which is also visible in Fig 5c: in 2006
the actual GHG emissions per m® were much lower than they would
have been if the efficiency level of 2010 was assumed (which is known
from the LCI data).

The lowest efficiency level was in 2011. This means between 2006 and
2011 the GHG efficiency (for the specific product, not for the mix) of
the WBPI decreased by about 21 %.

Analogously to the SMI, the point of highest efficiency was calculated
for the year with the highest capacity utilization. The uncertainties
connected to the biomass fuel quantities also apply for the WBPI. Es-
pecially in the first year of the survey (2003) the amount of reported
biomass used to generate thermal energy was very low. Hence, the
share of fossil fuels in the energy mix (the LCI data is based on this)
probably overestimates the GHG emissions in that year.

Simplification

OSP 1V describes the relevant information within the product spe-
cific inventories of wood products. While the monitoring approach
(Section 3.2) combines the relevant data with data on sector level, the
results can also be used to simplify the data collection on site.

The simplification of the LCI collection procedure in the compa-
nies can be conducted by focusing on the inventory flows identified
in OSP IV. Figures 3 and 4 in OSP IV show all inventory information
needed to cover 80 % of each indicator result.

This simplified approach was integrated in an Environmental Man-
agement System (EnMS) by Sander (2014).
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3.3 C - DECISION SUPPORT
3.3.1 Link to publications

Support for decisions on micro level can be derived from OSP I and II
(Section 3.1) in combination with the sensitivity analyses conducted
in OSP IV (Section 3.2).

The case study described in CP II uses aspects of the simplification
procedure to give decision support to optimize the thermal modifica-
tion process for the production of thermally modified timber (TMT)
in a sawmill, a typical micro level decision.

Aspects to consider while giving decision support on meso- and
macro level have been analyzed in OSP V. The latter publication
shows the differences when conducting an LCA in accordance
with EN 15804:2012-04 (for micro-level decision support) and when
following a more “holistic approach” (for meso- and macro level
decision support), which includes issues that are disregarded in the
“EPD approach”.

The description of method and data used within OSP I, II and IV
have been described in Sections 3.1 and 3.2 of this dissertation. This
Section will focus on method and data used within OSP V and CP II.

3.3.2 Case study - simplified LCA for TMT

The case study described in CP II utilizes LCI data for sawn wood
products and adapts the kiln drying procedure (as a model) by sev-
eral parameters to simulate the TMT process. These parameters are:

e consumption of thermal energy per m?

* fuel type used to generate the thermal energy
e consumption of electricity per m?

¢ reduction of the wood mass during the modification process

e utilization efficiency of the devolatilized organic substances
when used for thermal energy generation

In addition, the reduced mass is recognized in the end of life of the

TMT product.

3.3.3 Case study - PB vs. ULPB

General

The study aims to analyze the environmental benefits or drawbacks
of using ULPB with a foam core processed on a continuous press, for
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applications were commonly conventional PB is used.

It further aims to identify the parameters with the largest influence on
environmental impacts, helping the developers to understand which
decision in design might lead to better or worse results in the overall
environmental impact of the new product. The approach is based on
an Attributional Life Cycle Assessment (ALCA) and a second model
which includes aspects typically focused in a Consequential Life Cy-
cle Assessment (CLCA) but not claiming to be a full CLCA. Within this
study, the name “holistic approach” is used. For the latter, only GWP
aspects are analyzed.

Functional units

The exchange of PB with three types of ULPBs is analyzed from cradle
to grave. The ULPBs represent panels with three different types of
possible foam cores, EPS, PLA and a 1:1 mixture of PLA and PMMA.
The final density of the ULPB is about 300 kg per m? compared to
about 700 kg per m? in the case of PB. It should be noted, that the
functional unit refers to applications were the described panels can be
utilized with the same thickness. This may not be the case for some
applications with high demands in terms of mechanical properties.
Since the study is untented to emphasize the differences which result
from the different modeling principles, this was accepted for the sake
of simplicity.

System boundaries

The ALCA model is strictly based on the EN 15804:2012-04 methodol-
ogy (Figure 2 in OSP V) and is therefore called “EPD approach” in
the study. The “holistic model” includes further aspects (Figure 3 in
OSP V). These are:

¢ the alternative use for sawmill by-products if not used in the
wood based panels and for the generation of thermal energy

¢ the alternative use for corn if not used for PLA

¢ the land use change if extra corn has to be produced for the
production of PLA

As it is not clear if additional corn is produced or -if not -, which
feedstock is replaced, three scenarios for the corn production/dis-
placement are analyzed:

SCENARIO 1 describes the impact, if additional corn has to be grown,
including impacts of agricultural processes and the impact of
land use change triggered by this extra production.

SCENARIO 2 describes the impact, if available corn is used for PLA
which would have been used for the production of bio-ethanol
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to replace gasoline. This is a relevant question for the US, where
bio-ethanol is produced from corn.

SCENARIO 3 describes a typical German case. Available corn which
would have been used for the production of bio-gas (methane)
is used for PLA instead. Hence the energy derived from the
methane has to be substituted.

3.3.4 Results

For micro-level decision support (company level), OSP I and II (Sec-
tion 3.1) in combination with the sensitivity analyses conducted in
OSP 1V (Section 3.2) filter the relevant information which should be
taken into account primarily (Figure 3 and 4 in OSP 1V).

For meso- and macro-level decision support, the system boundaries
defined in EN 15804:2012-04 were not broad enough to include all
essential aspects within the LCA. Especially effects triggered in the
by-product chains or alternative routes for the bio-based products
used were disregarded.
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4.1 A - STATUS QUO

The first target of this dissertation was the...

calculation of representative, average LCI and LCA sta-
tus quo data for all core products of the woodworking
industry (see aspect A on page 26)

4.1.1 Representative datasets

Representative gate to gate LCI information and cradle to gate LCA
results for the core products of the woodworking industry for the
year 2010 have been published in the context of this dissertation. The
results have been transparently documented in OSP I and OSP II and
they are in accordance with the requirements of EN 15804:2012-04
as shown by Riiter and Diederichs (2012). They can be applied for
average datasets in context of sustainability assessment schemes like
the German BNB or DGNB and for background information for LCA
studies which include semi-finished wood products.

For the core products of the sMI, Table 7 in OSP I, for the products
of the WBPI, Table 4 in OSP II supply the relevant information to allo-
cate the results into the modules A1 to A3 used in EN 15804:2012-04.
“Foreground, gate to gate” and “background, gate to gate” results
can be summarized into module A3, “transport” is to module A2
and “Forest” to module Ax.

Since the carbon dioxide uptake in the forests is taken into account
in EN 15804:2012-04, the values presented in Table 7 of OSP I and
Table 4 of OSP II have to be adapted.

They can be easily calculated based on the mass of wood in the
products. They need to be added to the GWP indicator as a negative
value. For example green coniferous sawn wood with an oven dry
density of 450 kg/m3 has a carbon content of 225 kg/m3 which
oxidizes to 825 kg of CO;. The cradle to gate GWP indicator for
fossil CO,-eq. emissions is 32.9 kg/m3. The total value adds up to
-792.1 kg CO,-eq. from cradle to gate.

All values refer to the production of 1 m® of each product. Table 7
of OSP I and Table 4 of OSP II represent unallocated values, which
means that they refer to inputs and outputs necessary to produce
1 m3 of product and the by-products. Allocation by mass, price
or others as well as system expansions can be done depending on
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the methodology of the LCA study where the data is applied. In
the context of EN 15804:2012-04, allocation based on price has been
identified to be most appropriate as comprehensively described in
Riiter and Diederichs (2012).

It should be noted at this point that attention has to be paid to the
quantification of the volumes. As described in OSP I, 1 m?3 refers to
an equivalent of 1 m3 with an MC of 12 %.

4.1.2  Limitations

In terms of applicability of the LCI for studies which analyze toxicity
indicators, attention has to be paid to data gaps especially concerning
dioxins. The identified data gaps especially refer to emissions from
combustion, namely selenium, polychlorinated biphenyls, poly-
chlorinated dibenzodioxins, benzo(a)pyren, benzo(b)fluoranthene,
benzo(k)fluoranthene, indeno(1,2,3-cd)pyrene and hexachlorbenzene.
The heavy metals listed in Table 4 in OSP I and Table 3 in OSP II
were compared with official data from Rentz etal. (2009), which are
facilitated in the reporting to the UNECE Convention on Long-range
Transboundary Air Pollution Emissions. Emissions of mercury and
zinc are smaller by factor 5 to 8 in this study, emissions of copper
and lead are higher by factor 5 to 2.5, but emission data for cadmium,
arsenic, chromium, and nickel match very well with those reported
by Rentz etal. (2009).

However, for the indicators presented in this study, those data gaps
do not have an effect since the listed substances are not classified
to have an effect in any of the indicators, which means that for the
indicators presented in this dissertation, good compliance to official
data from Rentz etal. (2009) was found.

4.1.3 Comparison to other studies

For sawmill products and wood based panels, the results for the
process specific electricity and fuel consumption (average weighted
by production volume) Xyolumeweighted Were compared to corre-
sponding data from studies conducted in different years and/or
other geographical context (Tables 1 and 2 in OSP I and Table 7 in
OSP 1I).

Furthermore, for sawmill products the results were analyzed in terms
of their distribution between companies. Here the 5 % fractile Q.05,
the average between the companies (not weighted by production
volume) Xqrithmetic and the 95 % fractile Q.95 were looked at.

The results in Table 1 in OSP I show, that the specific energy
consumption for each process differs widely between the companies
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that took part in the study. Since Xqrithmetic was higher than
Xvolumeweighted for debarking, milling and kiln drying, it can be
concluded, that the larger companies typically have a lower specific
energy consumption than the smaller ones. Moreover, the large
differences between companies seems to be typical for the sawmill
industry, since the results published by other authors also deviate
heavily from each other.

Similar results were found for the consumption of fuels (Table 1 in
OSP I). The values do not just deviate in terms of their totals but also
in terms of the type of fuels used, which can have a large impact on
some indicators derived from the LCL

For wood based panels the product masses were also compared to
results from other studies (Table 7 in OSP 1I).
For the production of PBr and OSB the other studies found higher
values for the consumption of electricity and fuels but also consid-
ered products with high densities. The analyzed Xyotumeweighted
mass of the analyzed FB, ranks quite in the middle of the densities of
the other studies. While fuel consumption also ranks in the middle,
electricity consumption is lower than those published by other
authors. The consumption of diesel is higher in the case of PBr and
OSB and lower in the case of FB.
With regard to the survey sample base of LCI results for the prod-
ucts of the wood based panels industry (Table 6 in OSP II), the
Xvolumeweighted Values for PB are quite reliable while the results for
the FB only covered 18 % of the production. For OSB about 33 % of
the total production was covered.

4.1.4 Lessons learned

The calculation of LCA datasets for products based on primary data
from industry is labor intensive and time consuming. Based on ex-
periences made during this dissertation, the most demanding task is
the preparation of production data. The following aspects essentially
contribute to this problem:

¢ The breakdown of electricity consumption - which is known on
company level - towards the single products is in many cases
based on assumptions. Typically, no measurement equipment
is installed which would allow an accurate distribution. If data
is available (physically), it is often not recorded or prepared in
the required format.

* Quantity information for by-products is typically not available
or imprecise. In many cases, the plausibility checks done dur-
ing the surveys showed large inconsistencies of the data which
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was available on company level. Especially the combination of
different methods of measurement (mass, solid volume, bulk
volume) and the inaccurate measurement of MC above fiber sat-
uration point lead to those inconsistencies.

* The process yields are not available for each product. Especially
in sawmills, products arise bit by bit during production (i.e.
chips, sideboards, main boards) and if these products need to be
separated to conduct a product specific LCA, the yield has to be
known for each process, which is not the case in most sawmills.

e For many combustion plants no continuous emission reporting
is available. Instead, emission data has to be estimated for them
based on technical specifications although the data is highly sig-
nificant towards impact results and can deviate heavily.

In conclusion, the data availability in the companies of the wood-
working industry needs to be improved drastically in order to pro-
vide representative LCI data for their products in the future. To up-
date the data which has been elaborated in this dissertation differ-
ent methods have to be used to keep the expected benefits of such
data balanced with the cost of data acquisition, calculation and docu-
mentation. Chapter 4.4 recommends solutions to this problem for the
relevant stakeholders.



4.2 B - MONITORING 55

4.2 B - MONITORING

The second target of this dissertation was the...

introduction of a monitoring approach to follow the
development of the woodworking industry based on a
simplified, hybrid LCA (see aspect B on page 27)

4.2.1  Evaluation of the approach

Within this dissertation, a monitoring procedure for the wood-
working industry is presented. The approach includes the relevant
indicators used to express political targets and the relevant LCA
indicators used in the context of schemes for the assessment of
ecological sustainability of construction works.

The data needed for the calculation is publicly available and updated
frequently (see EEA (2014) and Destatis (2014b)) which is in accor-
dance to publicly accepted requirements for indicators (BMWi and
BMU, 2012).

So far, reliable results are available for the global warming potential
and the consumption of fossil fuels in context with the production
of products of the sawmill industry and the wood based panels
industry.

With the simplification of LCI data in terms of focusing on flows
with high importance for an environmental indicator it was shown,
that relevant LCA results can be derived from much smaller amount
of data than the usual complexity of LCA studies would suggest.
Therefore, the presented monitoring approach not only offers a way
to monitor a sector, but the results from the simplifying procedure
allow companies to focus on some single numbers to quantify the
improvements they achieved individually. Results on company level
need to be taken with caution though since the wood used for
material was left outside the system boundary.

4.2.2 Limitations

Environmental aspects not covered

Limitations exist for some environmental aspects which could not
be included satisfactorily into the monitoring. Results in terms of
acidification potential, eutrophication potential and photochemical
ozone creation potential heavily rely on information on emissions of
NOx and NMVOC. On sector level, the relevant data is not readily
available to be used for monitoring as it lacks completeness. However,
the available data already shows that both types of emissions are
underestimated by available LCI data. For NMOVC, the underesti-
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Figure 6: Electricity consumption of the SMI according to energy statistics
and derived from up-scaling LCI data, the gray bar indicates the
uncertainties that resolve from the information gap on the share of
kiln dried products.

mation is severe.
For other impact categories (ODP, ADPe and toxicity indicators) no
relevant results could be derived, since the relevant data on sector
level is missing.

The biomass quantity problem

In OSP IV it was concluded, that data from the statistical office
on energy consumption in the woodworking industry needs to be
improved. Figures 6 and 7 show the electricity consumption of the
sawmill and wood based panels industry according to data from
DESTATIS and upscaled LCI data. The absolute height of the curves
and the general trend are very similar. In contrast, Figures 8 and 9
show the heat consumption of the sawmill- and wood based panels
industry according to data from DESTATIS and the data which was
derived from upscaling LCI data. Especially in the early years of
the surveys (starting in 2003), the differences are very high, getting
smaller every year.

OSP IV concludes that official data probably does not reflect real
circumstances and therefore, the average yearly increase of fuel
consumption of approximately 15 % in case of the SMI and approxi-
mately 8 % in case of the WBPI is presumably much too high.

For the woodworking industry this means, if official data is used to
calculate the development of energy efficiency of the woodworking
industry, results will probably be incorrect and show values which
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Figure 7: Electricity consumption of the WBPI according to energy statistics
and derived from upscaling LCI data
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Figure 9: Heat consumption of the WBPI according to energy statistics and
derived from uspacaling LCI data

are worse (in terms of reaching political targets) than they might
be in reality. Today, official data shows a severe divergence between
the behavior of the sector and the intended national final energy
efficiency increase to reach 2020 targets. The results also indicate that
the woodworking industry is most likely responsible for a larger
share of the increase of renewable fuels in the final energy mix than
shown by official data.

The product statistics problem

A large uncertainty within the upscaling procedures arises from the
reported data for the production volumes. In this study, figures from
DESTATIS were chosen to be consistent with energy statistics which
are also published by DESTATIS and to use official data which will
be reliably available in the future. However, other figures e.g., from
the Statistical division of the Food and Agriculture Organization
of the United Nations (FAO) and several publications from the
University of Hamburg (e.g. Mantau and Bilitewski (2010)), exist
which supply information that is not necessarily congruent with the
statistics applied in this dissertation. Especially for the production
statistics for fiberboard (see Figure 5 on page 45) the production peak
in 2006 reported by the statistical office is inconsistent with data from
the WBPI association (see for example EPF (2012)). This may explain
parts of the efficiency loss described on page 46.
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4.2.3 Initial results derived from the approach

The sawmill industry increased its average greenhouse gas emissions
from 35 to 43 kg CO2-eq./m3 between 2003 and 2012. One aspects
which lead to this increase was the increased production of kiln
dried products. However, with a reduction of the total production
volume since 2007 and the resulting overcapacity of many sawmills,
a GHG efficiency loss starting in 2007 may have added a reasonable
share to this total increase of product specific GHG emissions.

With regard to economic values, the sawmill industry was not able
to compensate higher greenhouse gas emissions with an increased
net value added. From 2003 to 2011 the emitted greenhouse gases
per value added increased from 1.05 to 1.24 kg CO,-eq./Euro.

The wood based panels industry decreased its average greenhouse
gas emission from 353 to 325 kg CO;-eq./m? from 2003 to 2012. This
decrease is mainly explained by a change in the product portfolio.
In fact, the share of fiberboard (very energy intensive production
process and high glue content) decreased between 2006 and today.
In contrary, the GHG efficiency of a specific product (not the mix of
the sector) (CO,-eq per m?3) decreased as the capacity utilization of
the production sites decreased, or the share of older, less efficient
sites increased in the total mix. This efficiency loss was estimated to
be approximately 20 % which means that a panel, which caused 200
kg CO;-eq. in 2006, was responsible for approximately 240 CO;-eq.
in 2012. A share of this 20 % efficiency loss may also be attributed to
data uncertainty as described above.

Unfortunately the efficiency loss cannot be allocated to a specific
product, neither for the sawmill industry nor for the wood based
panels industry. However, from the perspective of capacity utiliza-
tion, the efficiency loss is probably located at the processes before
the kiln drying process in the case of sawmills. In the case of wood
based panels, the production of fiberboard decreased more than the
production of other panels. Hence, the loss in efficiency is estimated
to have happened especially here.

This obviously means that although the overall efficiency decreased,
single products, like OSB whose production volume increased
steadily since 2003 may not have experienced a decrease in their
specific GHG efficiency.

4.2.4 Lessons learned

To understand the relevance of the development of process based
emissions and energy consumption in the woodworking industry,
the values can be compared to displacement factors for wood
products substitution summarized by Sathre and O’Connor (2010).
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Assuming a deliberate displacement factor of 0.8 t carbon emissions
per 1 t of wood product, the monitored change in the specific
GHG emissions per m3 of products between 2003 and 2012 equals
12.6 % of the substitution effect in the case of panels and 1.2 %
in the case of sawmill products. For panel products with lower
displacement factors of about 0.5, the change already equals the
displacement factor. For sawmill products a displacement factor
of 0.3 leads to equal results. Sathre and O’Connor (2010) also
found several studies which calculated factors below o0.3. Hence,
the monitored development plays an essential role within decision
oriented studies aiming to environmentally optimize the use of wood.

With regard to the political and social pressure of reducing
environmental impacts and increasing energy efficiency, the results
should urge the woodworking industry to improve the quality of the
available data especially in terms of the quantities of biofuels. The
data should also be supplied to the relevant databases.

In this context it seems to be reasonable to define a harmonized
approach for the sector. With regard to data quality of emissions of
NMVOC and NOy, such an approach would seem productive as
well.

In general, the presented approach can also be applied in other
sectors. Especially for sectors with a high energy intensity (e.g.
pulp and paper), the approach can be transferred provided that
representative LCI data is available for the typical products.
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4.3 C - DECISION SUPPORT

The third target of this dissertation was the...

identification of options of decision support for tech-
nology improvements by analyzing the ability of the pre-
sented tools to holistically address all potential environ-
mental impacts (see aspect C on page 27)

4.3.1  Micro level decision support

General

For researchers and LCA practitioners, the status quo data can be
used as background datasets for LCA where wood products are ad-
dressed. Table 4 in OSP I shows the gate to gate life cycle inventory
for the production of the core products of the sawmill industry, Table
3 in OSP II shows the gate to gate life cycle inventory for the pro-
duction of the core products of the wood based panels industry. All
values refer to the production of 1 m? of each product regardless of
the possible application (the functional unit). The tables represent un-
allocated values, which means that they refer to inputs and outputs
necessary to produce 1 m? of product and the by-products. If the data
is applied in LCA studies, allocation (or system expansion) has to be
conducted only for those byproducts that are not used for fuel on site.
Allocation by mass, price or others, as well as system expansions can
be done depending on the methodology of the LCA study where the
data is applied.

Since the data represents average values, adaption may be reasonable
and necessary in some cases.

* For studies where the supply of wood products has a low im-
pact compared to the total results of the study, and the product
relies on one or very few companies of the woodworking indus-
try, the worst case values Q.95 (Table 10 in OSP I and Figure 3
in OSP II) should be applied.

e For studies where the supply of wood products has a relevant
impact compared to the total results of the study, and the prod-
uct relies on one or very few companies of the woodworking
industry, the data should be adapted to the respective circum-
stances as described below or if this is not possible, the worst
case values Q.95 should be applied.

¢ For studies where the supply of wood products has a low or
relevant impact compared to the total results of the study, and
the product relies on the market mix of wood products, the
average values Xyolumeweighted in Table 4 in OSP I and Table
3 in OSP II should be applied.
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Adapting data for sawmill products

If the data needs to be adapted to the respective circumstances, the
following additional information can help to increase the reliability
of the results for sawmill products:

¢ How is the yield of the sawmill process? The supply of wood
is responsible for a large part of the total impacts. For sawmills
with lower yields, the impacts may be higher.

* How long are the transport distances for the timber? The trans-
ports in the presented data make up to 15 % of an indicator
result and increased transports may have a reasonable additive
impact. (The specific transport distances can be found in (Riiter
and Diederichs, 2012)).

* How much electricity is consumed by the sawmill? Comparing
the total consumption to values in this study helps to under-
stand if the sawmill is more or less efficient.

¢ How much diesel is consumed? Comparing the consumption of
diesel to the presented results offers a way to correct the data.

e Are values available for the emissions of NOy from the combus-
tion plant? If so, they should be compared to those published
in this study and the results may be adapted.

e What type of fuel is used? If fossil fuels are used, large changes
in the GWP and ADPe indicators can be expected.

* How are exhaust gases of the drying procedure treated? Are
they released without treatment (as found in this study) or is
VOC reduced? This may have a relevant impact on the POCP
indicator.

* How much steel is used for tools and wrapping materials? Com-
pare to data in this study and correct the ADPe indicator.

Adapting data for wood based panel products

For the application of the average LCI and LCA data for wood based
panels as background data, OSP II indicates a procedure to adapt the
data to the respective densities of the products. For example, if the
density of the PBr under study is 600 kg/m3 the CO, eq. emissions
can be taken as they are, since this is the density of the panels ana-
lyzed in the study. If the density is 730 kg/m3 the CO; eq. emissions
can be corrected according to Figure 3 in OSP II. The resulting emis-
sion for the complete product are than increased from 217 kg CO; eq.
to 257 kg CO; eq. (+40 kg CO; eq.). Similar corrections can be done
for fuel and electricity consumption as well as types of adhesives.



4.3 C - DECISION SUPPORT

The following aspects should be addressed in detail when adapting
the data to the respective circumstances:

* the specific electricity consumption of the panel production

* the types of glue and amount of glue used

¢ the types and amount of fuels used to generate thermal energy
e emissions of NO, from combustion

e treatment of exhaust air from drying processes

* steel used for wrapping

4.3.2  Meso- and macro-level decision support

Choosing system boundaries

For meso- and macro level decision support, the system boundaries
need to be broadened as shown in OSP V, including the alternative
routes of by-products. This is essentially the case, if the greenhouse
gas emissions resulting from of a reduced utilization of bio-based ma-
terials or fuels need to be taken into account.

The example of assessing the environmental implications of the deci-
sion to exchange a reasonable amount of conventional particleboard
with ultralight particleboards with bio-based foam cores (OSP V),
showed the potential explanatory power of the different LCA ap-
proaches. The EPD approach, which was based on the exigencies
of EN 15804:2012-04 identified the change in electricity consumption
and exchanging the urea-formaldehyde glue with core material to be
the leading parameters of the comparison.

The holistic approach with its broadened system boundaries recog-
nized these parameters as well but also the amount of biomass which
has to be burned to dry the extra amount of chips in the PB is recog-
nized as not available for other applications which means that reduc-
ing the amount of energy from biomass needed for the process has a
much greater effect in the holistic approach than in the EPD approach.
Moreover, the holistic approach takes into account the characteristics
of the recovered wood at the end of life because the question whether
the incineration process of the pure sawmill by-products would have
been different from the process of burning the panels at their end of
life is included in the model. Finally, as the production of PLA is in-
cluded in the two LCA models in very different ways, different results
can be derived here. In this context, the reaction of the corn-market to
the increased demand of corn can be significantly for the total results
of the comparison of the two panels. This is only recognizable if the
holistic approach is applied.
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4.3.3 The marginal production

Results from (OSP I) and (OSP II) indicate, that the larger produc-
tion sites typically have lower specific environmental impacts than
the smaller ones or those with an average size.

Above it was concluded, that the extra production of a single unit
demanded on the market can lead to emissions much different from
those connected to the production of an average unit. While the for-
mer aspect refers to a comparison of specific emissions of the same
product and technology, the latter refers to a comparison of two very
similar products but produced with different technologies and differ-
ent specifications.

The latter aspect can be dealt with by following the procedures de-
scribed in Section 4.3.1. The other aspect is the problem of identifying
the marginal production, as it is not clear if an extra unit is produced
by a small or large production site. Further on, results from the moni-
toring approach indicate, that the specific environmental impacts con-
nected to the production of a specific wood product may also deviate
heavily depending on the capacity utilization. Hence, the specific en-
vironmental impact of the marginal production technology is also
influenced by the capacity utilization of this technology.

A potential solution for this problem, therefore, needs to include two
aspects. On the one hand, the technology or size of production site
which is most sensitive to a change in demand needs to be identified.
As described by Weidema (2003) p.63, “[...] in an increasing market,
the most sensitive supplier/technology is identical to the most com-
petitive, while in a rapidly decreasing market [...], the most sensitive
supplier/technology is the least competitive.”

While the production capacity is rising, every additional product is
produced by the newest and largest production site (and most effi-
cient) since their variable costs are lowest. During a declining of ca-
pacities every additional unit is produced by older, smaller and less
efficient sites.

On the other hand the effect of capacity utilization needs to be in-
cluded by differentiating between the fixed environmental impact of
a production site and the variable ones connected to each unit, as it is
done in economics (fixed costs/variable costs, see also Guinée (2002)

p-424).
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4.4 D - FUTURE RESEARCH AND ACTIVITY FIELDS

The fourth target of this dissertation was the...

disclosure of future research and activity fields to im-
prove and apply the presented tools (see aspect b on page

27)
4.4.1  Companies

Updating the database

From the viewpoint of sustainability assessment schemes the SMI
and WBPI supplied all relevant environmental information for all core
products to be used as national average datasets for the assessment
of construction works in 2010. However, the data should be updated
regularly as the product specific impacts may considerably change
over time.

The simplification procedure described in Section 3.3 and OSP IV
supplies an ordered list for the relevant data to be collected at a pro-
duction site to calculate the gate to gate LCI for each product. If the
relevant data is implemented consistently in an energy management
system, the expenditures and time consumption on data collection
to supply the relevant gate to gate inventory information for the
LCA practitioner will decrease heavily. The case study conducted by
Sander (2014) gives a first impression on this.

Single companies can use the simplification procedure to elaborate
the relevant data necessary to enable calculation of a company spe-
cific EPD in accordance with EN 15804:2012-04. The same procedure
(if conducted by a representative amount of companies) can also be
applied to update the average datasets that have been elaborated in
this dissertation on a regular basis.

Further harmonization in terms of delivering reproducible and
high quality LCI data from the companies of the woodworking in-
dustry has to be pushed on the level of associations (see Section 4.4.2).

Supporting decisions

Development and innovation activities (decisions) in the woodwork-
ing industry should be connected to LCAs to estimate the gains and
losses to be expected. For decision support on company level, the
initial assessment of environmental impacts should follow the exi-
gencies of EN 15804:2012-04. However, since EN 15804:2012-04 turns
a blind eye to market constraints, indirect land use change impacts
and the substitution of alternative routes for limited resources, the
initial assessment of environmental impacts should also include the
results of a broadened analysis as described in OSP V.
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The environmental assessment for decision support may start with
a simplified approach as presented in CP II supported by the
information supplied in the simplification procedure described in
OSP 1V including the relevant additional aspects found in OSP V.

Reporting results

After the decision has been taken (or the development has become
a real product or process), the achieved improvements can be
calculated by comparing the results from one year to another, albeit
attention has to be paid to the inclusion of the correct modules (A -
O).

The modules A1 to A3 (cradle to gate) shall be included as they
reflect the essential aspects within the zone of influence of the
company. The scenario Modules A4 and C2 to Cy4 shall be included
as well, based on equal assumptions for the two years of the compar-
ison (e.g. the end of life scenario described in Riiter and Diederichs
(2012)). Furthermore, the function of the product at the gate of the
production has to be equal for both years. All other modules shall be
disregarded as they lie outside the zone of influence of the company.
The calculated difference between the result from one year and
another shall then be analyzed in terms of benefits which resulted
from a decision within the management perspective (Section 1.3.2).
Hence, benefits resulting from the changing framework outside this
management perspective cannot be declared as gains initiated by the
company.

Those types of benefits can be caused by a change in inventory detail
(this must not be the case if the inventory acquisition system is con-
sistent, e.g., changing from discontinuous to continuous measuring
of NOy) or due to a variety of changes in surrounding parameters
such as the emission intensity of the electricity generation, changes
within the production process of adhesives and other equipment
material.

Typical gains which can be declared unambiguously are the reduc-
tion of electricity and fuel consumption, a shift towards adhesives
with less environmental impacts and a general reduction of con-
sumed wood, equipment, or adhesives, and finally the reduction of
on-site emissions.

4.4.2  Associations

Support harmonization of data acquisition

For the consultation of members in terms of supporting their ability
to reduce environmental impacts, associations can act as a platform to
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find general solutions for their members and harmonize approaches.
This refers to the data gaps and uncertainties in context with emission
from the combustion and drying processes as well as those in context
with the quantity of biomass used for thermal energy generation.

On the other hand, the data acquisition procedures in the companies
need to be harmonized on sector level. The same applies for the re-
porting of annual production volumes and the consistent definition
of products connected to these reported volumes.

The harmonization efforts should explicitly focus on

¢ installation points of measurement equipment

e calculation factors (mass to solid volume to bulk volume) for
wood fractions

¢ default values for density and lower heating values

* measurement and reporting of emissions from combustion es-
pecially NOy, SO, and CO

* measurement and reporting of emissions from drying especially
formaldehyde and NMVOC

* measurement and reporting of biomass fuel quantities and qual-
ities

* measurement and reporting as well as default values for mois-
ture content (MC)

* consistent product definitions for reporting on sector level

Report the development of the sector

The presentation of environmental achievements due to optimiza-
tions as well as the proposition and evaluation of policy tools should
be based on a comprehensive environmental reporting system on as-
sociation or sector level. While the company level view and reporting
should disregard impacts which are outside its field of action, a sec-
tor level report may supply a holistic view on the forest wood chain
including Scope 2 and Scope 3 emissions as well carbon accounting
procedures in context with forest management options and product
storage. Substitution effects can be included as well.

Furthermore, a holistic view allows the explanation of efficiency
losses (i.e. value added, quality increase, increase of product life ex-
pectancy) compared to cases where the processes of the woodworking
industry are regarded singularly.

The proposition of effective policy which supports the woodworking
industry to act in accordance with political targets set on national
and international level needs to be based on a broad understanding
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and transparent dissemination of environmental implications result-
ing from the implemented policy framework. This reporting should
include monitoring results, status quo data, and potential effects of
the decisions available today. In addition, in order to advise the wood-
working industry on how best to tackle the challenges it faces in
establishing a verifiable role in the achievement of national targets,
the cause and effect of changes in the specific environmental impacts
need to be understood in the context of their effect on the develop-
ment of the complete sector.

A broadening of the applicability of the results presented in this dis-
sertation could be achieved by including other European countries
within the monitoring and by implementing other sustainability as-
pects beside environmental impacts.

4.4.3 Policy

From the viewpoint of political actors, the policy implementations
need to be evaluated with regard to their effectiveness in reaching the
respective targets. To improve the evaluation options, policy should
separate the end use sector “woodworking” industry from the aggre-
gated industry monitoring and recognize that this has been already
found by European Commission (2011), stating that “the lack of de-
tailed data in all end-use sectors is a major challenge” and that there
are “no good data also of how much CO, emission are emitted by the
end-use sectors because the current statistical reporting procedure as-
signs the emissions from electricity and heating to the energy sector”.
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Abstract.

Product life-cycle assessment (LCA) is an established tool for supporting decisions on the

consumer, business, and policy levels. LCA practitioners are in need of continuously updated average
LCA data in line with current methodological developments and consensus for supporting decisions with
environmental information. For sawmill products, where large deviations in terms of environmental
impact among the many single sawmills are known to exist, detailed surveys on LCA data with high
sector representativeness are needed to yield reliable average data. Based on a representative study on
German sawmills, this article provides detailed environmental average life-cycle inventory and impact
assessment data and variations for the production of the four core products of the German sawmill

industry setting a status quo for 2010.

Keywords:

INTRODUCTION
Environmental Impacts of Products

Environmental product life-cycle assessment
(LCA) in accordance with ISO 14044 (ISO
20064a) is an established tool for supporting deci-
sions on the consumer, business, and policy
levels. It has been extensively used as a scien-
tific tool and its methodology has continuously
been optimized and adapted. Three stakeholder
levels can be distinguished.

On the consumer level, benchmarking and eco-
labeling based on LCA results and ISO 14025
(ISO 2006b) have been introduced and standard-
ized internationally over the last decades. Carbon
footprints in accordance with ISO/DIS 14067
(ISO 2013) or PAS 2050 (BSI 2011) using a
similar methodology have been introduced, and
the most widely used tools in Europe for sustain-
able constructions— ‘Deutsche Gesellschaft fiir
Nachhaltiges Bauen” (DGNB) and “BRE Envi-
ronmental Assessment Method” (BREEAM)—
rely on LCA.

* Corresponding author
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On the manufacturing or business level, costs
are the commanding variable for decisions. The
bottom line is that environmental issues will
only be considered if the return of investment
occurs early enough. This can be indirectly
achieved if labels based on LCA can succeed in
convincing the discerning consumer to ask for
the environmentally friendly product. Further
on, LCA combined with material flow analysis
can provide valuable information for hot spot
analysis of environmental impacts and energy
efficiency measures.

On the policy level, LCA has been used as a
tool, especially to justify decisions on the choice
of biofuels, packaging, construction material
and food, and their production systems, respec-
tively. Databases for LCA data on building
products have been introduced at national levels
and databases for a wider spectrum of processes
and products have been introduced on the Euro-
pean level. The German government’s “National
Action Plan on Material Use of Renewable
Resources” (BMELV 2009) entitles LCA to
serve as the essential tool for measuring the sus-
tainability of renewable products, while the
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implementation and development of LCA data-
bases is found to be crucial to estimate the CO,-
emission reduction for a new climate regime.

Sawmill Products and Life-Cycle Assessment

Available life-cycle assessment data for sawmill
products. In 2010, Germany was the world’s
fifth largest producer of sawnwood behind
Brazil, the Russian Federation, China, Canada,
and the United States (FAO 2010). Wood prod-
ucts from German sawmills are broadly used in
the construction sector but also for packaging
and furniture, while the byproducts are either
used as raw material for wood-based panels or
for paper or fuel.

Due to this distinctive conjunction of sawmill
products and byproducts with many sectors of
industry, private consumers, and exports, infor-
mation on sawmill products is needed for a vari-
ety of life-cycle considerations with LCA as one
of the most appropriate tools to evaluate envi-
ronmental aspects.

LCA for sawmill products has been conducted
in several studies. Recently, major research
efforts were done for US sawmills (Puettmann
and Wilson 2005; Bergman and Bowe 2008a,
2008b, 2009, 2010a, 2010b; Wagner et al 2009).
Werner et al (2007) conducted LCA for wood
products in Switzerland. Fruehwald et al (2000)
conducted the first comprehensive LCA for saw-
mill products in Germany.

Requirements of life-cycle assessment for
sawmill products. Classical, comparative LCA,
in terms of decision support for potentially
environmentally friendly options, can only be
conducted successfully if its methodological
framework is chosen well and its data require-
ments can be satisfied. As a rule, the targeted
application of the LCA results determines its
system boundaries. Therefore it also defines the
required boundary and representativeness of
the raw data needed to conduct the LCA. Since
the methodological choices are often unique,
especially for comparative LCA studies, practi-
tioners need updated, transparently documented

and disaggregated life-cycle inventory (LCI)
data. Particularly the system boundaries and rep-
resentativeness of the LCI data need to be
described clearly to enable a consistent combi-
nation of several LCI data sets.

LCA raw data can be applied in the form of
site-specific or average data. Site-specific data
are certainly applied in studies for specific
manufacturers, where identification of hot spots
and optimization potentials is based on site-
specific detailed information. If choices affect
several companies, site-specific data cannot be
applied, though.

Average data are required for most LCA studies.
This applies for company-independent product
labeling at the consumer level, where site-
specific data (eg as published in some environ-
mental product declarations [EPD]) is usually not
available for all production facilities of a product
(BMVBS 2011).

On the policy level, average data with high rep-
resentativeness are indispensable. The role of
wood as a building material and/or fuel plays a
significant role within the scope of national
CO,-emission reduction potentials in the shape
of product substitution, carbon storage in wood
products, and substitution of fossil fuels. Not
less important but more a side show of LCA are
bottom-up approaches to account for environ-
mental impacts of complete industry sectors.
For example, in Germany, essential industrial
tax benefits are tied to energy efficiency devel-
opments of an industry sector (EU 2011; BDI
BDEW, BMWI, BMU, BMF 2012; StromStG
2012). In this context, average sector LCA data
help uncover efficiency measures which are pri-
marily based on outsourcing energy consump-
tion to other sectors or countries.

Challenges of average data acquisition for
sawmill products. Doering and Mantau (2012)
counted a total of 2194 sawmills in Germany in
the year 2010. Official but less comprehensive
numbers are available from DESTATIS (2010a),
identifying 404 sawmills in 2010, but exclud-
ing companies with fewer than 20 employees. It
becomes obvious that the German sawmill sector
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is characterized by a large number of sawmills.
With regard to information on production vol-
umes from Doering and Mantau (2012), where
37.4% of the sawlog input is handled by at least
803 medium-sized producers (2,500-200,000 m>/
year sawlogs input), it can further be assumed
that the sector is characterized by a large number
of small- and medium-sized companies.

Due to the need of average data for products, the
variance between site-specific LCA data, which
is the basis for average LCA data, becomes
important. Although most studies do not offer
this kind of information, differences in specific
parts of production processes offer an insight to
the variances. Ressel (1985) documented the
differences in the context of energy consump-
tion issues in the sawmill sector. A comparison
of the specific energy consumption of sawmill
processes published in several studies from dif-
ferent countries showed large differences on the
country level (Tables 1-3). It can therefore be
concluded that reliable average data for the saw-
mill sector need a sound data basis.

Project Background

With this problem background, the
OekoHoLzBAuDArT project was launched in 2009.
Detailed LCA data were gathered by surveys and
site visits at 43 German sawmills which produced
a total of 5 million m® per year sawnwood in 2009/
2010/2011 (survey was done over a period of

3 years), which equaled 26% of the total German
production in 2010. Later, data were gathered
from 27 other sawmills, which were not able to
supply full data sets but provided useful comple-
mentary information. The OexoHoLzBAUDAT pro-
ject focused on supplying highly aggregated LCA
data for building products following requirements
of the EPD core product category rule EN 15804
(EN 2012; Rueter and Diederichs 2012).

It is the aim of this article to supply average
detailed LCI and Environmental Impact Assess-
ment (LCA) data on the production of the core
wood-based products of the German sawmill
sector. The data are presented in a disaggregated
form, allowing a wide range of applications and
is transparently documented, allowing consis-
tent combination with other LCI data sets.

DATA AND METHODOLOGY
General Claim

The results within this article are described in
terms of their representativeness, system bound-
aries, limitations, and methodological issues.
They can be used as background data in the
context of today’s typical environmental assess-
ment tasks, namely carbon footprints based on
PAS 2050 or IS0 14067, environmental LCA
based on ISO 14044, and EPD based on ISO
14025. The data can also be considered as
valid for EPD based on the core product cate-
gory rule for building products EN 15804 and

Table 1. Electricity consumption (kWh/m® output) of processes in comparison with other studies (coniferous),
Zvolume weighted: average electricity consumption weighted by production volume (margin represents different electricity
consumption for different products), and Qo .05/ Zarithm/Qo.05: 3% fractile/arithmetic average/95% fractile of distribution of
company results (not weighted by production volume).

Debarking Milling Total Kiln-
Reference (D) (M) D+M drying Planing
Study Xvolume weighted 2.2-2.7 15.3-17.7 19.4-21.8 21.6-22 22.8
Q0.05 / Xarithm | Q0.95 1.1/3.0/5.3  9.9/20.3/30.0 12.3/25.2/40.9  5.7/22.5/50.4  2.7/20/56.2
Other studies  Bergman and Bowe 2010a 52.64 24.54 19.53
Puettmann et al 2010 1.80 19.00 20.81 16.71 34.09
Milota et al 2005 (West) 45.35 26.69 16.75
Milota et al 2005 (South) 3443 28.66 13.92
Werner et al 2007 4.50 28.20 32.70 25.00 31.00
Fruehwald et al 2000 23.15 20.28 27.72
Average of other studies 3.15 23.60 34.85 23.65 23.83
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Table 2. Fuel consumption (MJ/m® output) ([%] from total) of drying and heating in comparison with other studies
(coniferous), Tyotume weightea: average electricity consumption weighted by production volume, and Q.05 [ Zarithm | Qo.95: 5%
fractile/arithmetic average/95% fractile of distribution of company results (not weighted by production volume).

Reference Wood fuel Oil and gas Total

Study Xvolume weigh,eda 2052 (99.5) 11 (0.5) 2063 (100)
0Q0.05 / Xarithm | Q0.95 (79.8/94.5/100) (0/5.5/20.2) 713/2864/6505 (100)

Other studies Bergman and Bowe 2010a 1803 (87.3) 263 (12.7) 2066 (100)
Puettmann et al 2010 1066 (52.5) 966 (47.5) 2032 (100)
Milota et al 2005 (West)" — — 2739
Milota et al 2005 (South)® — — 3099
Werner et al 2007 — — 959
Fruehwald et al 2000 — — 903
Average of other studies — — 1966

# Average use of fuel for kiln-dried products.
® Heating value of steam.

as background data sets for attributional model-
ing approaches described in the ILCD Hand-
book (EC 2010). Last but not least, the
described products present the main outputs of
the German sawmill sector defined in national
statistics, allowing input—output LCA studies for
the sector.

Survey

The LCI and LCA results in this article are based
on surveys done during the OexoHoLzBAuDAT
project. More than 70 sawmills supplied data;
43 of these supplied information for a complete
LCI. Several site visits were conducted compar-
ing emission protocols and electricity consump-
tion bills. The survey was conducted over a
period of 3 years.

The Functional Units

The sawmill sector was defined by including all
utilized processes necessary to convert sawlogs
(received at the gate of the sawmill site) into one

Table 3. Electricity consumption of processes in compar-
ison with Bergman and Bowe (2008b) (nonconiferous)
(kWh/m® output).

Process Study Bergman and Bowe 2008b
Debarking 6
Milling 49.7
Debarking and milling 55.7 62.27
Kiln drying 57.8 31.13

of the following core products that leave the
sawmill sector:

Sawnwood, coniferous, green or air-dried;
Sawnwood, coniferous, kiln-dried;
Sawnwood, coniferous, kiln-dried, planed; and
Sawnwood, nonconiferous, kiln-dried.

In each case, the production of 1 m® of product
is defined as the functional unit of the system
under study. To be precise, each functional unit
is an equivalent of 1 m® at a MC of 12%. There-
fore 1-m> equivalent of green sawnwood actu-
ally is slightly larger than 1 m>. The oven-dry
mass is not affected by this. Undried, non-
coniferous sawnwood is not considered, since
there is no relevant market for it. Planed non-
coniferous sawnwood is not considered, since
the process of nonconiferous wood planing was
assigned to the flooring, furniture, or solid wood
products industry.

Sawmill Processing

The essential process steps in the sawmill indus-
try are debarking, sawing, drying, and planing.
The auxiliary processes are the combustion of
fuels for heat supply, compressors supplying
pressurized air, extraction to remove dust and
equipment to withdraw byproducts from the main
processes, and other infrastructural energy-
consuming processes such as electric lighting.
Products leaving the site are stacked and—for
dried products—wrapped in plastic.
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Debarking. This is the first on-site process.
Logs are brought from the log yard to the sta-
tionary debarking unit by forklift or rail crane.
They are scanned for metal (screws, shrapnel,
etc.), butt ends are reduced if necessary, and
logs are debarked and cut to length. They are
sorted by diameter and conveyed to sorting
boxes or directly to the sawing process. Byprod-
ucts are reducer chips, a mixture of large chips
and bark, pure bark from debarking, and minor
amounts of sawdust from cutting.

Debarking consumes electricity and large
amounts of pressurized air in some cases. Addi-
tionally, diesel and engine oil is needed for the
forklifts, or electricity for the cranes, respec-
tively. Lubricants and cutting tools are needed
for the machines. On-site emissions arise from
diesel combustion. The intermediate product is
debarked sawlogs.

Sawing. Coniferous sawlogs are sawn (or
milled) by a chipper canter in combination with
circular saws. On rare occasions, gang and band
saws are used.

Sawing of nonconiferous sawlogs is primarily
done by gang or band saw, sometimes in combi-
nation with circular saws. The applied technolo-
gies differ mainly in terms of the alignment
(chaining) of processes, feeding speed, yield, and
quality of the byproducts. These can be hogged
chips, chips, sawdust, and edgings or rejected core
products. The latter two are mostly chipped down
to smaller pieces and can be summarized as chips.

Besides lubricants and cutting tools, the process
consumes electricity and pressurized air. Extrac-
tion removal by vacuum is usually not needed
since particles are mainly withdrawn by con-
veyer belts. Only for nonconiferous sawmills
is the sawdust occasionally withdrawn with
exhaust systems. Since particles are not con-
sidered in this study (see chapter Data Gaps),
no relevant on-site emissions are connected to
the process.

The core or intermediate products are undried
or air-dried coniferous and nonconifer-
ous sawnwood.

Drying. This is done in convection driers with
only a few marginal exceptions. Sawnwood is
piled up with kiln stickers and loaded into the
kilns with forklifts. After the drying procedure,
which reduces the MC down to an average of
14% or down to 8% for some nonconiferous
products, the stacks are brought to the next pro-
cess step by forklifts. They are destacked and
kiln stickers are removed for reuse. The drying
procedure consumes water and thermal energy
for evaporation of water, diesel for the forklifts,
and electricity for the fans. Byproducts are gen-
erated insofar as small parts of the load are
rejected in the following sorting procedure and
chipped down to wood chips. On-site emissions
arise directly from diesel combustion and kilns.

The core or intermediate products are kiln-dried
coniferous and nonconiferous sawnwood.

Planing. In this article, we only consider
planing of coniferous sawnwood. Kiln-dried
coniferous sawnwood is planed in conventional
or planar calibrating processes on at least one
side of the product, but mostly on all four sides.
Planing in this context includes the generation
of profiles and grooves (tongue and groove)
as well.

The process consumes electricity, lubricants, cut-
ting tools, and pressurized air. Planing chips
(byproducts) are extracted by vacuum. The core
product is kiln-dried, planed coniferous sawn-
wood. No relevant on-site emissions are con-
nected to the process.

Auxiliary processes. All auxiliary processes
consume electricity. Heat and on-site electricity
generation consume wood fuels and fossil fuels.
Wood fuels are brought to the combustion with
either conveyer belts or forklifts which consume
diesel and engine oil or electricity. On-site emis-
sions arise from combustion of diesel, wood
fuels, and fossil fuels.

System Boundaries

The primary (foreground) system boundaries
include debarking, milling, sawing, and drying
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as well as auxiliary processes. Transportation on
site as well as heating of the buildings and elec-
tric lighting is likewise included.

From an environmental point of view, the fore-
ground system includes all relevant emissions that
evolve directly on the production sites as there are
emissions from the diesel burned in the vehicles
used on site, emissions that directly evolve from
the kilns, and obviously all emissions that come
from the combustion processes (Fig 1).

The secondary (background) system boundaries
include all other emissions which are not
directly emitted on site. The background system
is further divided into forestry, transport of saw-
logs and all other generic background data for
material, and energy consumed by the sawmill
industry (sawmill, gate-to-gate).

A differentiation between the supply of sawlogs
and the supply of (for example) fuels in terms of

cradle to sawmill

different system boundaries is made. This is
based on two considerations.

While inputs and outputs of an industrial sector
are always linked to several other sectors, there
are sectors that are linked very closely to each
other and others that are linked not as closely.
The closeness is best described by pointing out
the relevance of products from one sector to the
needs of another. For example, chances are low
that the oil-refining industry would go through
structural changes because the amount of diesel
used by sawmills differs or even doubles, while
the structure of forestry is likely to change if
sawmills only needed half as many sawlogs. This
context has been comprehensively described by
Weidema and Frees (1999).

Hence, monitoring changes of the sawmill
industry based on the changes of consumption
of energy and other products by the sawmill
sector imply that every unit consumed more or

sawmill, gate to gate
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Figure 1.

System boundaries and subsystem boundaries of the analyzed production system.
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less by the sawmill industry has the same envi-
ronmental impact, further implying that no
structural change is forced by the change in
demand. Since this is particularly ambiguous
for the consumption of wood, it was separated
from other inputs to the sawmill sector in terms
of system boundaries. This will help to use the
presented data for change-oriented LCA studies.

Second, the forestry system boundaries include
all processes needed to produce sawlogs pro-
cessed by the sawmill either as material or fuel.
All material-inherent characteristics, like carbon
or calorific value of dry mass, are balanced
among forestry products, wood burned on site,
and sawmill products.

Figure 2 shows the typical carbon balance of
solid wood products. The carbon dioxide, cap-
tured in the trees which are harvested for mate-
rial or energetic use, is accounted for as negative
“emission.” Wood burned on site and all other
carbon dioxide emissions based on the combus-
tion of fossil fuels are accounted for as emis-
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Figure 2. Carbon balance of sawmill products.

sions. Since it is assumed that all wood
products will be burned at the end of life (EoL)
(or given to another product life cycle), the car-
bon stored in the product will be released as
carbon dioxide (or accounted for as positive out-
put within this system and negative input in the
next product system). The total carbon balance
of the life cycle therefore equals the emissions
of carbon dioxide resulting from combustion of
fossil fuels and other greenhouse gas emissions
from nonbiomass. It also includes the emissions
resulting from combustion of wood, but since in
this case, the carbon dioxide is captured from the
atmosphere and given back within the same system
boundary, it has no effect on the cradle-to-grave
emissions of the wood products. In passing it
should be noted that a potential effect on the total
amount of greenhouse gases in the atmosphere
due to the carbon stored in the wood products
needs to be considered separately from this.

Therefore it is absolutely necessary to keep
carbon dioxide emissions as a result of burning
wood separate from “negative” emission result-
ing from carbon stored in wood. Separating for-
estry by subboundaries as done in this article
precludes potential calculation errors.

Background Data

Generic background data for sawlog production
was taken from Schweinle (1996) and Albrecht
et al (2008). The wood species used for conifer-
ous sawnwood were assumed to be pine (pinus
sylvestris) and spruce (picea abies) with a
weighted medium density of 450 kg/m’ (oven-dry
mass); nonconiferous sawnwood was assumed to
be beech ( fagus sylvatica) and oak (quercus) with
weighted medium density of 680 kg/m> (oven-dry
mass) (FNR BMELV 2004; BMELV 2010).

Sawlogs transport models are based on
Borcherding (2007) and EC (2010). The model
for emissions from the kiln-drying process is
based on Wagner et al (2009), who reported
several emissions to air from which volatile
organic compound with 0.167 kg/m® was the
leading emission. The electricity grid mix model
is based on AG Energiebilanzen e V. (2010) and
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PE International (2012). It results in 572 kg
CO,-Eq./kWh, which is in the range of official
data from UBA (2012) which calculated 577 kg
CO,-Eq./kWh for 2009 and estimated 562 kg
CO,-Eq./kWh for 2010. Information on emis-
sions from burning of wood is based on
Reitberger et al (2001), Speckels (2001), Tsupari
et al (2005), and Boehmer et al (2010). For
each emission reported in the cited literature, its
contribution to the indicators global warming
potential (GWP), acidification potential (AP),
photochemical ozone creation potential (POCP),
and eutrophication potential (EP) was analyzed.
All substances which were responsible for more
than 15% of at least one indicator were modeled
as a function of filter technique, fuel type,
and combustion size according to data from
Kaltschmitt and Hartmann (2009). Those sub-
stances are CO,, CO, CH,, SO,, and NOx. If
companies did not supply information on their
combustion technique, the worst (but still legal)
case was assumed for these substances. For emis-
sions responsible for 1-15% of at least one indi-
cator, the average value from the literature was
chosen. All substances which were responsible
for less than 1% are based on data from Speckels
(2001) who analyzed the emissions of 18 wood
combustion plants in detail. All together, 68 sub-
stances are taken into account. A comparison of
the resulting average emissions to emission
published by Rentz et al (2009) resulted in high
confidentiality for emissions relevant for the
environmental indicators published in this article.
All of them are within the 95% confidence inter-
val for typical emissions from “combustion in
industry using biomass” listed in Rentz et al
(2009). All other data were based on PE Interna-
tional (2012). Detailed information about the
modeling principles is documented in Rueter and
Diederichs (2012).

Allocations

Product-specific results refer to a specific unit of
a product. However, since the production of
sawnwood also leads to byproducts (bark, chips,
etc.) that can be used in other product systems
(eg wood-based panels), input and output flows

need to be allocated to core and byproducts.
This allocation can be done on the basis of mass,
economic value, or other physical or nonphys-
ical relationships and has been broadly discussed
for sawnwood (see Jungmeier et al 2002)).
Because the type of allocation used limits the
applicability of the LCI data, the inventory in
Table 4 shows the unallocated LCI. It describes
the quantities of all material and energetic flows
which enter or leave the foreground gate-to-gate
system boundary. This includes all byproducts
that evolve in the processes. Exceptions apply
for electricity as one of two products from com-
bined heat and power plants (see subsequently).

An allocated LCI, which was used for the
impact assessment, only includes those inputs
and outputs that were allocated to the functional
units (the core products of the sawmill sector).
The allocation procedures were based on differ-
ent systematics and comply with ISO 14044 and
EN 15804 (Rueter and Diederichs 2012).

Allocation inside gate-to-gate boundaries.
Within the foreground system, processes that
produce core products and byproducts at the
same time are debarking, sawing, drying, and
planing. The input of wood as a raw material to
a process that produces core and byproducts was
allocated on the basis of oven-dry mass of the
wood (allocation by physical relationship).

The input of heat and electricity to a process
(and 1its supporting auxiliary processes like
extraction and pressurized air) that produces
core and byproducts was allocated on the basis
of market prices of the products (Table 5). For
example, the price of 1 m® bark is 10% of the
price of 1-m” debarked sawlogs. If 8% of a log
consists of bark, 0.8% of the electricity used for
debarking is allocated to the bark, while 99.2%
is allocated to the logs. This reflects the inten-
tion of the process to have maximum economic
yield while producing the core products and
complies with EN 15804 and suggestions of
EC (2010).

Thermal energy for heating and electric energy
for illumination of the buildings was completely
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Table 4. Life-cycle inventory for the declared units (unallocated).

Flow Unit Cg Ckd NC kd Cpl
Inputs
Material
Sawlogs m’ 1.82 2.03 2.06 2.21
Fuels
Residues (on site) MJ — 1677 4913 2031
Residues (off site) M — 72.6 1285 42.7
Recovered wood J\%0) — 217 — 199
Fuel oil (light) MJ — 1.9 — 1.5
Gas MIJ — 0.0 — 3.7
Plant oil MJ — 3.5 — 5.7
Logistics on site
Diesel kg 0.9 1.3 1.6 1.7
Engine oil g 15.6 25.4 40.7 28.7
Electricity (from grid)
Process kWh 18.7 36.8 105.5 584
Infrastructure kWh 3.1 6.6 18.7 13.8
Equipment
Lubricants g 90.8 114.3 170.6 137.9
Steel g 5.8 13.0 44.8 224
Drinking water kg 24 19.2 13.6 25.5
Surface water kg 6.7 32.1 19.9 335
Wrapping
Polymers g — 312.0 168.0 677.0
Wood g 1471 1760 3125 3871
Paper and cardboard g 24.0 34.0 — 81.0
Steel g 88.0 341.0 997.0 228.0
Outputs
Product (wrapped)
Sawnwood product m’ 1 1 1 1
Byproducts
Bark m’ 0.172 0.202 0.206 0.220
Chips, dust, and cuttings m’ 0.655 0.825 0.854 0.990
Waste
Solid waste kg 0.097 0.127 0.215 0.160
Water kg 9.079 51.31 33.45 59.01
Emissions (direct)
CH,4 g — 19.6 96.1 234
CcO g 13.1 73.4 320 97.3
CO; (from fossil fuels) kg 2.60 4.37 4.97 5.69
N,O g — 0.460 1.95 0.486
NMVOC g 4.36 49,1 109 55.1
SO, g 3.29 28,6 121 349
NOx g 42.0 328 1376 403
Lead mg — 308 1539 371
Cadmium mg — 0.693 3.46 0.835
Mercury ng — 62.9 310 75.2
Arsenic mg — 14.4 72.1 17.4
Chromium mg — 13.3 66.4 16.0
Copper mg — 148 744 179
Nickel mg — 73.5 363 88.7
Zinc mg — 0.318 1.52 0.372

C g, coniferous sawnwood, green; C kd, coniferous sawnwood, kiln-dried; NC kd, nonconiferous sawnwood, kiln-dried; C pl, coniferous sawnwood, planed;
NMVOC, nonmethane volatile organic compounds.
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Table 5. Relative price of byproducts to core products
(Rueter and Diederichs 2012) (large chips refer to typical
chips from chipper canters, small chips are all chips smaller
than this).

Core product Byproduct Relative price
Sawlogs Industrial wood 60%
Sawlogs debarked Bark 10%
Sawnwood, green Large chips 30%

Small chips 25%
Dust 25%
Sawnwood, kiln dried Chips and other 16%
Sawnwood, planed Chips 12%

allocated to the core products, since they would
not have been installed for the productions of
byproducts only. Diesel, engine oil, and all other
equipment were allocated to the core products
for the same reason.

Allocation procedures for electricity produced on
site by combined heat and power plants (CHP)
was based on energy of the two products. As an
exception, the unallocated LCI actually includes
this CHP input allocation. The reason is the wide-
spread decoupling of electricity production from
the sawmill production process in terms of eco-
nomic and fuel supply dependency. As a conse-
quence of the available subsidies for electricity
from biomass in Germany, the amount of elec-
tricity generated by the CHP is the crucial factor
for the investment to be worthwhile. In some
cases, the investment for the CHP is much higher
than the investment for the sawmill. In other
words, the production of electricity (by CHP) on
site is not much or not at all influenced by more
or less production of sawnwood or, respectively,
byproducts. On-site electricity production by
CHP and its supply with fuel is therefore defined
outside the system boundaries.

Allocation procedures for background data.
For the impact assessment, LCI results of the
foreground system were connected to data on
forestry, transport, and generic background data.
Here, allocation procedures were applied as
described in the accompanying documentations
of the data sources. For forestry operations,
allocation was based on market prices of saw-
logs and industrial wood.

Cutoff Rules and Assumptions

Based on other LCA results for sawmill products,
every flow exceeding 1% of the total used pri-
mary energy was included, whereas all neglected
flows did not exceed 5% of this indicator. Obvi-
ously, flows that were below this threshold but
were known anyway were included. Capital
goods like buildings and machinery were not
included in terms of their production, since the
associated impacts were assumed to not exceed
1% of the total.

The transport distances for other materials than
wood were assumed to be 50 km. The transport
distances for wood were modeled specific for
each company.

The on-site emissions from combustion of wood
fuel were modeled to supply information for the
impact categories published in this article. The
indicator ODP was not used for the emissions
sensitivity analysis, since the normalized result
(Germany 2001 data from Universiteit Leiden
2010)) for wood combustion emissions was less
than 1% of the result from the indicator EP.
Therefore, it was assumed that ODP was suffi-
ciently represented without being modeled as
a function of filter technique, fuel type, and
combustion size.

Data Gaps

Several other emissions without an influence on
the presented impact categories, especially heavy
metals, are listed in the LCI. They were com-
pared with official data from Rentz et al (2009).
Emission data for cadmium, arsenic, chromium,
and nickel agree very well with those reported
there. Emissions of mercury and zinc are smaller
by factor 5 to 8 in this article; emissions of
copper and lead are higher by factor 5 to 2.5.
For other emissions to the atmosphere listed
by Rentz et al (2009), no data were collected.
These substances are selenium, polychlorinated
biphenyls, polychlorinated dibenzodioxins,
Benzo(a)pyren, Benzo(b)fluoranthene, Benzo
(k)fluoranthene, Indeno(1,2,3-cd)pyrene, and
hexachlorbenzene. If the LCI date is used to eval-
uate impact categories where these substances
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are relevant, special attention should be paid.
The emissions from combustion of diesel only
consider substances relevant for the reported
impact categories.

No data were available for the wheels used on
site as well as the wrapping material for the
equipment. In other words, the equipment was
assumed to enter the company without any
wrapping since the impact was assumed to be
negligible. Nevertheless, the wrapping of the
products is included.

Impact Assessment

The impact assessment covers six impact cate-
gories defined in EN 15804, which are GWP for
100 yr, AP, EP, POCP, stratospheric ozone
depletion potential (ODP), and abiotic resource
depletion potential (ADP). For ADP, two sub-
categories exist. ADPe describes the depletion
of elements of non-fossil resources and ADPf
the depletion of fossil fuels. Classification and
characterizations of emissions is based on defi-
nitions published by Universiteit Leiden (2010).
Carbon dioxide emissions evolving from oxi-
dization of carbon contained in biomass and
photosynthetic capture of carbon dioxide to
carbon contained in biomass are not included in
the GWP100 category for the reason described
previously (Fig 2). For the GWP indicator, this
article focuses on carbon dioxide emissions
based on the combustion of fossil fuels and other
emissions that are not CO, from wood combus-
tion. However, biogenic carbon dioxide uptake
and emissions can be easily calculated based on
LCI and dry mass of wood and the system
shown in Fig 2.

RESULTS
Gate-to-Gate Life-Cycle Inventory
Table 5 shows the gate-to-gate foreground LCI

of all functional units.

Coniferous sawnwood, green or air-dried. To
produce 1 m® of the product, about 1.826 m> of
sawlogs with bark enter the mill. Debarking

consumes 3.7 kWh for the process and 0.6 kWh
for infrastructural demands. Taking price allo-
cation into account, the production of 1 m> of
bark consumes 0.27 kWh of electricity. After
sorting by dimension and/or quality, 1.58 m® of
debarked saw logs are brought to the infeed of
the mill and converted to 1 m® of sawnwood.
The process consumes 17.5 kWh electricity
from which 2.5 kWh is for infrastructural
demands. Taking price allocation into account,
the production of 1 m?> of chips at this process
consumes 4.01 kWh. Total yield from sawlogs
with bark to sawnwood is 54.7%.

Direct on-site emissions arise mainly from com-
bustion of diesel. Considering the impact cate-
gories within this article, the most relevant
emissions are 2.6 kg of carbon dioxide (GWP),
42 g nitrogen oxide (AP, EP, POCP), and 4 g
of nonmethane volatile organic compounds
(NMVOC) (POCP).

Coniferous sawnwood, kiln-dried. This prod-
uct is produced by technical drying of sawnwood.
Despite the fact that more sawlogs are needed,
the specific energy demand for debarking is very
much the same as for undried sawnwood, while
milling is slightly more energy-efficient (—12%).
Although the same processes are applied for
the production, not all sawmills produce dried
sawnwood. Therefore the group of analyzed
companies was different for the two products,
resulting in different specific energy demand for
the processes.

Kiln-drying is the most energy-consuming pro-
cedure of all sawmill processes. For the produc-
tion of 1 m® kiln-dried coniferous sawnwood,
21.9 kWh of electricity and 1968 MJ of fuel are
consumed; 85% of those are byproducts from
on-site production (mainly bark). Eleven percent
are recovered wood. Four percent are bought
from other sawmills or landscaping, while only
0.2% are fossil fuels.

The drying chambers are loaded using forklifts
which are mainly powered by diesel engines. This
process step consumes about 0.4 kg of diesel/m’
of kiln-dried coniferous sawnwood. Compared
with on-site emissions from the production of
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green sawnwood, the emissions from the kilns
and wood combustion outweigh diesel emissions
in the context of AP, EP, and POCP. For GWP,
methane emitted from wood combustion is only
responsible for 7% of the on-site GWP relevant
emissions. Diesel emissions still have the lead.
Remember that carbon dioxide emissions from
combustion of wood are not considered here.

Emissions relevant for the other impact categories
(AP and EP) are predominantly 328 g of nitrogen
oxide from wood combustion (79%) and diesel
engines (20%) as well as 49.1 g of NMVOC from
wood combustion (28%), drying kilns (52%), and
diesel (13%).

Coniferous sawnwood, kiln-dried, planed.
The planing of the kiln-dried sawnwood con-
sumes 22.8 kWh of electricity. Diesel consump-
tion for this step is at about 0.3 kg/m>. Fuel
consumption for kiln-drying here is higher than
for kiln-dried sawnwood, since about 1.09 m> of
kiln-dried sawnwood is needed to produce 1 m®
of planed sawnwood and the group of analyzed
companies was different. The specific fuel con-
sumption is slightly higher for the same reasons.
Compared with kiln-dried sawnwood, the share
of recovered wood used for fuel (9%) was lower.
The amount of fossil fuels again is negligible
(0.3%). Since no on-site emissions arise from
planing (except the surplus of diesel emissions),
the distribution of emissions to their sources is
very much the same as on-site emissions from
kiln-dried coniferous sawnwood.

Non-coniferous sawnwood, kiln-dried. Pro-
duction of non-coniferous sawnwood differs
strongly from the production of coniferous
sawnwood. Yield is only slightly higher, but
consumption of electricity is close to three times
as high. No definite statement can be made on the
distribution of electricity consumption between
processes. Since only two mills took part in the
survey for nonconiferous sawnwood, and no
process-specific consumption of electricity was
measured on site, only total consumption for
the product was determined.

A total of 6198 MJ of wood fuel is consumed by
the kilns, from which 80% is taken from on-site

production. While coniferous wood mills are in
most cases able to meet their heat demand solely
by combustion of bark produced on-site (this
depends on the season of the year and moisture
content of the bark, respectively), nonconiferous
wood mills can cover only 50% to 60% of their
fuel demand by bark produced on site. About
20-30% are nonbark residues from on-site pro-
duction; another 20% are residues bought from
other sawmills or landscaping.

Diesel consumption is slightly higher than for
kiln-dried coniferous sawnwood, but specific
consumption of engine oil (kilograms oil per
kilogram diesel) is about 25% higher than in
coniferous wood mills. The quantity of direct
emissions on site is predominantly driven by
the combustion of wood.

Equipment, wrapping, and waste. Lubricants
and steel to maintain the equipment are used for
all main products and therefore increase from
green sawnwood to planed sawnwood. Water is
used mainly for drying but also for wet storage
of the wood. All inputs result in waste flows.

Regarding the mass, wood has the biggest share
among the used wrapping materials. Besides
this, polymers, especially polyethylene foil and
steel, play a significant role.

Cradle-to-Gate and Gate-to-Gate Impact
Assessment and Energy Demand

Primary energy demand. Table 6 shows the
input of primary energy for each functional unit.
From cradle to gate, 544 MJ of primary energy
consumption is allocated to the production of
1 m® of green sawnwood. The consumption of
primary energy for kiln-dried products is signif-
icantly higher due to high energy demand for
drying processes. Drying coniferous sawnwood
consumes four times more than producing
green sawnwood. A total of 637 MJ is addi-
tively consumed if the kiln-dried coniferous
sawnwood is planed. Kiln-drying in nonconi-
ferous wood production consumes about three
times more primary energy than drying of coni-
ferous sawnwood.
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Table 6. Primary energy consumption (MJ). Table 7. LCA results.
Source Cg Ckd NC kd Cpl Ren Flow Cg Ckd NC kd Cpl
Forestry and Transport Foreground, Gate to Gate
Sawlogs (material) 8,672 8,672 13,104 8,672 100%  Gwp 8% 1% 9% 1%
Forest operatlops 204 244 336 253 1% Ap 17% 549 749 56%
Sawmill ODP 0% 0% 0% 0%
Dlesel 41 66 79 88 O% ADPG 0% 0% O% 0%
Electricity 227 514 1,515 806 13% ADPf 0% 1% 1% 0%
Wood fuel (onsite) — 1,677 4,913 2,031 100%
Wood fuel (offsit) — 290 1,285 242 100% DBackground, Gate to Gate
Fossil fuel — 2 — 5 0% GWP 33% 46% 59% 55%
Others (material) 7 48 39 58 0% AP 13% 12% 10% 16%
Total (nonmaterial) 268 2,549 7,791 3,173 EP 6% 6% 5% 8%
Total (nonmaterial) 544 2,886 8,313 3,522 POCP 10% 4% 5% 6%
Total (all) 9,223 11,605 21,456 12,253 ODP 87% 92% 95% 95%
C g, coniferous sawnwood, green; C kd, coniferous sawnwood, kiln-dried; ADPe 100% 100% 100% 100%
NC kd, nonconiferous sawnwood, kiln-dried; C pl, coniferous sawnwood, ADPf 37% 52% 62% 61%
planed; Ren: share of renewables.
Transport
GWP 15% 12% 11% 9%
Since drying chambers are predominantly run by AP 15% 8% >% 7%
EP 17% 8% 6% 8%
heat, generated from wood fuel, the total share  pyp 12% 3% 39 39
of primary energy from renewables is 70-80% opp 1% 0% 0% 0%
for the three kiln-dried products, but only 6% for ADPe 0% 0% 0% 0%
the green coniferous sawnwood. ADPf 17% 14% 14% 11%
. . Forest
Global warming potential. Tgble 7 sho.ws GWP 44% 1% 1% 4%
total cradle-to-gate LCA results with the relative  5p 559, 26% 11% 209,
share of each subsystem defined in Fig 1. EP 59% 27% 12% 24%
i POCP 60% 14% 13% 13%
For dried gnq planed products,. greenhouse gas opp 13% 7% 49 59
(GHG) emissions are caused mainly by the gener-  ADPe 0% 0% 0% 0%
ation of electricity in the background gate-to-gate =~ ADPf 46% 34% 23% 27%
system and by the combustion of diesel for on-site  Total
logistics in the foreground gate-to-gate system. Gwp (kg) 32.9 56.6 116.2 735
In contrary, cradle-to-gate emissions of green AP (kg) 0.15 0.37 1.16 0.45
sawnwood originate mainly from the forest and Eg ((:g)( : 322 ;2; ?‘9‘;2 gé;
transport systems (60%). POCP (g 18. : : 106.
port sy (60%) ODP (mg) 33 7.0 19.3 10.6
Figure 3 shows the relevance of every process ADPe(mg) 2943 1,105 3258 874.2
ADPf (MJ) 410.8 664.4 1,305 848.4

from forest to dried planed sawnwood products
for the GWP indicator based on the results for
planed coniferous sawnwood. Most of the emis-
sion sources originate from background system
(black), while major on-site emissions (gray)
evolve mainly from on-site logistics (debarking)
and drying (kilns and combustion).

For all products, 15 to 18 kg of CO,-Eq. is emit-
ted during forestry operations. About 95% of
those emissions are carbon dioxide, 3% are

LCA, life-cycle assessment; C g, coniferous sawnwood, green; C kd, conif-
erous sawnwood, kiln-dried; NC kd, nonconiferous sawnwood, kiln-dried; C pl:
coniferous sawnwood, planed); GWP, global warming potential; AP, acidifica-
tion potential; EP, eutrophication potential; POCP, photochemical ozone crea-
tion potential; ODP, ozone depletion potential; ADPe, nonfossil abiotic resource
depletion potential; ADP, fossil abiotic resource depletion potential.

methane emissions, and 2% are nitrous oxide
emissions. Seventy-seven percent of the CO,
emissions is emitted by forestry machinery and
15% by wet storage procedures.
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100% | - combustion, 32-33% from combustion of wood,
1-2% from combustion of fossil fuels, and 13-
90% | g 16% from the drying chambers. For kiln-dried
@ nonconiferous sawnwood, 69% of the on-site
80% = GHG emissions arise from combustion of wood,
24% from combustion of diesel, and 7% from
20% ;’ the kilns. The essential GHG emissions of the
S kilns are volatile organic compounds (VOCs).
0% Qate—to—gate background emissions are respon-
sible for 29-53% of the total cradle-to-gate
emissions. For all products, generation of elec-
S0% tricity is responsible for the major share of
those emissions.
40% |
30% 2 Focus on Acidification Potential,
% Eutrophication Potential, Photochemical
20% T § Ozone Creation Potential, and Ozone
g,- Depletion Potential
10% £ Emissions which cause depletion of the ozone
layer (ODP) originated mainly from the back-
0% ground gate-to-gate system for all products
TR g, Co—— (g'eneration of electric'ity‘). cher sources are of
Figure 3. CO,-Eq. emissions from processing planed ~U0OT relevance for this indicator.
g 2-Bq p g p

sawnwood.

Transport distances for sawlogs are around
100 km for all products, which leads to emis-
sions between 4 and 7 kg CO,-Eq./m> of conif-
erous sawnwood and 13 kg CO,-Eq./m® of
nonconiferous sawnwood. The higher emissions
for nonconiferous wood transports compared
with coniferous wood transports result from the
higher amount of wood fuels burned on site for
nonconiferous wood production and the higher
raw density of nonconiferous wood. More than
99% of the relevant emissions is carbon dioxide
from burning of diesel in transportation vehicles.

On site, 3-10 kg of CO,-Eq. is emitted by burn-
ing of diesel, fuels for heat supply, and the dry-
ing kilns. For the production of green coniferous
sawnwood, these emissions evolve singularly
from burning of diesel. For kiln-dried and
planed coniferous sawnwood, about 49-54% of
on-sitte  GHG emissions evolve from diesel

For the AP, EP, and POCP of green sawnwood
production, 44-60% of the indicator results are
caused by forestry operations and 12-17% by
transports to the sawmill site. Only 28-40% of
the results are caused by sawmill processes
(foreground and background).

This is different for dried products. The drying
process pushes the relevance of the indicator
result of the foreground gate-to-gate system up
to 54-80%. The primary substances here are
nitrogen oxide and sulfur dioxide from the
combustion of wood (AP and EP) and VOC
emitted from the kilns and combustion of die-
sel (POCP).

Representativeness

Looking at the representativeness of the analyzed
processes, the survey provided detailed data for
27.2-42.1% of the typical sawmill processes for
coniferous wood. Less data were available
for nonconiferous wood sawmills. Only 3.4%
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Table 8. Processes and representativeness (fraction) of the
analyzed volumes compared with national process utilization.

Volume analyzed
(million m”/yr)*

Germany 2010

Process (million m*/yr™®

Debarking 9.08 34.00
Sawing 5.49 20.55
Kiln drying 3.32 12.21
Planing 1.36 3.23
Debarking (nc) 0.03 0.92
Sawing (nc) 0.02 0.55
Kiln-drying (nc) 0.02 0.50

 Process output volume.
" Based on DESTATIS (2010b) and survey results.
nc, nonconiferous.

of the total national process throughput was
analyzed, which leads to a limitation of the
informational value of nonconiferous sawnwood
results (Table 8).

Other Studies

The results for the specific electricity consump-
tion of the processes and the fuels used for heat
production were compared with results from
other studies listed in Tables 1, 2, and 3. The
cited data were partially taken directly from
publications or calculated on the basis of pieces
of information in the study and assumptions. For
coniferous sawnwood, the processes in this study
had lower electricity consumption than the aver-
age of all cited studies, but values came closer to
the average than most of the other studies. Heat
consumption was also very close to the average
(Table 2). Only one study for electricity con-
sumption of nonconiferous wood processes could
be compared (Table 3). The data supply further
evidence of the large differences in environmen-
tal impacts of sawmill processes in general, but
also validate the high representativeness of results
in this article, since values of this study come
very close to the average.

Uncertainties

Considerations on data uncertainty focus on the
data collected in surveys or site visits conducted
during this study.

Very reliable data were collected for any type of
valuable (monetarily) input and output like elec-
tricity, fuel, sawlogs, products, byproducts, and
others, since the quantities are usually well
documented by the companies’ bookkeeping. In
the case of wood, inputs and outputs for material
use were collected as volume flow. Quantities of
fuel wood were collected as mass flow, which
correlates to the typical approach of the compa-
nies’ bookkeeping system. Therefore, the mate-
rial flow and the energy flow are independent
from variations in raw density of wood. Problems
occur, if byproducts—where the volume is known
only—are burned on site. Here the mass and
moisture content were estimated by the compa-
nies. Therefore uncertainties exist for the quantifi-
cation of energy content of the burned byproducts
and the total mass of byproducts burned.

The product portfolio of a sawmill ranges from
green sawnwood as a single output to several
different products. Since only a few companies
were able to allocate the total consumption of
electricity to each process, the companies which
only had data at the site level or process group
level were asked to estimate the share of each
process based on other information (net power
and utilization time). Therefore uncertainties
exist in terms of partitioning the electricity to
each product or process.

As stated before, emissions from combustion of
wood were not measured but estimated based on
literature data. Since emissions from wood com-
bustion are influenced by more parameters than
those used in the model (size, fuel type, and
filter technology of the plant), uncertainties arise
from the estimated emissions.

To approximate the extreme results which arise
due to the described uncertainties, it is assumed
that the estimated raw density of wood and elec-
tricity consumption alternates by 10% each and
emission factors for wood combustion alternate
within the 95% confidence interval documented
in Rentz et al (2009). VOC emissions from the
drying kilns were estimated to alternate by 10%
in relation to the values described in chapter
background data.
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Table 9. Uncertainties and their effect on impact categories (gate to gate) (%).

Uncertainty aspect Mass of wood

Electricity consumption

Emission factors VOC from drying

Analyzed range 10 10 EEA* 10
GWP <0.1 6.9-8.4 <0.1 0.2-04
EP <0.1-8.2 0.4-1.8 0-130 <0.1
AP <0.1-6.9 1.1-3.6 0-110 <0.1
ODP <0.1 9.4-9.7 <0.1 <0.1
POCP <0.1-4.7 <0.1-2.1 0-1300 5.8-6.3
PE ren® 9.2-10 0.9-1.1 — —
PE fos® — 6.0-7.3 — —
ADPe — — — —
ADPf — 6.8-8.6 — —

# Range is based on the 95% confidence interval for each emission documented in Rentz et al (2009).

° Primary energy from renewable sources.
¢ Primary energy from non renewable sources.

VOC, volatile organic compounds; GWP, global warming potential; AP, acidification potential; EP, eutrophication potential; POCP, photochemical ozone
creation potential; ODP, ozone depletion potential; ADPe, nonfossil abiotic resource depletion potential; ADPf, fossil abiotic resource depletion potential.

Table 9 shows the effect of each identified uncer-
tainty on the impact categories. Uncertainties in
mass of wood primarily affect EP, AP, and con-
sumption of primary energy from renewable
resources, partially up to 1% impact for each
percent of uncertainty. Uncertainties in electricity
consumption primarily affect GWP, ODP, pri-
mary energy from nonrenewable resources, and
ADPf since consumption of electricity has the
main share in each of those impact categories.
Uncertainties in VOC emissions from drying
primarily affect POCP with about 0.5% for each
percent of uncertainty. Very high effects due to
uncertainty are recognized in context with emis-
sions from wood combustion, especially for EP,
AP, and POCP. The reason here is the high
uncertainty in emissions of NOx and NMVOC.

Data Range

The data range in the LCI is discussed for the
softwood products only, since only two hard-
wood mills supplied data. As expected, the
differences between site-specific data and aver-
age data are very concise. Besides the volume
weighted average results, Table 1 also shows the
5% and 95% fractiles and the average value for
the distribution of specific electricity consump-
tion of all sites without weighting. Although
the fractiles describe a large range of specific
electricity consumption for each company, for
debarking and milling, the majority of companies

run their processes with a specific consumption
quite close to the average. For the kiln-drying
process and the planing process, the distribution
is much wider. This might be reasoned by the
large amount of parameters that can be changed
in the drying and planing process compared with
debarking and milling. Remember, that electric-
ity consumption was estimated for each process
by the company as a share of the known total
consumption of the production site. Hence, the
natural data range is mixed with uncertainties
here. Table 2 shows the corresponding numbers
for the consumption of thermal energy. The
share of fossil fuels is low for most companies
in the survey.

Average values and fractiles of the LCI results
and the cradle-to-gate LCA impact results are
documented in Table 10. Looking at the input
side, a very high data range appears at the wrap-
ping material. It seems that there are several
different ways on how to wrap the sawnwood
products and what wrapping material to use.
The specific diesel and oil consumption can be
very different for each company as well. The
age of the machines and the structure of the log
yard might a very big influence here. In some
cases electric cranes were used.

On the output side, emissions of CHy, CO,, and
NOx can be very different for each company as a
result of the combustion technique and the type
of fuel used. CO, emissions obviously depend on
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Table 10. Data range for LCI for the declared units (unallocated, coniferous only) and cradle-to-gate LCA results and
Q0.05/ Tarith | Qo.o5 = 5% fractile/arithmetic average/95% fractile of distribution of company results.

Ce Ckd Cpl
Flow Unit Quos Xarithm Qs Qos Xarithm Qos Qos Xarithm Qos
Inputs
Material
Sawlogs m’ 1.38 1.78 2.17 1.46 1.95 247 1.60 2.13 2.70
Logistic on site
Diesel kg 0.090 0.780  1.40 0.140  1.07 1.96 0.130 1.34 2.67
Engine oil g 1.80 11.8 21.7 2.50 16.6 31.2 0.700  20.2 40.9
Electricity (from grid)
Total kWh 123 25.2 40.9 26.8 513 96.2 41.4 81.3 157.6
Equipment
Lubricants g 20.8 88.8 1739 228 99.1 197.8 284 1263 2974
Steel g 0.400  5.10 8.40 0.500  11.1 14.8 10.0 19.1 249
Drinking water kg 0 1.90 3.40 6.20 16.0 22.3 8.50 21.2 27.9
Surface water kg 0.600  5.90 7.40 8.30 27.2 43.1 7.00 28.2 45.8
Wrapping
Polymers g 0 326 1690 17.0 893 2872
Wood g 0 136 1583 1355 1674 1775 0 3873 7328
Paper and cardboard g 0 28.1 81.6 0 42.2 101 0 97.0 198
Steel g 8.70 91.4 130 0 319 366 0 188 241
Outputs
Byproducts
Total m’ 0.377  0.781 1.17 0457 0950 147 0595 1.13 1.70
Emissions (direct)
CH,4 g 7.30 26.5 64.3 12.5 23.8 36.7
CcO g 1.50 12.6 22.8 27.0 78.4 112 50.2 89.2 127
CO, (from fossil fuels) kg 0.318  2.69 4.86 3.10 7.32 19.8 5.39 8.72 13.1
N,O g 0.128  1.24 247 0.246 0577  1.11
NMVOC g 0.559  4.72 8.53 37.9 52.8 74.1 44.8 54.0 69.4
SO, g 0.528  4.44 8.03 12.9 34.8 68.5 22.9 342 55.0
NOx g 4.77 40.2 72.7 148 390 643 265 387 635
Lead mg 90.8 371 627 185 353 588
Cadmium mg 0204 0836 142 0416  0.794  1.32
Mercury ue 20.8 77.0 138 39.2 72.4 119
Arsenic mg 4.25 17.4 29.4 8.66 16.5 27.5
Chromium mg 3.92 16.0 27.1 7.98 15.2 25.4
Copper mg 439 179 303 89.4 170 284
Nickel mg 21.7 88.8 151 44.2 84.3 140
Zinc mg 0.111 0404 0.831 0212 0371 0.580
Gate-to-gate LCA impact category results
GWP kg 26.0 33.0 50.1 459 60.9 95.8 55.5 78.5 127.7
AP kg 0.120  0.151  0.215 0251 0432 0617 0351 0456 0.633
EP g 24.2 314 44.2 50.7 923 146 69.9 93.6 129
POCP g 14.7 18.8 254 81.1 102 124 90.2 106 125
ODP mg 1.68 3.25 4.44 4.04 7.30 12.4 6.22 10.8 18.2
ADPe mg 54.6 303 426 47.0 1015 1330 86.8 907 1654
ADPf MJ 331 410 627 506 676 1055 607 873 1454

LCI, life-cycle inventory; LCA, life-cycle assessment; C g, coniferous sawnwood, green; C kd, coniferous sawnwood, kiln-dried; C pl, coniferous sawnwood,
planed; NMVOC, nonmethane volatile organic compounds; GWP, global warming potential; AP, acidification potential; EP, eutrophication potential; POCP,
photochemical ozone creation potential; ODP, ozone depletion potential; ADPe, nonfossil abiotic resource depletion potential; ADPf, fossil abiotic resource
depletion potential.
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the use of fossil fuels. Relatively steady values
are visible for emissions of NMVOC. Uncer-
tainty analysis though showed high values here,
which means that real emissions might be much
higher than those reported in Table 5.

Naturally the high deviation in the LCI results
becomes also visible in the impact assessment.
At this point two aspects become clear. First,
for the assessment of other products (eg glulam,
cross-laminated timber) made of products dis-
cussed in this article, information on which saw-
mill supplied the wood might be of environmental
interest. Second, representative average values
can only be calculated based on a broad survey.

CONCLUSIONS

In this article, detailed environmental LCI and
impact assessment data for the production of the
four core products of the German sawmill indus-
try are provided. The data are presented as
unallocated data sets and can be applied for a
broad range of LCI, LCA, energy and mass flow
studies in need of data for sawmill products. The
data have high representativeness for Germany
and identify the environmental status quo for
sawmill products in the year 2010. Besides aver-
age results, uncertainties and the range of results
are discussed. In this context, high uncertainties
exist for the amount of emissions from wood
combustion, especially those that potentially
trigger acidification, eutrophication, and photo-
chemical ozone creation. More reliable data are
needed here to reduce uncertainties. As expected,
the data range found in this article is quite high
for every product. Assuming that the main reason
for the differences is caused by process-specific
aspects and only a small share is caused by dif-
ferences between the actual products, a high
optimization potential in the sawmill industry in
terms of reduction of environmental impacts is
very probable.
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Abstract. Considering the importance of the German wood-based panel industry, the current status of
available life-cycle inventory (LCI) data for these products is quite unsatisfying. In this study, detailed
disaggregated LCI and environmental life-cycle assessment (LCA) data and variation in data on production
of the core products of the German wood-based panel sector are given. The data suit a wide range of
applications and are transparently documented, allowing consistent combination with other raw data sets.
The data are analyzed in terms of sensitivity of environmental impacts to the variations in LCI. Also, specific
advice is given to LCA practitioners on how to narrow the presented variations with respect to the
environmental impact category they are interested in. Results are presented for the typical midpoint environ-
mental impact categories excluding toxicity indicators. For the latter, the relevant data gaps are discussed.

Keywords:
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INTRODUCTION

With the initial basic concept of moderating the
anisotropic nature of solid wood through homog-
enization, wood-based panels (WBP) have come
a long way through technical development.
Today, the worldwide annual production of about
275 Mm® of WBP (FAO 2013) offers an almost
continuous covering of any possible compromise
among mechanical, optical, and emission proper-
ties that can be influenced by particle size and
orientation, type of adhesives and additives, pro-
cessing parameters, and panel dimensions.

Based on figures from EPF (2012) and FAO
(2013), the five biggest producers of WBP are
China with 38% of the world production,
followed by the US (11%), Germany, Russia,
and Canada with 4% each. About 21% of the
world production is from the European Union
(EU). Compared with world production, which is
split into fiberboard, particleboard, and plywood
with approximately 1/3 each, EU and Germany
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have large production volumes of fiberboard
and particleboard with 93 and 98% of total pro-
duction, respectively.

German WBP production of 12 Mm?® in 2011
was composed of 48% particleboard, 30% dry-
process fiberboard, and 10% oriented strandboard.
In addition, 6% of the production was hardboard
(high-density fiberboard from wet process),
4% softboard (low-density fiberboard from wet
process), and 2% plywood panels (EPF 2012;
FAO 2013).

Environmental life-cycle assessment (LCA) has
been conducted for all typical WBP. In Spain,
Rivela et al (2006, 2007) conducted LCA for
particleboard (PB) and dry-process fiberboard
(FB) by analyzing one Spanish PB plant and
two Spanish as well as one Chilean FB produc-
tion facilities. (EPF [2007] identifies a total of
14 PB producers and 7 FB producers in Spain in
2005.) Kline (2005) analyzed four production
facilities for oriented strandboard (OSB) in the
southeast region of the US (from a total of 22 in
this region). Wilson (2008, 2010b, 2010c) sur-
veyed five PB and four FB manufacturing mills
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in 2004, representing 23 and 27% of the total
US production. The latest results were published
by Silva et al (2013) who analyzed three Brazilian
PB manufacturing mills that used eucalyptus as
the wood resource.

In Germany, Friihwald et al (2000) conducted
an analysis of five PB and three FB production
lines as well as a literature-based assessment
for production of OSB. Data were gathered
between 1997 and 1999. From then until today,
German production of PB decreased by 40%
and plywood production by 50%, whereas pro-
duction of FB increased by 125%. No relevant
volume of OSB was produced in Germany in
those years.

Considering the importance of the German
WBP industry to the European and world
market, the current status of publicly avail-
able, transparently documented, and up-to-date
inventory data for these products is quite unsat-
isfactory. LCA practitioners analyzing WBP
from German producers used in construction,
packaging, or furniture have to either use old
or undocumented data or data from a different
geographical context.

This study aims to supply average detailed life-
cycle inventory (LCI) and environmental LCA
data and variation in data on production of the
core products of the German WBP sector. For
data to be useful, they should be basically dis-
aggregated, allowing a wide range of applica-
tions, and should be transparently documented,
allowing a consistent combination with other
raw data sets. The results of this study should
thoroughly fill the described data gap.

341

DATA AND METHODOLOGY
Functional Units

The most relevant products of the German WBP
industry in terms of production volume are PB,
FB, and OSB. In the case of PB and FB, the
panels are sometimes laminated with a decora-
tive layer, typically melamine-treated paper.

Functional units represent the supply of 1 m® to
the factory gates of the products listed in
Table 1. The functional unit PBm is defined to
analyze the additional emissions that occur as a
result of a melamine face. Table 2 gives an over-
view of the average material content and density
of the products behind the functional units.

System Boundaries

Several different system boundaries were defined
for the analysis (Fig 1). For the classic cradle-
to-gate LCA, the system boundaries include all
information from the supply of raw materials
to the finished product at the gates of panel
production. For the gate-to-gate LCI, the system
boundary includes only foreground data of
the production.

To simplify the trace of carbon flows in biomass,
the supply of wood (background, forest/sawmill/
transport) was separated from the supply of
everything else (background, panel production).

Foreground Data

Foreground data were primarily gathered during
the OekoHolzBauDat project, which was launched

Table 1. Functional units of the life cycle inventory and their names used in this study.?
Name  Group Description
PBr PB  Production of raw (nonfaced) PB based on the weighted production volumes of industrial partners
PBm Production of melamine-faced PB based on the weighted production volumes of industrial partners;
the average thickness as relevant for the melamine face is 18.7 mm including melamine face
OSB Production of raw OSB
MDF FB  Production of raw MDF with medium based on the weighted production volumes of industrial partners
HDF Production of raw MDF with high density based on the weighted production volumes of industrial partners

# PB, particleboard; PBr, raw, nonfaced particleboard; PBm, particleboard with melamine face; OSB, oriented strandboard; MDF, medium-density fiberboard;

HDF, high-density fiberboard; FB, fiberboard.
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Table 2. Functional units in terms of material content and mass (1 m3).a

Content (kg) PBr PBm OSB MDF HDF

Wood and water

Stem wood and residues (odm) 428.1 415.7 530.9 590.3 669.3

Recovered wood (odm) 109.5 115.2 — — —

Water 37.6 37.2 27.0 47.0 61.7
Adhesive and others

Adhesives 56.3 53.5 30.8 95.6 113.3

Additives 2.9 2.5 11.3 4.7 5.6

Lamination — 32.9 — — —
Total 634.4 657.0 600 737.5 849.9
Total (kg odm) 596.8 619.8 573 690.6 788.2

# PBr, raw, nonfaced particleboard; PBm, particleboard with melamine face; OSB, oriented strandboard; MDF, medium-density fiberboard; HDF, high-density

fiberboard; odm, oven-dry mass.

in 2009 (survey was conducted for 3 yr in which
17 panel mills were analyzed by surveys and site
visits). In addition to results from the conducted
surveys, the foreground data also include calcu-
lated results. On-site emissions at panel facilities
mainly arise from diesel, combustion of fossil
fuels and wood fuel, pressing, and drying. Emis-
sions from burning of wood are modeled as a
function of filter technique, size, and fuel type
based on Reitberger et al (2001), Speckels (2001),
Tsupari et al (2005), Kaltschmitt and Hartmann
(2009), and Bohmer et al (2010). Emissions from
drying and pressing at the panel manufacturing

cradle to panel production

plant were calculated based on Milota (2000) and
Wilson (2010a).

Background Data

Specific background data for sawmill byproducts
are also calculated on the basis of surveys
conducted during the OkoHolzBauDat project
(Rueter and Diederichs 2012). The methodology
follows the rules described by Diederichs (2014).

Generic background data for forestry operations
was taken from Schweinle (1996) and Albrecht

gate to gate
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Figure 1.

System boundaries and subsystem boundaries of the analyzed production system. gbd, generic background data.
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et al (2008). Transport models are based on
Borcherding (2007) and the European Commis-
sion (2010a). The electricity grid mix model is
based on AG Energiebilanzen e.V. (2010) and
PE International (2012). Indicated emissions
were 572 kg CO,-Eq/kWh, which is in the range
of official data from UBA (2012), and in that
study, greenhouse gas emissions of 577 kg
CO,-Eq/kWh for 2009 and estimated 562 kg
CO,-Eq/kWh for 2010 were reported. Back-
ground data for adhesive production were pri-
marily based on Zeppenfeld and Grunwald
(2005) for the production starting from basic
chemicals and PE International (2012) for the
production of basic chemical materials. Espe-
cially for the different mol ratios of formaldehyde
and urea and phenol and melamine, feedback
from experts from the panel industry completed
the data. For formaldehyde-based resins, results
from Wilson (2009) were used for plausibility
checks. The detailed models and mol ratios are
documented in Rueter and Diederichs (2012).
The model used for OSB production was pri-
marily based on information on the production
of polymethylenediisocyanate (pMDI). The envi-
ronmental impacts were calculated according to
Zeppenfeld and Grunwald (2005), and a raw
data set for diphenyl-methan-4.4-diisocyanate
was supplied by PE International (2012).

Allocation Principles

Many forms of wood resources are used for panel
production. Logs or sawmill residues as well as
industrial wood residues and recovered wood can
be used as material resources. For energy pur-
poses, bark and residues from landscaping are
used as well. Some of these wood resources are
byproducts of other production systems. For a
cradle-to-gate assessment of WBP, emissions that
occur in those other production systems need to
be partially allocated to those systems and the
systems being studied. This calculation step is
one of the most discussed aspects in LCA. It
has a large effect on the results of the study
(Jungmeier et al 2002) and the choice of the
allocation type depends mainly on the purpose of
the results (European Commission 2010b).

343

In this study, LCI is calculated from gate to gate.
In other words, the LCI includes all flows that
cross the boundary of the foreground gate-to-gate
panel production system (Fig 1). Because all
byproducts of the panel production are directly
used as fuel or are recycled internally in a closed
loop, no allocation procedure is needed for this
step. Hence, the LCI results at the foreground
gate-to-gate boundary are free of allocation pro-
cedures and can be used in a wide range of
applications. An exception is when a combined
heat and power plant is on-site. In this case, the
power plant was considered outside the fore-
ground system boundaries but inside the back-
ground gate-to-gate boundaries as reasoned by
Diederichs (2014). The allocation procedure
then was based on exergy.

In contrast, LCA results were calculated from
cradle to gate. They include all subsystems
shown in Fig 1. Hence, allocation procedures
were necessary.

Forestry operations yield small-diameter logs,
mostly used for pulp, paper, panels, and energy,
as well as sawlogs with larger diameters. The
choice for a procedure to allocate emissions from
forestry operations to those products is based on
recommendations of EN 15804 (EN 2012), in
which allocation shall be based on economic
values if the difference in revenue from the
coproducts is high (more than 25%). Based on
prices listed in NRW (2011) and StELF (2011)
as well as deviation of assortments from the base
scenario of Polley and Kroiher (2006), differ-
ences in revenue are 26% for pine and beech,
32% for oak, and 65% for spruce. Hence, the
price of the products was chosen as the basis for
allocation. Based on an LCA conducted by
Zimmer (2010), the production of forest chips
was estimated to have 17% of the environmental
impact of small-diameter spruce. Bark from forest
and landscaping wood was assumed to have the
same impact as forest chips (always based on
oven-dry mass of biomass).

Sawmill byproducts used in the WBP industry are
assumed to arise exclusively from the milling
process in the sawmills. Hence, the environmental
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impact is identical to that of green sawnwood
described in Diederichs (2014), except that mill-
ing impacts are allocated to the byproducts
instead. Allocation was based on price.

Recovered wood for material or fuel use does not
carry an environmental burden when it enters
the system. Only its inherent characteristics such
as heating value and carbon content are traced in
the flow. The reason for this is the definition of
the “end-of-waste-state” in EN (2012), which is
located at the retailer of the recovered wood
(Rueter and Diederichs 2012). Hence, all pro-
cess steps before this are allocated completely
to the former product system. However, the
environmental impact of transportation from the
retailer of recovered wood to the panel factory is
taken into account.

Flows of Carbon in Biomass

In contrast to allocation of, for example, electricity
and thermal energy to products and byproducts
(which is based on economic value), the wood
resources are allocated to products and byproducts
based on oven-dry mass as recommended by
ISO 14044 (ISO 2006). Therefore, inputs and
outputs of the material inherent characteristics
of a production system are balanced. This also
refers to the carbon content of the biomass.
Figure 2 shows the carbon balance in a life cycle
of a typical WBP. Wood resources used either as
fuel or material are accounted for as “negative”
emissions. If wood is burned on-site or at the
end of its service life, emissions arise from com-
bustion. If the wood is transferred to a second
production system without being burned (in the
case of recovered wood), its inherent character-
istics are subtracted from the first system and
added to the next. No amount gets lost.

The amount of carbon from biomass is causally
determined by the wood mass within the prod-
ucts (Table 2) and the wood mass burned
during production (Table 3). Figure 2 clarifies
why, mathematically, carbon dioxide emissions
from biomass vanish in cradle-to-grave assess-
ments. In contrast, cradle-to-gate totals as pub-
lished in this study actually include “negative”
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emissions from wood use. For transparency
reasons, carbon flows of biomass were not
taken into account in the environmental
impacts assessment here. They would super-
impose fossil-based emission while not giving
any additional information.

Cut-Off Rules, Assumptions, and Data Gaps

Decisions regarding which flow to include in the
LCI were based on previously published LCA
results for WBP (see Introduction) and a sensitiv-
ity analysis performed by Rueter and Diederichs
(2012). Hence, every flow exceeding 1% of an
indicator result was included, whereas all
neglected flows did not exceed 5% of this indi-
cator result. Flows that were below this thresh-
old but were known anyhow were included.

Assumptions were made regarding capital
goods such as buildings and machinery. They
were not included in terms of their production,
because the associated impacts were assumed
to not exceed 1% of the total. Further assump-
tions were made in context with adhesives and
additives. As shown by comparing Table 2
with Table 3, the model defines that all flows
listed under the categories adhesives and addi-
tives in Table 3 are assigned to the functional
units in Table 2 with the identical amounts.
Because no detailed data were available on
the internal waste flows of the companies, all
inputs of adhesives and additives were assumed
to leave the company as content of the respec-
tive product.

Data gaps occurred in context with the wrapping
material for the equipment. Hence, in the model,
it was assumed that the equipment entered the
company without any wrapping. The emission
model for combustion of wood fuel was based
on literature data. Comparing those with data
listed by Rentz et al (2009), gaps occurred for
emissions of selenium, polychlorinated biphe-
nyls, polychlorinated dibenzodioxins, benzo(a)
pyren, benzo(b)fluoranthene, benzo(k)fluoranthene,
indeno(1,2,3-cd)pyrene, and hexachlorbenzene.
Implications of the described data gaps are
discussed later in the text.
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Figure 2. Typical carbon balance of wood-based panels. EoL, end of life.

Impact Assessment

The impact assessment covers six impact cate-
gories defined in EN (2012), which are global
warming potential for 100 yr (GWP100), acidi-
fication potential (AP), eutrophication potential
(EP), photochemical ozone creation potential
(POCP), stratospheric ozone depletion poten-
tial (ODP), and abiotic resource depletion poten-
tial (ADP). For ADP, two subcategories exist.
ADPe describes the depletion of elements of non-
fossil resources, and ADPf describes the depletion
of fossil fuels. Classification and characteriza-

tions of emissions are based on definitions pub-
lished by Universiteit Leiden (2010). Carbon
dioxide emissions evolving from oxidization of
carbon contained in biomass and photosynthetic
capture of carbon dioxide to carbon contained
in biomass are not included in the GWP100
category for the reason previously described.

The impact assessment was conducted from
cradle to gate, covering the complete system shown
in Fig 1. Although the LCI from gate to gate was
the main output of this study, the impact assess-
ment was used to analyze the sensitivity of the
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Table 3. Life-cycle inventory for functional units from cradle-to-gate, foreground system.”

Flow Unit PBr PBm 0SB MDF HDF

Inputs
Wood as material

Stem wood (kg) 86.9 84.8 708.0 414.0 254.1

Industrial residues (kg) 404.7 402.4 — 398.6 614.4

Recovered wood (kg) 125.8 135.0 — — —
Fuels

Wood residues M) 465.1 746.5 1682.8 2,644.4 2030.1

Recovered wood MJ) 1152.5 598.6 — 3321.1 3838.8

Fuel oil M) 17.2 5.3 5.2 70.3 34.7

Gas M) 69.0 112.9 404.1 1.9 2.5

Diesel (kg) 0.6 0.7 0.6 0.8 0.7
Electricity (from grid)

Process (kWh) 102.4 121.1 120.9 297.6 301.1
Equipment

Lubricants and engine oil (2) 55.6 61.4 55.6 260.4 260.4

Tools (steel) (2) 63.3 69.2 13.9 133.7 133.7

Water (kg) 202.7 317.4 499 1107.2 1107.2
Adhesive

UF (g) 49.0 44.8 — 95.6 113.3

MUF (g) 5.0 8.7 9.7 — —

PF (2) 0.4 — — — —

pMDI (2) 0.9 — 21.1 — —
Additives

Wax (kg) 2.7 2.0 11.3 4.7 5.6

Fire retardant (2) 195.8 517.1 — — —

Lamination (kg) — 32.9 — — —
Wrapping

Polymers (2) 160.7 205.2 50.7 197.4 197.4

Wood (kg) 5.2 5.2 2.0 21.6 21.6

Paper and cardboard (2) 129.9 123.6 230.9 519.6 519.6

Steel (2) 57.7 62.8 251.4 647.0 647.0
Outputs
Product (wrapped)

Product (m?) 1.0 1.0 1.0 1.0 1.0
Byproducts

Residues (kg) 79.8 91.2 177.1 222.2 199.2
Waste

Waste (kg) 0.1 0.1 0.1 0.4 0.4

Water (kg) 202.7 317.4 499.0 1107.2 1107.2
Emissions (direct)

CH,4 (g) 34.7 36.1 79.7 72.7 68.2

CO (2) 66.0 63.2 68.9 219.1 212.3

CO, (from fossil fuels) (kg) 8.3 9.9 26.9 6.6 3.7

N,O (mg) 456.0 426.4 705.6 1437.8 1369.6

NMVOC (2) 126.6 128.4 103.5 224.1 238.6

SO, (g) 13.0 13.6 19.0 31.7 29.0

NO, (2) 164.6 161.3 180.3 520.9 502.2

Pb (mg) 291.0 257.9 294.8 1085.2 1061.4

Cd (mg) 0.7 0.6 0.7 2.4 24

Hg (ng) 58.9 53.1 62.9 211.2 205.2

As (mg) 13.6 12.1 13.8 50.8 49.7
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Table 3. Continued.
Flow Unit PBr PBm OSB MDF HDF
Cr (mg) 12.5 11.1 12.7 46.6 45.6
Cu (mg) 140.6 124.6 142.4 524.4 512.9
Ni (mg) 69.6 61.7 70.4 259.4 253.6
Zn (mg) 0.3 0.3 0.3 0.9 0.9

# PBr, raw, nonfaced particleboard; PBm, particleboard with melamine face; OSB, oriented strandboard; MDF, medium-density fiberboard; HDF, high-density
fiberboard; UF, urea—formaldehyde; MUF, melamine urea—formaldehyde; PF, phenol-formaldehyde; pMDI, polymethylenediisocyanate; NMVOC, nonmethane

volatile organic compound.

evaluated impact categories toward variations
in the LCI values caused by variations among
companies and products and those caused by
uncertainties in the data.

RESULTS
General

Table 3 shows all results of the LCI as average
values weighted by production volume of all
surveyed producers of a product. Table 4 shows
the LCA results for each impact category from
cradle to gate and the share of each subsystem
defined in Fig 2.

In general, large shares of environmental impacts
resulted from the gate-to-gate background system
(supply of all products but wood) except for
POCP. Here, on-site emissions were responsible
for the greatest share. Regarding the wood supply
alone, forestry and transport took the leading
role for all indictors except ODP. Here, the share
of impacts from sawmills played a major role.
ODP shares were dominated by electricity con-
sumption, which is naturally low for forestry
and transport operations.

Environmental impact data were analyzed to
better understand the environmental relevance
of variations in LCI data. Hence, for every LCI
category, a corresponding LCA background sys-
tem was defined. Figure 3 shows impacts that
can be connected to each category of the inven-
tory of the cradle-to-gate impact assessment of
PBr and FB. In Fig 3, the upper beam in each
category indicates the PBr impact variation and
the lower beam indicates variation in FB results.
The dots indicate the absolute results based
on the average values in the inventory for PBr

(white upper dot), OSB (black upper dot),
medium-density fiberboard (MDF) (white lower
dot), and high-density fiberboard (HDF) (black
lower dot). Gray-marked LCI categories (axis of
ordinate) are identified to have variations caus-
ing high impact on the cradle-to-gate results.
Those in particular are among the following
description of variations. Indicator ADPf is not
part of Fig 3 because its variations are very close
to variations in GWP.

Wood as Material

Wood for material use is supplied to panel pro-
ducers in the form of logs, industrial residues, or
recovered wood. The latter is only used in the
production of conventional PB representing an
average of 20% of the wood material input (based
on oven-dry mass). Residues are used for all
panels based on particles and fibers except OSB.
For OSB, logs are used exclusively. The corre-
sponding LCA background system was defined to
include the supply of wood, including all forestry,
sawmilling, and transport operations necessary.

The supply of wood plays a significant role in
the level of emissions classified to AP, EP, and
GWP (compare total share of forest, transport,
and sawmill in Table 4). Large variations within
the impact factors of this LCA background sys-
tem are influenced by variations in the amount
of emissions. Sources of emissions are burning
of diesel during forestry operations, road trans-
port from forests to sawmill and from sawmill to
panel production, and direct transport from for-
ests to panel production. Panel density has a
primary influence on the amount of emissions.
Density variations between 600 and 730 kg/m’
for PB and between 730 and 880 kg/m’ for FB
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Table 4. Life-cycle assessment results with share of each subsystem boundary to each impact category result (%).*

Flow Unit PBr PBm OSB MDF HDF

Foreground, gate to gate

GWP (%) 6 5 14 4 3
AP (%) 21 14 11 29 26
EP (%) 15 10 18 24 22
POCP (%) 84 74 86 80 79
ODP (%) 0 0 0 0 0
ADPe (%) 0 0 0 0 0
ADPf (%) 4 3 8 1 0
Background, gate to gate
GWP (%) 83 88 82 86 85
AP (%) 57 70 82 49 49
EP (%) 68 78 70 57 58
POCP (%) 11 21 13 12 12
ODP (%) 95 97 100 98 97
ADPe (%) 99 99 100 99 99
ADPf (%) 88 90 89 91 90
Sawmill
GWP (%) 1 1 0 1 1
AP (%) 1 1 0 0 1
EP (%) 0 0 0 0 0
POCP (%) 0 0 0 0 0
ODP (%) 3 2 0 2 2
ADPe (%) 0 0 0 0 0
ADPf (%) 1 1 0 1 1
Transport
GWP (%) 4 3 2 5 5
AP (%) 7 5 2 12 13
EP (%) 5 4 4 10 11
POCP (%) 1 1 0 4 4
ODP (%) 0 0 0 0 0
ADPe (%) 0 0 0 0 0
ADPf (%) 3 2 1 4 5
Forest
GWP (%) 6 4 3 4 5
AP (%) 15 10 5 9 11
EP (%) 11 7 9 8 9
POCP (%) 4 4 1 4 4
ODP (%) 1 1 0 1 1
ADPe (%) 0 0 0 0 0
ADPf (%) 5 3 2 4 4
Totals (cradle to gate)
GWP (kg) 217 328 318 406 429
AP (kg) 0.50 0.72 1.06 1.10 1.15
EP (&) 152 222 145 299 321
POCP (2 248 285 646 387 418
ODP (mg) 24 43 22 58 59
ADPe (mg) 215 246 989 280 315
ADPf (MJ) 3665 5041 5817 6429 6897

# PBr, raw, nonfaced particleboard; PBm, particleboard with melamine face; OSB, oriented strandboard; MDF, medium-density fiberboard; HDF, high-density
fiberboard; GWP, global warming potential; AP, acidification potential; EP, eutrophication potential; POCP, photochemical ozone creation potential; ODP,
ozone depletion potential; ADPe, abiotic resource depletion potential elements of nonfossil resources; ADPf, abiotic resource depletion potential of fossil fuels.
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result in quite linear variations in impact. Further-
more, variations in the material mix influence
results. Panels with a high share of recovered
wood have lower impacts than those that incor-
porate residues or logs. In the latter case, logs
have lower impacts than residues. Variations in
transport distances are low in the case of wood
supply for PB production (80-120 km) and much
higher for FB production (60-250 km). For the
latter, transport distances may heavily eclipse
the influence of density but play a minor role
for variations in PB results.

Fuel and Drying

Thermal energy is predominantly generated by
the combustion of wood fuels in the form of
residues or recovered wood. The choice between
residues and recovered wood is mainly influ-
enced by the installed combustion technique and
emissions threshold values, respectively. Fossil
fuels are used only in exceptional circumstances
or if thermal energy is not the driving force of
production costs. The drying procedure, in which
most of the generated heat is used, is responsible
for most volatile organic compound (VOC) emis-
sions on site. The corresponding LCA back-
ground system for fuel supply, combustion, and
the drying process was defined to cover all emis-
sions from supplying and burning of any fuel
used to generate thermal energy as well as all
direct emissions from drying.

Environmental impacts are primarily expressed
as GWP, AP, EP, and POCP. Greenhouse gases
mainly derive from combustion of fossil fuels.
Nitrogen oxides and sulfur dioxide, dictating
results for AP and EP, originate from combustion
of wood fuels. Emissions of VOC from the dry-
ing procedure dictate the POCP indicator.

Naturally, variations in the pure amount of fuels
burned have a large influence on variations in
impacts. In the case of PB, between 872 and
2700 MJ/m?> of energy input is needed, whereas
5100-6200 MJ/m’ is needed for FB. The sur-
veyed companies that produce PB used up to
5% fossil fuels, whereas surveyed FB produc-
tion mills used wood fuels only. Therefore,
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variations in emissions of greenhouse gases were
higher for PB than for FB.

VOC emissions were calculated on the basis of
the total dried wood mass, which obviously
resulted in good linearity between emissions
and panel density. Only variation in yield after
drying leads to disturbance of this linearity.
Because little data for OSB production were
available, it was assumed that all wood that
entered the process was dried, indicating the
worst case possible.

Electricity

On average, production of PBr consumes
about 100 kWh/m® with variations from 80 to
140 kWh/m>. For FB, electricity use of about
300 kWh/m® is average with variations from
230 to 310 kWh/m’. The corresponding LCA
background system was defined to include all
emissions resulting from the production of elec-
tricity. Because a general electricity mix was used
for the model, variations within the indicator
results are linear to quantitative differences in
electricity consumption of panel production.
Global warming, resulting from electricity pro-
duction, driven almost totally by carbon dioxide
(95% of the impact) and acidification, sulfur
dioxide (73% of the impact), and nitrogen oxides
(27% of the impact), primarily influences the
total cradle-to-gate impacts of panel production.
Emissions leading to depletion of stratospheric
ozone (ODP) result from use of chlorofluoro-
carbons in context with cooling during enrich-
ment of uranium. Electricity consumption is the
overall driving force of this latter indicator.

Adhesives

Generally, thermosetting adhesives are used in
panel production. For PB, urea—formaldehyde
adhesives are used predominantly. For FB pro-
duction, the surveyed companies used urea—
formaldehyde adhesives exclusively. OSB is
typically produced by applying isocyanate-
based adhesives. Average LCI data indicate that
about 50 kg/m’ are used for conventional PB,



118 Original Scientific Paper II

Diederichs—LCI AND ENVIRONMENTAL IMPACT ASSESSMENT OF GERMAN PANELS

about 100 kg/m3 are used for FB, and about
30 kg/m” are applied for OSB. The corresponding
LCA background system comprises the produc-
tion, supply, and curing of the adhesives used.

The panels analyzed in this study represent a
weighted average of the surveyed production
mix. Hence, the functional units describe average
products with several types of adhesives, never
being used in one product in reality. Therefore,
the discussion about variations of environmental
impacts caused by application of different adhe-
sives focuses on the specific adhesive types rather
than the functional units. Figure 3 indicates a
distinctive sensitivity of impacts to variation in
adhesive properties in every category. Particu-
larly large variations are visible for GWP, AP,
and EP.

Specific greenhouse gas emissions associated
with formaldehyde-based adhesives ranged from
1.8 to 2.5 kg CO,-Eqg/kg. In the case of a mela-
mine backing of the urea—formaldehyde-based
adhesives (MUF), the melamine is responsible
for about 0.5 kg CO,-Eq/kg, depending on the
amount added. In PB production, 46-66 kg/m’
of formaldehyde-based resins are used, and for
FB, 88-139 kg/m’ are used. Specific greenhouse
gas emissions as a result of pMDI application are
about 4 kg CO,-Eq/kg, mainly resulting from
the production of aniline, one of the three base
chemicals for production of pMDI, in addition
to formaldehyde and phosgene. Typically, in the
case of pMDI, less adhesive per cubic meter of
panel is applied than for formaldehyde-based
resins. About 35 kg/m® is applied in the manu-
facture of conventional PB, and 21 kg/m3 is
applied in the manufacture of OSB. Little
amounts of MUF are typically used for the deck-
ing layer when pMDI is applied. Peak green-
house gas emissions from OSB manufacture
result from the worst case estimation for OSB
production. This will be further discussed in the
Uncertainties section.

Variation in emissions leading to AP is particu-
larly great in PB production. The reasons are
the high amounts of sulfur dioxide emissions
from production of phenol used in phenol-
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formaldehyde-based adhesives and to an even
larger extent from production of pMDI. There-
fore, urea-based resins dominate at the lower part
of the variation beam, phenol-based resins rank
in the middle, and pMDI resides at the top.

This is inversely the case for emissions leading
to EP. Urea-based resins reside at the top because
of the high amount of emissions of ammonia to
water during production of urea and melamine.
Phenol-based resins are again in the middle,
whereas production and use of pMDI result in
the lowest EP compared with other adhesives.

Regarding ADPe, the phenol-based and pMDI
adhesives are at the very top of the indicated range.

Others

Diesel consumption in forklifts and other
machines is very similar for PB, OSB, and FB.
The amounts do not result in relevant impacts in
the LCA background system “Diesel,” including
fuel supply and emissions from combustion.

The total mass of energy-related emissions from
equipment used during production of PB and
OSB adds up to about 60 g/m’, whereas fiber-
based panels produce about 260 g/m>. The pro-
duction of fiber-based panels consumes about
four times as much lubricants as the PB produc-
tion process. With regard to the ADPe indicator,
some panel producers use more steel for tools
than others, a factor that influences variability
in emission values.

Wax is used for panels that need to last in humid
conditions. Therefore, large amounts are used
for OSB. However, the amounts do not result in
relevant impacts on the LCI background systems
“Equipment” and “Additives.”

About 160-200 g/m* of foil is used to wrap 1 m®
of PB or FB. For PB, about 125 g of cardboard
and 60 g of steel are needed as well. Packaging
of fiber-based panels requires about 4 times the
amount of cardboard and 10 times the amount
of steel. For OSB, less foil but more cardboard
and steel is used compared with PB. Also, the
amounts do not result in relevant impacts on the
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LCI background system ‘“Wrapping,” com-
prising supply and waste management of the
wrapping material.

Melamine Lamination

Generally, PB and FB can both be surfaced with
melamine paper. The analyzed process for PB can
be transferred to melamine-coated FB. On-site,
the process consumes about 11 kWh/m? of elec-
tricity and 100 MJ/m> of heat. The melamine
lamination has an average mass of 32.9 kg/m°,
which results in 308 g/m” of laminated area or
616 g/m? if both sides are laminated.

In total, the lamination process (including lami-
nation material) is responsible for about 24-33%
of the cradle-to-gate results of PBm for GWP,
AP, EP, ADPf, and ODP. POCP and ADPe make
up 11-12% of the total cradle-to-gate results.
Regarding the actual source of emissions from
lamination, the production of the lamination
material is responsible for at least 89% of all
indicator results. For production of melamine
lamination material, electricity consumption, pro-
duction of basic paper, and production of the
melamine-based prepolymer together are respon-
sible for 89-96% of the total emissions.

DISCUSSION
Uncertainties

Regarding wood combustion, uncertainties may
arise from the literature-based model for all
products. There are data gaps and data ranges to
deal with.

The reported data gaps do not interfere with the
impact categories declared in this study, because
none of the emissions has an impact in those
categories. However, if other indicators, espe-
cially those focusing on toxicity, are evaluated
based on this data set, uncertainties may arise
from the documented data gaps.

However, the data ranges do interfere with the
impact categories declared in this study. Regard-
ing uncertainties listed by Rentz et al (2009)
and their impact in terms of wood combustion
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Table 5. Uncertainty in life-cycle assessment impact
indicators as a result of uncertainty in data (%)."

Uncertainty Emission factors VOC from drying
Alternation range EEA® 10
GWP 0-1.2 0-0.2
EP 0-14 <0.1
AP 0-27 <0.1
ODP <0.1 <0.1
POCP 0-95 0-6.0

* GWP, global warming potential; EP, eutrophication potential; AP, acidi-
fication potential; ODP, ozone depletion potential; POCP, photochemical
ozone creation potential; VOC, volatile organic compound; EEA, European
Environmental Agency.

" Rentz et al (2009).

emissions by the WBP industry, the indicators
AP, EP, and POCP are affected by large uncer-
tainty as to emissions of NO,, SO,, and
nonmethane VOCs. Uncertainties relevant for
POCP results also arise from poor knowledge of
VOC emissions from drying. Table 5 summarizes
the uncertainties in LCA results that derive from
uncertainties in emissions data from combustion
and drying. For the latter, the impact of a 10%
uncertainty on the LCA results was analyzed.

For wood supply, it was assumed that sawmill
residues used in the panel industry arise exclu-
sively from milling. This assumption was used to
simplify the complex model of byproduct supply
to the panels. In reality, other residues (eg planing
residues) might be used as well. Because alloca-
tion is based on the economic value of products,
significant impact accounting gaps do not occur
when the amount of byproducts decreases while
the value of the main products increases along
the process value chain of solid wood products.

In the case of OSB, further uncertainties arise as
a result of missing process-specific data. VOC
emissions from drying may be substantially
overestimated because it was assumed that all
wood entering a plant was dried, although it
might have been sorted out for combustion
before drying.

Representativeness

Table 6 shows the production amount analyzed
in comparison with total national production. Dif-
ferentiation between total production of HDF
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Table 6. Products and representativeness (fraction) of the
analyzed volumes 2011.

Production (1000 m?)

Products® National® Survey
PB 5750 4705
OSB 1200 —
FB 3600 652

* PB, particleboard; OSB, oriented strandboard; FB, fiberboard.
 EPF (2012).

and MDF was not possible on the basis of avail-
able data. Because the LCI for OSB relied on a
survey of one company only, representativeness
cannot be given because of confidentiality rea-
sons. However, representativeness can be assumed
to be 33% for OSB because all three German
OSB plants have similar capacities. In conclu-
sion, the representativeness achieved is fairly
high compared with comparable studies listed
in the Introduction.

Other Studies

Table 7 shows specific aspects of LCI results
compared with other studies. For OSB, lower
fuel consumption was calculated compared with
data from Friihwald et al (2000) and Kline (2005).
For FB, lower electricity consumption was mea-
sured compared with data from Friihwald et al
(2000), Rivela et al (2007), and Wilson (2010b).
However, in most cases, impact values are sim-
ilar to those of other studies indicating good
plausibility of the results.

Applying Life-Cycle Inventory Data

The LCI presented in this study can be used as
a source of background data for various appli-
cations in need of environmental information
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regarding the production of WBP. The docu-
mented variations can be used to either express
uncertainty as to results or model worst and best
case scenarios. Alternatively, LCA practitioners
can gather more specific data on a panel to narrow
the variations for a specific impact indicator.

For GWP and ADPf results, information on
adhesives, density, specific electricity consump-
tion, type of fuel used for generation of heat, and
transport distances can be helpful. In most cases,
information on the three latter aspects is rather
unlikely to be available at the product use level.
In contrast, information on product density and
applied adhesives is available in most cases.
These two aspects also help to decrease varia-
tions in AP and EP results drastically. If infor-
mation on electricity consumption is available,
ODP results can be narrowed.

For POCP results, more information on drying
emissions is needed. Nevertheless, the influence
of density can be used to narrow variations also
for POCP. Because of large uncertainties in
nonmethane VOC emissions from fuel combus-
tion, POCP results remain vague for any type
of panel.

For ADPe, information on adhesive type and the
amount of steel used helps to narrow variations.
The indicator is pushed markedly upward if
pMDI or it is used in panel manufacture.

In the case of FB or PB with melamine paper
coating, the mass per unit area primarily deter-
mines the additional environmental impact.

CONCLUSION

This study presents disaggregated gate-to-gate
LCI data for typical products of the German

Table 7. Different life-cycle inventory results (gate to gate) for production of panels compared with other studies.”

Mass (kg) Electricity (kWh) Fuel (MJ) Diesel (MJ)
Product” This Other This Other This Other This Other
PBr 596 636-746 102 105-158 1704 1655-3112 26 16-18
OSB 573 610-649 121 130-207 2092 3000-3865 26 15
FB 691 615-741 298 353-415 6038 4211-8568 34 37-51

# Based on Friihwald et al (2000), Kline (2005), Rivela et al (2006, 2007), and Wilson (2010b, 2010c).

b PBr, raw, nonfaced particleboard OSB, oriented strandboard; FB, fiberboard.
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WBP industry, with high representativeness.
The presented data were discussed in terms of
their relevance for several environmental impact
categories starting with a gate-to-gate view toward
a more complete cradle-to-gate assessment. Fur-
thermore, the data were analyzed in terms of the
sensitivity of environmental impacts to the vari-
ations in LCI, which were reasoned by varia-
tions among companies, products, and processes.

The results supply good background information
for any type of environmental impact assess-
ment in connection with WBP. On one hand,
the data can be used as an average or worst case
scenario if WBP only plays a minor role in the
analyzed production system. On the other hand,
this study supplies information on how to narrow
variations in results if more precise data are
needed. LCA practitioners can gather specific
information described in this study to narrow the
variations in results with respect to the environ-
mental impact category they are interested in.

Reliable data are presented for the environmental
impact categories GWP, AP, EP, ADPe, ADP{,
and ODP. In the case of POCP, the impacts of
uncertainties in emissions from wood combustion
outweigh the impacts based on reliable informa-
tion. Hence, more data are needed if POCP
results will be looked at in detail. Nevertheless,
with the data presented, a reasoned estimation
and worst case scenario can be formulated even
for POCP results for each product. For assess-
ment of toxicity impacts based on the presented
data, attention has to be paid to data gaps
concerning dioxins and several other emissions
listed in this study.
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Abstract The forest wood chain is affected by the current
policy framework in context with environmental and
energy related issues in many ways. But since policy
instruments interfere with certain parts of the forest-wood
chain separately, there is no holistic monitoring installed
which follows the development of the complete chain.
Especially the development of environmental aspects of the
production of wood products is a rather black spot. To
include the environmental impact of the woodworking
industry in long term evaluations of political decisions
taken today, the monitoring of its changes is indispensable.
The article presents a monitoring approach which combi-
nes comprehensive life cycle inventory data on product
level with historical data on sector level. The approach is
confirmed to be feasible for monitoring greenhouse gas
emissions and the consumption of fossil fuels. The results
show that from 2003 until 2012 the sawmill industry
increased its average greenhouse gas emissions from 35 to
43 kg CO,-eq./m* and the wood based panels industry
decreased the emissions from 353 to 325 kg CO,-eq./m>. In
both cases, a change in the product mix of the two sectors
was identified to be responsible. However, the results also
indicate that both sectors gravely reduced their greenhouse
gas efficiency due to a decreasing capacity utilization,
which means that the environmental impacts for a specific
type of wood product have changed distinctly over time. A
comparison of the findings with displacement factors for
wood products substitution was conducted to understand
the relevance of the results. It showed that the development
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of environmental aspects of the woodworking industry
needs to be taken into account for long term evaluations of
political decisions affecting the forest wood chain.

Abbreviations

CHP Combined heat and power

EGHG Energy related greenhouse gas
EPD Environmental product declarations
FEC Final energy consumption

GHG Greenhouse gas

IOLCI Input-output life cycle inventory
LCA Life cycle assessment

LCI Life cycle inventory

LULUCF Land use, land use change and forestry
PEC Primary energy consumption
PRODCOM  Production communautaire

SMI Sawmill industry

WBPI Wood based panels industry

1 Introduction

1.1 Embedment of the wood manufacturing
industry in the international and national policy
context

The forest wood chain is affected by the current policy
frameworks in context with environmental and energy
related issues in many ways. With decision (2/CMP. 7)
(UNFCCC 2011) of the Kyoto Protocol, LULUCF activi-
ties are taken into account more comprehensively. Annex I
Parties to the convention shall account for anthropogenic
greenhouse gas emissions resulting from forest manage-
ment (UNFCCC 2011, Article 3.4, paragraph 7) and the
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change in carbon pools of harvested wood products
(UNFCCC 2011, General, paragraph 26).

A major route for the conversion of forest resources to
wood products is the processing of wood raw materials in
the wood manufacturing industry. Its processes are affected
by the policy framework as well. Three main factors can be
distinguished:

Firstly, mandatory EU targets fix 27 % of renewable
energy in the gross final energy consumption in 2030 and a
share of 10 % in the transport sector for the EU in 2020
(European Comission 2009). In Germany, the fundamental
national implementation to reach targets in context with
renewable energies is the German Renewable Energy Act
(EEG) which has been revised and passed the Upper House
of the German Parliament in July 2014. Almost 56 % of all
renewable energy (as final energy) consumed in the Ger-
man industry in 2012 was consumed by the wood manu-
facturing industry [Destatis 2014, as defined by NACE 2.2
Code 16 (Manufacture of wood and of products of wood
and cork, except furniture; manufacture of articles of straw
and plaiting materials), which means the SMI and WBPI,
excluding the pulp and paper industry].

Secondly, the EU set mandatory targets for the total
consumption of energy. The energy efficiency directive
(EED) sets an absolute maximum target of 62,090 Peta-
joule primary energy consumption in 2020 for the EU. On
sub-national level, these targets are pushed further towards
the different sectors of the economy. In Germany, an
increase in energy efficiency in the industry was agreed
upon between the German industry association and the
government (BDI et al. 2012). Although not listed explic-
itly in the policy framework, ranking at position 9 of the
biggest consumers of energy of all German industry sectors
(Destatis 2014) the wood manufacturing industry is in
charge of increasing its energy efficiency in line with other
sectors of the industry.

Thirdly, a large application field for wood products
construction—is increasingly influenced by environmental
issues. On national and international level, assessment
schemes for sustainability in construction have been
introduced broadly. If decisions on building products are
based on these schemes, the environmental impact as a
consequence of producing wood products has a direct
effect on the demand for these products.

1.2 Increasing pressure by policy development

During Kyoto’s Ist commitment period, the EU over-ac-
complished its 2012 targets to reduce greenhouse gas
emissions, but the implemented policy framework has to be
improved in order to reach the targets for 2020 (European
Comission 2013). While this deviation from the target path
has been analysed for the fixed 2020 targets, the gap is
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likely to increase with regard to Barroso (2014), willing to
push EU targets for 2030 down to minus 40 % and the
German discussion towards a 40 % reduction target for
2020 (BMWi and BMU 2012a) (both targets are relative to
emissions in 1990).

One of the reasons for the deviation from the target path
are difficulties in increasing the overall energy efficiency.
It is below target level in the EU (European Comission
2013) and also Germany is projected to shortfall in its 2020
targets, also because its industry has steadily worsened its
energy efficiency since 2007 (Schlomann et al. 2012).

Further, the increase of the share of renewable energy of
the total energy consumption is not on track. The progress
report for renewable energies shows that although the EU
hit the interim target of 10.7 % in 2010, further effort is
needed to achieve the 2020 targets (European Comission
2013). Although not being the most evident failure in terms
of compliance with EU targets, one reason for this gap is
the negative trend for biomass energy utilization. It has a
very large impact on the projected under-achievement of
the EU and is assumed to be linked to the production cycles
of the wood, pulp and paper industries (European Com-
mission 2013).

The extensive use of wood fuel in the wood manufac-
turing industry and especially in the primary production of
semi-finished wood products (the woodworking industry
consisting of the SMI and WBPI) is well embedded within
the national electricity mix. Since drying procedures
(especially in sawmills) operate with low temperatures,
CHP plants have been proven to be feasible additions on
site: with a production of about 2 TWh of electricity in
2012 (Destatis 2012a), they produced approximately 6 %
of the gross electricity production from biomass in Ger-
many (BDEW 2013). Hence, the prosperity of the wood
manufacturing industry is depending partly on the avail-
ability and price of the resource wood as well as the fea-
sibility of benefiting from selling green energy in terms of
remote heat or electricity from CHP plants.

With regard to Mantau et al. (2010) who projected the
demand for woody biomass in Europe to very likely exceed
its potential until 2030, prices for wood fuel are likely to
rise. In addition, with the revision of the EEG, it also is still
unpredictable how CHP plants or remote heat will con-
tribute to the prosperity of the companies in the next years.
As a consequence, the wood manufacturing industry is
likely to face higher energy and material costs in the next
years.

A possible reaction to higher resource costs, higher
energy costs, a loss of indirect subsidies and the pressure to
reduce the environmental impact could be a focus on
resource efficiency and energy efficiency. One option to
increase the resource efficiency is using less material for
the same output, another is to use material with lower
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qualities or recycled material. Both bear interdependencies
with other issues. Using less wood in the SMI or the WBPI
either means to produce fewer by-products (in case of the
SMI) or reduce the mass of wood in the products. The
former will affect the WBPI as it relies on these by-prod-
ucts, the latter has an effect on the national greenhouse gas
inventories in context with LULUCF accounting as
described above.

Using more recycled wood is likely to change the
specific environmental impact of the production, not just
because the recycled material has different impacts
(Hoglmeier et al. 2014), but as today’s processes rely on
virgin material to a very large extent (recovered wood is
used only for the middle layer of particle boards in Ger-
many) they have to adapt to the characteristics of recycled
material, which is likely to change their specific energy
consumption.

1.3 Holistic approaches

The surveillance of the development of the aspects which
influence the forest wood chain is performed on different
aggregation levels. Forest management emissions and
changes in wood product carbon pools can be assigned to
the woodworking industry quite unambiguously since the
interdependencies rely on the produced volumes which are
available in national statistics.

In contrast to this, the development of the environmental
implications of the production of the products is rather
complex to assess since the available data is not directly
referring to the woodworking industry. Today, the political
target path is monitored on the basis of several indicators
frequently published by the government (BMWi 2014). In
this context, either the energy intensive industrial sectors
are focused singularly, or the woodworking industry is
aggregated within others (Fleiter et al. 2013; Lecht-
enbohme et al. 2014; Wiinsch et al. 2012) and not part of
the separate industry monitoring (Frondel et al. 2013).

Further on, the final energy consumption and direct CO,
emissions are only one environmental aspect of the
woodworking industry. The generation of energy (CHP
plants) on site, emissions which occur in the supply chain
(other than wood) and other important emissions like
NMVOC, SO, and NO, are not holistically available for
the sector in general.

Theoretically, a comprehensive LCA approach could
solve the problem, but as shown by Diederichs (2014a, b),
the required data is not available for every product and
every year.

Hence, it is not known how the sector changed nor is it
expected to be known in the future if today’s data availability
remains. If the environmental impact of the wood manufac-
turing industry is to be included within long term evaluations

of political decisions taken today, monitoring changes in the
sector is indispensable. Further on, as LULUCF accounting
differentiates between sawnwood and wood based panels, it is
necessary to even go one level below the sector level and
differentiate between the SMI and the WBPL

1.4 Objective

It is the objective of this article to present a monitoring
procedure for the woodworking industry sector which is
able to answer the following question: How did the Ger-
man sawmill industry and the wood based panels industry
develop with regard to national targets on greenhouse gas
emissions, energy efficiency and environmental issues in
context with schemes for the assessment of sustainability
of construction works?

The secondary objective of the article is to show the
current data gaps which have an effect on the completeness
and quality of such a monitoring procedure.

2 Methodology
2.1 General

The presented approach relies on two fundamental
assumptions:

— A sector of industry can be defined holistically by the
products or services it produces

— The energy consumption and environmental impacts
which are caused by the production of those products
and services can be quantified comprehensively by
using the method of product LCA.

The logical conclusion from this is that multiplying the
amount of the products and services supplied by the sector
in a certain year by the product specific mean environ-
mental impacts and energy consumption caused by the
production of those products in the same specific year
expresses the environmental impact and energy consump-
tion of the sector of industry in the specific year.

Comparing the results of at least two different years then
quantifies a development. This quantification is called
monitoring.

In reality, the required comprehensive LCI information
[i.e., all inputs and outputs of the production process of a
certain product from all producers of a sector (see for
example Diederichs 2014a, b; PE International 2012;
Werner et al. 2007)], which is underlying every product
LCA, is not available for every product and every year. The
approach presented in this paper therefore combines com-
prehensive product specific LCI data for a product which is
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available in 1 year with sector specific data (e.g., annually
surveyed electricity consumption data for a certain sec-
tor—see Sect. 2.5) which is available for other years.

To do this, firstly, the product specific LCI data is
simplified by filtering the most relevant information which
is needed to calculate an environmental impact or an
energy consumption issue for this product. Secondly, this
identified relevant share of the LCI is replaced by infor-
mation on sector level if available for other years.

2.2 Indicators

The indicators which are disseminated in the monitoring
are listed in Table 1. With regard to the aim of the moni-
toring approach, those indicators must be comparable to the
indicators used to express political targets for 2020 and
those used in context with the environmental assessment of
building products in general.

To achieve comparability to indicators used for the
environmental assessment of building products, the five
impact categories disseminated in EPD based on EN
15804:2012-04 (2012) are included in the approach. To
achieve comparability to the political targets on national
level and EU level absolute values for the total FEC
(European Parliament 2012), for the total PEC (European
Parliament 2012) and the total emissions of greenhouse

Table 1 Identified relevant indicators

Indicator (I) Abbreviations
Absolute indicators
Energy related indicators
Final energy consumption FEC
Primary energy consumption PEC
Greenhouse gas emissions from energy EGHG
consumption
LCA related indicators
Global warming potential 100yr. GWP
Acidification potential of soil and water AP
Eutrophication potential EP
Depletion potential of the stratospheric ODP
ozone layer
Formation potential of tropospheric ozone POCP
Abiotic depletion potential (ADP-elements) ADPe
for non fossil resources
Abiotic depletion potential (ADP-fossil fuels) ADPf
for fossil resources
Relative indicators
All above indicators relative to production P-()
volume (per m’ )
All above indicators relative to net value added V-(I)

(per Euro)
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gases (United Nations 2012) are included. The compara-
bility to sector level targets is gained by disseminating the
above absolute values relative to the total production vol-
ume of a sector (Frondel et al. 2013) and relative to the net
value added generated by the sector (BMWi and BMU
2012a; European Parliament 2012). The latter is also
referred to as energy intensity or—reciprocal—energy
productivity (carbon intensity respectively) but is not
defined identically in every case. While BDI et al. (2012)
uses the same term for targets which are related to the
product value of the produced good, in this article the net
value added (NVA) is used as it is promoted by the United
Nations to be used for eco-efficiency indicators (Sturm
et al. 2002) with

NVA = R — C — TAwith (1)

R is the Revenue
C is the Cost of goods and services purchased
TA is the Depreciation on tangible assets

2.3 Definition of the sector

The monitoring approach differentiates between the SMI
sector and the WBPI sector analogously to the LULUCF
accounting methodology, which differentiates between
sawnwood and wood based panels (European Parliament
and Council of the European Union 2013). Each sector is
defined by its products listed in the Statistics on the pro-
duction of manufactured goods supplied by the European
Commission also known as PRODCOM. Hence, the SMI is
defined by all products listed under PRODCOM Codes
16.1 (NACE Rev. 2) and 20.1 (NACE Rev. 1.1). The WBPI
is defined by all products listed under PRODCOM Codes
16.21 (NACE Rev. 2) and 20.20.1 (NACE Rev. 1.1).

2.4 Life cycle inventory and impact data
2.4.1 Functional units

The monitoring approach is based on life cycle assessment
methodology in accordance with EN ISO 14044:2006
(2006). Hence, the clearly measurable reference to which
the LCI data refers is identical to the so called functional
units used in LCA. The following functional units are
applied:

In the simplifying approach (Sect. 2.4.4) a functional
unit for the production of 1 m?* of each core product of the
sector (Sect. 2.4.3) is defined.

The monitoring approach on sector level uses three
different functional units:

— the total production volume of all products in each
sector per year



Eur. J. Wood Prod.

Original Scientific Paper IV 127

— 1 m? of an average (weighted by production volume)
product of each sector
— 1 Euro of net added value in each sector.

2.4.2 System boundaries

Two types of system boundaries are applied to the moni-
toring approach (Fig. 1). In case of the energy related
indicators (FEC, PEC, EGHG) the system boundaries
comprise all energy inputs and outputs of a production site.
They include electricity, fossil fuels and renewable fuels
like biomass and remote heat. FEC is obviously measured
at the gate to gate boundaries of a production site. It
aggregates different energy types to one number, irre-
spective of their potential exergy level (1 MJ from elec-
tricity and 1 MJ from steam add up to 2 MJ of final
energy). The PEC and EGHG are measured at the cradle to
gate boundaries of the energy supply chain.

The second system boundary is defined for the LCA
related indicators as defined in EN 15804:2012-04 (2012)
with the exception that byproducts are not cut away by
allocation procedures. Hence, the system boundaries
comprise the production of the byproducts as well.

For energy outputs which occur due to utilisation of
CHP plants, the respective inputs and emissions are allo-
cated to the energy used on site based on exergy as
described and reasoned by Diederichs (2014a, b) and
Rueter and Diederichs (2012).

The wood resources used for material purposes are not
included in the system boundaries. The reason for this is
that the monitoring approach aims to show changes within
the process of changing wood resources into wood products
separately from the forest part and the product part of the
forest wood chain.

This is in contrast to decision-oriented studies for wood
products (e.g., Nabuurs et al. 2007; Osterburg et al. 2013;
Sathre and O Connor 2010) which typically focus on the
environmental benefit of different value-, process- or pro-
duct-chains applicable to the same type of resource. In
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those cases all relevant aspects affected by the decision
need to be included in the system boundary of the analysis.

However, retrospectively (monitoring) it is already
known how much wood is used in the woodworking
industry and how many products were produced. It is
already known how the market reacted to the changing
supply of wood products and the amount of recovered
wood that entered the market. What is not known is how
the environmental impact of processing the wood changed
as a result of all those surrounding parameters.

The monitoring therefore does not take the complete life
cycle of the wood products into consideration but only the
processes between forestry and the semi-finished products
of the SMI and the WBPI. In context of EN 15804:2012-04
(2012) this means that only modules Al to A3 (Raw
Materials, Transport and Production) are regarded without
the wood used for material purposes. Wood used as fuel is
considered in contrast as it is used or consumed on site and
not only transformed to a different product.

2.4.3 Inventory data on product level

Data for the product specific environmental and energy
related aspects of the woodworking industry is based on a
survey of 43 German sawmills and 17 panel mills, sup-
plying comprehensive LCI for their production. The survey
was conducted over a period of 3 years and was comple-
mented by several site visits including plausibility checks
by comparing emission protocols and electricity bills. The
reference year is 2010. Data was gathered for the core
products of each sector.

Within the SMI, data for sawnwood green, sawnwood
kiln dried and planed sawnwood was gathered (for conif-
erous and non-coniferous species). Within the WBPI, data
was gathered for the production of particleboard raw and
faced, oriented strand board, high density fiberboard and
medium density fiberboard as well as plywood. Since the
survey supplied data for plywood from two producers only,
the plywood data was complemented by data from Wilson
and Sakimoto (2005). The full LCI datasets for the core
products and the relevant masses and contents of the
functional units have been published prior to this paper
(Diederichs 2014a, b).

The LCI datasets are assigned to the products listed
under PRODCOM, whereas for the products of the SMI
problems occur while differentiating between sawnwood
which has been technically dried and sawnwood which has
not. There is no comprehensive statistical data available
that solves this issue. However, drying processes for
sawnwood consume a lot of energy and differentiation
between the products is necessary.

Therefore, it was assumed that all products which are
declared to have been planed (in national statistics) were
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technically dried prior to the planing procedure. This
means, that the minimum share of technically dried
sawnwood is equal to the share which has been planed.
Secondly, based on information from the German sawmill
association (Deutsche Séige- und Holzindustrie Bun-
desverband e.V.) which made an internal (unpublished)
survey in 2014, the share of technically dried wood of all
sawnwood products currently (2013/2014) is between 50
and 70 %.

For the retrospective view, it needs to be considered that
before 2005, green (not technically dried) wood was
allowed for use in load bearing functions in construction
applications (Schmidt and Schmidt 2005) and the produc-
tion of engineered solid wood products that require tech-
nically dried sawnwood due to the utilisation of glues, has
been increasing in the last years (UNECE and FAO 2012).
For 2002 it is therefore assumed that the share of techni-
cally dried wood was much lower than in 2014, in fact
between 23 % (the pure amount of sawnwood which has
been reported to be planed) and 50 %. For the years in
between, a linear trend is assumed. Consequently for 2010
the share is between 34 and 55 %. The model uses the
average value for 2014 (60 %) and 23 % for 2002. The
uncertainties connected to this are discussed in Sect. 3.2.

2.4.4 Simplification of life cycle inventory data

With regard to the complexity of LCI and LCA, simplifi-
cation approaches [also called streamlining (Fleischer et al.
2001)] have been conducted by other authors before.
Simplification in this context is neither referring to
approaches which look at a few indicators only (e.g.,
Bouhaya et al. 2009) nor those that try to use few available
indicators to explain missing indicators as this bears
problems (Moberg et al. 2014). Simplifying here refers to
completing an incomplete process LCI by using other data
sources.

One of the most prominent approaches for this is hybrid
LCI, a mixture between process-based LCI and IOLCI. The
latter approach principally uses economic supply-use tables
which supply information on the supply of goods and
services from a sector (called activity) and the goods and
services used by an activity. To isolate the goods and
services that were needed in a sector to produce a certain
product, all co-products which are produced by the sector
as well are substituted by replacing them as negative input
to the same activity (Weidema et al. 2009). The resulting
tables are called direct requirement tables, and they offer a
unique insight into the product requirements of a sector to
produce a specific product.

Seppilia et al. (2005), for example, presented a IOLCI-
based method on how to measure and monitor the eco-
efficiency of a region. The authors used economic input-
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output tables in combination with material flows according
to NACE sector categories.

One of the advantages of this approach is its ability to
produce rapid screening-level inventories (Wright et al.
2008) but high variations occur due to the necessary
assumptions on prices (Moberg et al. 2014), and monetary
input output tables may violate the underlying mass bal-
ance. Unless no detailed data on the difference in consumer
prices is available, mass based information should be
preferred before monetary input output tables are applied
(Merciai and Heijungs 2014). Further on, calculation
demands a lot of work and producing annual data is not
possible. The material flow based analysis always implic-
itly assumes that each ton of material has the same envi-
ronmental impact (Seppéléa et al. 2005).

In Germany, the economic supply-use tables are avail-
able in 4 year cycles, published 4 years after the reference
year (data available from 2010, 2006 and 2002). As they
are based on monetary units, the inherent assumption
would be that every Euro of flow from a specific activity
has the same environmental impact.

Hence, the hybrid approaches usually use process based
LCI to cover the most relevant parts (in terms of their effect on
an indicator) and IOLCI to complete the rest of the inventory
(tiered hybrid analysis) or the cut offs of the process based LCI
(integrated hybrid analysis) (Suh and Huppes 2005).

The approach presented in this article uses the sector
level data for the most relevant parts which have effects on
the indicators and the process based LCI data to complete
the rest of the inventory of the sector instead. The left side
of Fig. 2 shows the essential idea of the simplifying pro-
cedures that underly the monitoring approach in this paper.
Process based LCI data for all product groups is analyzed
in terms of the sensitivity of every inventory flow quantity
towards an indicator following the concept of a perturba-
tion analysis, which means that the sensitivity of the results
for each input parameter is analyzed while neglecting the
uncertainty in the parameter (Heijungs and Kleijn 2001).

Analogously to Collet et al. (2013), who used the
approach to identify the sensitivity of temporal dynamics in
the LCI in this paper, the approach is used to differentiate
between inventory flows with high relevance (HiRel) for an
indicator and those with low relevance (LoRel), based on
the process based LCI of the reference year. The aim of this
method is to cover at least 80 % of an impact category with
as little information as possible, whereas 80 % is a freely
chosen parameter to set a minimum limit.

From a mathematical point of view, the approach can be
described with the following definition: For each inventory
quantity A of an inventory flow k of product p, the factor f
determines its importance for an indicator result. The factor
f can be determined at the gate to gate system boundaries
for every input and output flow of the inventory by
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calculating the specific impact of the flow. For the GWP n
indicator, for example, fyiecriciry describes the CO,-equiv- ProdAy, (1) = Z(VP(“) X (Akn)) (5)

alent emissions emitted to supply 1 kWh of electricity from
cradle to the production site, f,qpping describes the CO,-
equivalent emissions emitted to supply and dispose 1 kg of
the average wrapping mix of a product. The sum of all
Ay, fi couples defines the total indicator result for the
product (see Eq. 2).

Since it is important to differentiate between data derived
from product based LCI and the data available on sector
level, Prod is used to describe an Indicator I or inventory
flow A derived from product-LCI based data and Sec for an
Indicator or flow derived from data available on sector level.
Equation 2 shows the calculation of a single indicator for 1
m? of a product derived from product based LCL

n n

Prodl, = " Prodly, = » (A, x fi,) (2)
k=1 k=1

The same indicator for the total production V of a product

produced in year ¢ is

Prodl, (1) = V,(t) ZPVUdIk,, (3)
=1

and the indicator result for the total production V of all
products produced in the sector s produced in year ¢,
whereas the sector s is defined by its products p = {1,...,n}
is

ProdI(t) = zn:Pdep(t) (4)

Single inventory results based on product based LCI
(ProdA), upscaled to sector level for the flow k, the year ¢
and all products p of sector s can be calculated by

p=1

To introduce the product based LCI LoRel share (Eq. 7)
named ProdLoRel and the HiRel share named ProdHiRel,
the couples (Prodly,) are sorted by value in descending
order and an x € k is introduced which defines the border
(20, 80 %) between flows of high relevance k = {1,...,x}
and those of low relevance k = {x+1,...,n} (Eq. 6).
Hence, x+ 1 defines the greatest pair included in the
ProdLoRel share of a certain product and consequently x
the smallest couple in the ProdHiRel share (Eq. 8).

Prodly, > Prodl,, > --- > Prodl,, >
Pr0d1<x+1)p > .-+ > Prodl,, (6)
ProdLoRel, < Prodl, x 02 = > (A, x fi) (7)
k=(x+1)
ProdHiRel, = Prodl, — ProdLoRel, (8)

2.5 Data available on sector level
2.5.1 General

The right side of Fig. 2 shows the application of the sim-
plified data and sector data for the monitoring. In contrast
to typical hybrid approaches, the most important part of the
LCI is covered by data not derived from product based
LCI. In the approach, available (retrospective) data on
sector level is applied to cover the HiRel share which was
identified in the perturbation analysis. Instead of using
monetary flow information from input-output tables,
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statistics on energy consumption and emissions on sector
level are used based on their physical units.

Hence the HiRel share based on sector data named
SecHiRel in the specific year ¢, for sector sis defined by Eq. 9.

SecHiRel, (1) = > (A(tl)k: X fk) 9)
k=1

The LoRel share on sector level (named SecLoRel) in the

specific year builds upon the information in the LCI from

the reference year f, and the production quantities V

produced in the specific year #;, whereas the sector s again

is defined by its products p = {1,...,n} (Eq. 10).

n n

SecLoRel(t;) = Z V,(t1) Z (Ak,,(lr) ka,,)

p=1 k=(x+1)
(10)

The result of adding the shares (Eq. 11) is the final indicator
I including a complete LCI of a specific year of a sector,
combining sector level data with product specific LCI data.

I(t1), = SecHiRel(t,), + SecLoRel(t;), (11)

The absolute development from year t; to t; is defined by
Eq. 12, the relative development is defined by Eq. 13,
whereas 3 typically is equal to #; since the change from 1
year to another is typically described as the change relative
to the first year. If an index is used (for example 100 % =
2003) the change from 2010 to 2011 is expressed in
relation to the year 2003.

Al — 1), = 1(12) — (1) (12)
n—n\ L)L)
AI( 3 ).v_

Ix (t3)
2.5.2 Production quantities

(13)

Since PRODCOM data is used to define the sector, infor-
mation on annual production volumes for the core products
are based on Destatis (2012b) et seqq. and Destatis (2010) et
seqq. The latter publications supply useful aggregated pro-
duction data for the woodworking industry which is needed
to avoid data gaps due to confidentiality reasons in the former
publications. Data is available from 2002 until 2012.

2.5.3 Energy consumption

The FEC is surveyed by the German statistical office on a
yearly basis (Destatis 2012a) and publicly available for
each sector. Responding to the survey is obligatory for all
companies. The survey includes the consumption of all
final energy types except diesel for trucks and forklifts used
on site. Further on, the generated electricity is surveyed.
Data is available from 2003 until 2012. PEC and EGHG
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can be based on PEC when differentiated by energy types
and adding background information on energy transfor-
mation and supply technologies (Energiebilanzen e.V.
2010, et seqq.). The electricity produced in the sector is
allocated in the same manner as described in Sect. 2.4.

2.5.4 Emissions

On national and European level, emission data is available
from the European Pollutant Emission Register (EPER)
based on Directive 96/61/EC from 2003 until 2005 and
from the Pollutant Release and Transfer Register (PRTR)
based on Regulation 166/2006/EC from 2007 onwards (see
EEA 2014 and UBA 2014, for complete data).

The reporting allows insights into several emissions into
air from the wood based panels industry but none from the
sawmill industry. The PRTR forces the WBPI to report their
emissions if they exceed the thresholds defined in the regu-
lation. In case of CO,, the typical size of a WBPI member is
too small to exceed the threshold values, although biogenic
carbon dioxide is part of the PRTR reporting. For several
companies, emissions of NO, and non-methane volatile
organic compounds (NMVOC) are reported. Allocation
procedures in terms of additional emissions due to CHP
plants are executed as described above.

2.5.5 Economic value added

Information on NAV of different industry sectors is cal-
culated and reported by the German statistical office and
published annually (Destatis 2012c, et seqq.).

2.6 Plausibility check

Before the data on sector level is used to calculate results
for other years, a plausibility check is done for 2010,
comparing up-scaled LCI results ProdAy, (t,) (Eq. 5) for
electricity, fuels and emissions of NMVOC and NO, with
the available data on sector level SecAy (¢,). The relative
difference of the two datasets is defined as

AAy(Prod — Sec,t = 2010) = SecA, (2010) — ProdA;, (2010)

(14)

3 Results and discussion

3.1 Simplification of the LCI

Figures 3 and 4 show the information required to cover the
HiRel share of all LCA based indicators for all sawmill
products and panel products.
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Fig. 3 Information requirement to cover the HiRel share for a cradle
to gate LCA excluding wood supply for the core products of the SMI.
For each piece of information, the black beam shows the average
cover of the cradle to gate result of the indicator. The gray beam
indicates the possible deviation for each product. The next lower
beam shows, how much information is added to the first piece of
information. The HiRel share is complete if the left border of the gray
beam reaches 80 % or more

With regard to the sawmill products (Fig. 3), the
knowledge of electricity consumption covers large parts of
the GWP, ODP and ADPf indicators, for green or air dried
sawnwood; it even covers more than 80 % of the total
GWP results. If information on the total consumption of
fossil fuel and diesel is added, the HiRel share of GWP,
ODP and ADPf is covered for all sawmill products. For the
evaluation of the EP and AP indicator, knowledge of the
total emissions of NO, from wood combustion and diesel
combustion is needed. For POCP, knowledge of NMVOC
emissions from the drying process and the combustion of
wood and diesel as well as information on the steel used for
wrapping is needed to cover the HiRel share. The ADPe
indicator is sufficiently described by the steel used for
wrapping singularly.
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Fig. 4 Information requirement to cover the HiRel share for a cradle
to gate LCA excluding wood supply for the core products of the
WBPIL. See also caption of Fig. 3

The cradle to gate indicators for the panel products (Fig. 4)
are essentially described by the same type of information.
Additively, information on the amount and type of applied
glue and wax are important. Due to a different mix in fuels
used to generate thermal energy, information on NO, and
SO, emissions due to use of fuel oil are part of the HiRel
share. Further on, emissions of CO from wood combustion
and the total amount of steel used as equipment are required
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Table 2 Difference of LCI up-scaled data to available data on national level, Prod Results derived from bottom up approach by using product

specific LCI, Sec Data from national statistics, 3.2+

BA Deviation of data from statistics to data derived from LCI

Inventory for r=2010 s = SMI s = WBPI

Flow k (Unit) Prod Sec AProd—=Sec (9p) Prod Sec AProd—=Sec (9p)
Electricity (GWh/year) 1018 1050 3 2519 2605 3

Fuels (PJ/year) 30 20 —-32 42 33 —21

NO, (t/year) n.a. 3981 >4551 >14
her/year) n.a. 2234 >4477 >100

information. The first three purely energy related indicators
in Table 1 (FEC, PEC and EGHG) are influenced by the
consumed electricity, fuel for thermal heat generation, sold
electricity and heat as well as consumption of diesel. None of
these aspects has been proven to have (singularly) less than
20 % influence. Hence, all aspects need to be included to
cover the HiRel share.

3.2 Plausibility check

Table 2 shows the difference between results from up-
scaled LCI data and data available on sector level. In terms
of electricity consumption only small differences exist
between data reported on sector level and those derived
from upscaling LCI data. Larger differences are visible for
data on fuel consumption and emissions. PRTR data on
sector level is higher in case of NMVOC and NO,.

With regard to uncertainties in context with the amount
of kiln dried sawnwood, a variation of the values for green
sawnwood from 50 to 70 % in 2014 and 23 to 50 % in 2002
was applied. The difference % for electricity alter-
nated between 0.5 and 7 % and between 45 and 30 % for
the consumption of fuel.

3.3 Discussion and relevance for the monitoring
approach

The simplification procedure showed that only little data is
necessary to cover at least 80 % of each indicator for every
product. For the energy related indicators and GWP from
cradle to gate, mainly data on energy consumption is
needed.

To evaluate the results of the plausibility check in terms
of their significance, the underlying calculation and survey
methods have to be compared in each case:

Strictly speaking, the comparison of results in context
with energy consumption is a comparison between the
results of two different surveys with similar goals. The
product based LCI are based on information from compa-
nies and—with a few exceptions where data was controlled
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by comparing it to invoices—the responsibility of cor-
rectness of the data lies with the company. While doing
plausibility checks on the mass balance of the wood inputs,
outputs and wood that had been used to generate energy,
several problems became apparent which are closely rela-
ted to the inherent characteristics of wood. First of all, the
units used for logs, sawnwood, byproducts and wood fuel
are different. While logs and products are typically sold
based on their solid volume, byproducts and fuel are
mainly traded in mass or bulk volumes. Since the raw
density of wood can deviate greatly even for one species,
and the water content of the wood is either hard to measure
or just not available continuously, a conversion from vol-
ume to mass bears some strong uncertainties. Secondly,
logs sold to sawmills are usually sold by their solid volume
without the bark. Hence, the amount of bark is assumed
while its specific volume depends on the average diameter
of the logs which can be very different depending on the
type of sawmill technology. For the WBPI the problem is
less severe. Since the quality of the panel products strongly
relies on the quality of the chips, strands or fibers including
their humidity, the relevant parameters are typically con-
trolled continuously. However, quantities and heating
value of the wood fuel used in the WBPI struggle with the
same uncertainties as described for the SMI. Finally, there
are no harmonized and accepted conversion factors for
bulk volumes to solid volumes. The survey showed that a
large variety of conversion factors were used by the
companies.

For this reason, the conducted survey focused on the
volume of wood inputs and outputs. As those were subject
to trade and pricing, it was assumed, that their quantities
were well known. The difference of the mass balance of the
wood input and output was assumed to be the mass of
wood which was used for generation of energy on site. For
each wood species, one specific density and heating value
was chosen. The share of bark was averaged and assumed
to be the same for each species. If conversion factors were
needed, they were used consistently within the survey,
irrespective of information from the companies. All rele-
vant conversion factors and characteristic values for the
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wood species are documented in prior publications (Die-
derichs 2014a, b; Rueter and Diederichs 2012).

In contrast, the statistical office conducts surveys on
energy consumption by directly asking for the amount of
energy used (Destatis 2013). This approach seems to be
less suitable since the energy used on site is typically
estimated by using individual conversion factors as
described above. This was also an experience made during
the survey conducted by the author.

On the other hand, it is a complete inventory account,
not vulnerable to deviation of specific energy consumption
issues like the product specific LCI data is. One would
therefore expect information on energy inputs which are
uniquely countable like electricity consumption, to be a
good indicator for the comparability of the two datasets.
For the wood fuel one would expect the LCI data to gen-
erally declare higher consumption while the difference is
expected to be smaller for the WBPI, since their share of
additionally bought fuel (and therefore subject of trading
and better knowledge) is higher.

The plausibility check for 2010 (Table 2) showed that
especially results on electricity consumption based on data
from LCI are consistent with data on sector level. Data for
the fuel consumption on sector level are much lower than
the data derived from the process LCI. For the WBPI this
difference is smaller than for the SMI. The results therefore
comply with the expected results.

With regard to comparison of emissions of NO, and
NMVOC, two conclusions can be drawn:

Firstly, since not all companies report their emissions
via PRTR, but the sum of the reported emissions is already
higher than the sum of NO, emissions or NMVOC emis-
sions which are derived from the process based LCI, the
latter is likely to underestimate these emissions gravely.
Also, the emissions reported via PRTR were measured in
most cases (75 % for NMVOC and 60 % for NO, in 2010)
and LCI data for NO, emissions and NMVOC emissions
were based on continuously conducted measurements for
two companies only, but primarily derived from literature
(emission quantities were modeled for different combus-
tion sizes, filter technologies and fuel wood types as
described in Diederichs (2014a, b) and Rueter and Die-
derichs (2012).

Hence, for NO, and NMVOC emissions this means that
they quantitatively rank at the higher border of uncertain-
ties described by Rentz et al. (2009), and additionally for
NMVOC emissions that other processes like drying and
pressing may also be gravely underestimated by the LCI
data.

Secondly, the results strengthen the hypotheses that
energy statistics on sector level underestimate the amount
of biomass used for energy since the quantity of emissions
is closely connected to the amount of fuels used.

However, the results stay uncertain. As shown by Rueter
and Diederichs (2012), the emissions can deviate heavily
for different combustion sizes, filtering technologies and
fuel types. Official data on uncertainties published by
Rentz et al. (2009) and sensitivity analysis for wood
products done by Diederichs (2014a, b) based on those
uncertainties confirm this.

With regard to the monitoring approach, this implies
that the HiRel share for a retrospective view back to 2003
can be thoroughly covered for all energy related indicators
by data on sector level. The GWP indicator lacks data on
sector level concerning glue types and amounts for the
WBPI. Hence, only 50 % can be covered by data on sector
level for the WBPI sector. For the SMI, the HiRel share of
the GWP indicator can be covered completely. For the AP
and POCP indicators, a minimum value for the WBPI can
be derived when using PRTR data. For all other indicators,
no robust retrospective view can be derived from the
available data.

3.4 Selected results of the monitoring
3.4.1 General

The monitoring approach delivers reliable results espe-
cially for the consumption of energy from non renewable
resources and the cradle to gate GHG emissions. Only a
possible development in the specific emissions of glue
production cannot be monitored today.

Figure 5a-h shows the development of the GHG emis-
sions from the SMI and the WBPI from 2003 until 2012.
Figure 5a, c, e, g show the development of the SMI, whereas
Fig. 5a shows the development of the total GHG emissions
and the EGHG emissions (dashed line) from cradle to gate
(without forestry) compared to the total production volume
of the SMI (finely dashed line). Figure 5c shows the total
production of the SMI differentiated by product types within
the portfolio. Figure 5e shows the average volume specific
GHG emissions from cradle to gate (without forestry) cal-
culated according to the monitoring approach and based on
the LCI data only (dashed line) and Fig. 5g shows the GHG
emissions per value added. Figure 5b, d, f, h show the same
context for the WBPI.

3.4.2 The sawmill industry

In absolute quantities, the sawmill industry increased its
GHG emissions from 664 kt CO;-eq. in 2003 up to 912 kt
COz-eq. in 2012 (437 %). In the same time the total
production increased by only 11 % (Fig. 5a). The specific
GHG emissions to produce 1 m* of an average product
from this sector increased from 35 up to 43 kg CO,-
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«Fig. 5 Development of GHG emissions from the SMI and the WBPI,
a Total GHG emissions (cradle to gate and energy related only) and
total production volume in the SMI and b in the WBPI, ¢ Total
production volume of product portfolio in the SMI and d in the WBPI,
e Average product specific GHG emissions calculated by the
monitoring approach and by using LCI data only of the SMI and f
of the WBPI, g GHG emissions per value added in the SMI and h in
the WBPI, numbers / to 4 are referred to in the text

eq. (Fig. 5e). The main reason for this was the increased
production of kiln dried sawnwood at the burden of green
sawnwood in the product portfolio (Fig. 5c).

From an economical point of view, the emitted GHG per
value added (Fig. 5g) increased from 1.05 to 1.24 kg CO;-
eq./Euro (4+18 %) between 2003 and 2011 (no fig-
ures available for 2012 at the time of calculation). This
means the sawmill industry was not able to demand higher
prices on the market in the same magnitude as CO,
emission was increased.

Single years should be highlighted in the context of
specific emissions. In 2007, the total production of the SMI
was at its highest level (see Aspect 1 in Fig. 5). A rea-
sonable amount of the production increase before 2007 was
due to the extra production of kiln dried sawnwood (a
product with high GHG compared to the green sawnwood).
From an LCA modeling perspective, the GHG emissions
therefore should have increased accordingly. But they did
not. The highest GHG emissions were reported in 2010
instead.

The LCI based development in Fig. 5e (dashed line)
shows the product specific emissions without the efficiency
change. The LCI based development uses the efficiency in
2010 and retraces the average product emissions back to
2003. This means, if in 2007 the efficiency of the SMI had
been on the same level as in 2010 (which is known from
the LCI data), the production of an average product from
the SMI would have caused 44 kg CO,-eq. instead of 34 kg
CO,-eq. as it actually did. This calculation already includes
the change in the product portfolio, which means that the
increase in the total amount of dried wood is not the cause
here.

This indicates that the GHG emissions efficiency to
produce a specific product (not the average product of the
sector but, e.g., particle board or fiberboard) decreased. A
reason for this could be the decrease in capacity utilization:
in 2007 the production volume was about 20 % higher than
in 2012. Since several infrastructural processes in the
sawmill industry (lighting, transport chains etc.) consume
the same amount of energy no matter if the capacity of the
mill is fully utilized or not, the energy efficiency of a
sawmill is likely to increase with an increased utilization of
its capacity.

The distance between the lines in Fig. 5e therefore
indicates the point of highest efficiency (2007) and the

lowest (2012). This means that from 2007 until 2012 the
GHG efficiency (CO,-eq per m?®) decreased by 35 %.

There is a reasonable amount of uncertainty in these
figures due to the described data quality for the biomass
quantities in the surveys from the statistical offices (see
Sect. 3.3). The LCI based development (dashed line in
Fig. 5e) is based on the energy mix used to generate
thermal energy in the SMI which is based on the share of
fuels reported by the statistical office. If the amount of
biomass used for the generation of thermal energy was
actually higher than reported, the actual share of fossil
fuels (relevant for GHG emission) would have been lower
(and therefore closer to the other line, which means that the
efficiency loss was actually less than 35 %). However, the
gravity of these uncertainties cannot be quantified in this
context.

3.4.3 The wood based panel industry

The wood based panels industry decreased its total GHG
emissions from 4751 kt CO;-eq. in 2003 down to 3885 kt
CO;-eq. in 2012 (-18 %, Fig. 5b). In the same time, the
total production volume decreased by only 11 %. In
addition, the product specific emissions of GHG (for the
specific product mix) decreased from 353 to 325 kg CO,-
eq./m? (-8 %) (Fig. 5f). The emitted GHG per value added
decreased as well, from 6.6 to 6.5 kg CO,-eq./Euro (-1.5
%) between 2003 and 2011 (Fig. Sh).

The production maximum in 2006 (see Aspect 2 in
Fig. 5) leads to total GHG emissions of about 5658 kt CO,-
eq. in that year, the highest value between 2003 and 2012.
But as shown in 5b, the EGHG emissions did not increase
much between 2004 and 2007.

This is caused by the high GHG efficiency for the
specific product (e.g., 1 m? fiberboard) in 2006 which is
also visible in Fig. 5f: in 2006 the actual GHG emissions
per m® were much lower than they would have been if the
efficiency level of 2010 was assumed (which is known
from the LCI data).

The lowest efficiency level was in 2011 (see Aspect 3 in
Fig. 5). This means between 2006 and 2011 the GHG
efficiency (for the specific product like fiberboard, not for
the mix) of the WBPI decreased by about 21 %. Again, the
change in the product portfolio is not the reason here as this
is already taken into account.

Analogously to the SMI, the point of highest efficiency
was calculated for the year with the highest capacity uti-
lization. The uncertainties connected with the biomass fuel
quantities also apply to the WBPI. Especially in the first
year of the survey (2003), the amount of reported biomass
used to generate thermal energy was very low. Hence, the
share of fossil fuels in the energy mix (the LCI data is
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based on this) probably overestimates the GHG emissions
in that year (see Aspect 4 in Fig. 5)

4 Conclusion and recommendation

In this article, a monitoring procedure for the woodworking
industry is presented. The approach includes the relevant
indicators used to express political targets and the relevant
LCA indicators used in the context of schemes for the
assessment of ecological sustainability of construction
works.

The data needed for the calculation is publicly available
and updated frequently (see EEA 2014 and Destatis 2014)
which is in accordance with publicly accepted require-
ments for indicators (BMWi and BMU 2012b). With the
simplification of LCI data in terms of focusing on flows
with high importance for an environmental indicator, it was
shown that relevant LCA results can be derived from much
smaller amounts of data than the usual complexity of LCA
studies would suggest.

The approach is confirmed to be feasible for some indi-
cators and yet to need further development for others.
Besides some essential conclusions which can be drawn from
the available results of the monitoring, the data quality of
available data and the circumstance that more data is needed
to complete the approach need to be discussed:

So far, reliable results are available for the global
warming potential of the average product of the sawmill
industry and the wood based panels industry.

The sawmill industry increased its average greenhouse
gas emissions from 35 to 43 kg CO,-eq./m® between 2003
and 2012. One aspect which leads to this increase was the
increased production of kiln dried products. However, with
a reduction of the total production volume since 2007 and
the resulting overcapacity of many sawmills, a GHG effi-
ciency loss starting in 2007 may have added a reasonable
share to this total increase of product specific GHG
emissions.

With regard to economic values, the sawmill industry
was not able to compensate higher greenhouse gas emis-
sions with an increased net value added. From 2003 to
2011, the emitted greenhouse gases per value added
increased from 1.05 to 1.24 kg CO,-eq./Euro.

The wood based panels industry decreased its average
greenhouse gas emission from 353 to 325 kg CO,-eq./m?
from 2003 until 2012. This decrease was mainly reasoned
by a change in the product portfolio. In fact, the share of
fiberboard (very energy intensive production process and
high glue content) has decreased from 2006 until today.

In contrast, the GHG efficiency of a specific product
(not the mix of the sector) (CO,-eq per m?) decreased as
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the capacity utilization of the production sites decreased.
This efficiency loss was estimated to be approximately 20
% which means that a panel, which caused 200 kg CO,-
eq. in 2006, was responsible for approximately 240 CO;-
eq. in 2012.

Unfortunately the efficiency loss cannot be allocated to a
specific product, neither for the sawmill industry nor for the
wood based panels industry. However, from the perspec-
tive of capacity utilization, the efficiency loss is probably
located at the processes before the kiln drying process in
the case of sawmills. In the case of wood based panels, the
production of fiberboard decreased more than the produc-
tion of other panels. Hence the efficiency loss is estimated
to have happened especially here.

This obviously means that although the overall effi-
ciency decreased, single products, like OSB whose pro-
duction volume increased steadily since 2003 may not have
suffered a decrease of their specific GHG efficiency.

Results on final and primary energy consumption include
the use of biomass fuel. For this type of fuel it was shown
that its quantity is probably gravely underestimated by the
data available from the statistical office. Since the surveys
on sector level started in 2003 and a learning curve of the
companies and the statistical office can be assumed, an
index of the final energy demand starting in 2003 is likely to
gravely overestimate the increase of the use of biomass.

For the wood manufacturing industry this means that
official data likely show a severe divergence between the
behavior of the sector and the intended national final
energy efficiency increase to reach 2020 targets. The
results also indicate that the wood manufacturing industry
is most likely responsible for a larger share of the increase
of renewable fuels in the final energy mix than shown by
official data.

Results in terms of acidification potential, eutrophica-
tion potential and photochemical ozone creation potential
rely heavily on information on emissions of NO, and
NMVOC. On sector level, the relevant data is not readily
available to be used for monitoring as it lacks complete-
ness. However, the available data already shows that both
types of emissions are underestimated by available LCI
data. For NMOVC, the underestimation is severe.

For other impact categories (ODP, ADPe and toxicity
indicators) no relevant results could be derived, since the
relevant data on sector level is missing.

With regard to the political and social pressure of
reducing environmental impacts and increasing energy
efficiency, the results should urge the wood manufacturing
industry to improve the quality of the available data
especially in terms of the quantities of bio-fuels. The data
should also be supplied to the relevant databases.

In this context it seems to be reasonable to define a
harmonized approach for the sector. With regard to data
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quality of emissions of NMVOC and NO,, such an
approach would seem productive as well.

In general, the presented approach can also be applied to
other sectors. Especially for sectors with a high energy
intensity (e.g., pulp and paper), the approach can be
transfered provided that representative LCI data are
available for the typical products.

Lastly, the presented monitoring approach not only
offers a way to monitor a sector, but the results from the
simplifying procedure allow companies to focus on some
single numbers to quantify the improvements they
achieved individually. Results on company level need to be
taken with caution though, since the wood used for mate-
rial was left outside the system boundary.

To understand the relevance of the development of
process based emissions and energy consumption in the
wood manufacturing industry, the values can be compared
to displacement factors for wood-product substitution,
summarized by Sathre and O Connor (2010). Assuming a
deliberate displacement factor of 0.8 t carbon emissions per
1 t of wood product, the monitored change from 2003 to
2012 in the wood manufacturing industry equals 12.6 % of
the substitution effect in the case of panels and 1.2 % in the
case of sawmill products. For panel products with lower
displacement factors of about 0.5, the change in the wood
manufacturing industry already equals the displacement
factor. For sawmill products a displacement factor of 0.3
leads to equal results. Sathre and O Connor (2010) also
found several studies which calculated factors below 0.3.
Hence, the monitored development plays an essential role
within decision oriented studies aiming to environmentally
optimize the use of wood.
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A new generation of ultralight particleboards (ULPB) with an expanded foam core layer produced in an in-line foaming step is
under development. The environmental impacts of three types of ULPB containing foam based on 100% polylactic acid (PLA),
100% expanded polystyrene, and 50% PLA/50% polymethyl methacrylate, as well as a conventional particleboard (PB), have been
compared in an LCA. Two approaches were chosen for the assessment: first, the “EPD-approach” in accordance with EN 15804
for EPD of building materials and second, a holistic-approach which allows an expansion of the system boundaries in order to
forecast the consequences of a broader replacement of PB with ULPB. The results show that most of the environmental impacts
are related to raw materials and end-of-life stages. Both approaches show that the exchange of PB with ULPB with a foam core
based on PLA leads to a reduction of greenhouse gas emissions. On the other hand, the PLA is responsible for higher ecotoxicity
results in comparison to non-bio-based polymers mainly due to agricultural processes. Both approaches allowed the drafting of

complementary advisories for environmental impact reduction addressed to the developers.

1. Introduction

Particleboards (PB) are pressed panels made out of wood
particles and adhesives. They typically consist of a lower
density core layer of coarse particles and high density surface
layers made with finer particles. They typically have a density
of 600-700 kg/m® and are used in very diverse applications
like home and office furniture, cabinets, kitchens, flooring,
load bearing applications in construction and diverse interior
design elements. They show an improved homogeneity and
stability in comparison to solid timber.

Initially, PBs were developed to valorize the large amount
of particles produced in sawmills. Today, with the ambition
of reducing production costs, the wood based panel industry
aims to use less or cheaper materials and to reduce energy
consumption while maintaining the properties in accordance
with the relevant product standards.

The sandwich-like construction of PBs is advantageous
for a high specific bending strength. To maintain this, devel-
opments started in the 1940s with the substitution of the core

layer with honeycomb or similar hollow structure [1-3], and
until today other strategies are being developed to reduce the
density of the core layer: extrusion with hollow tubes, using
low density wood species particles, or substituting the core
layer with foam material in a sandwich construction. The
latter strategy led to sandwich panels with a foam core made
out of polyurethane or polystyrene which are established in
the market today (density: 100-350 kg/m?).

From a process perspective, these “ultralight” PBs (ULPB)
can either be produced by producing the core layer and
external layer separately and merging them in a separate
pressing process, or by an in-line foaming step (patented by
Luedtke et al. [4]) on continuous presses which are typically
used in today’s PB production.

Environmental impacts associated with conventional PBs
arise mainly during the production of the adhesives, the
combustion of fuel on site and the generation of electricity
for the production steps at the panel manufacturers, whereby
the particle preparation and finishing process take the leading
positions [5-10]. But with regard to the complete life cycle
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of PBs and recognition that wood has a heating value of 15-
20 MJ/kg, the end-of-life processes may dictate the results
depending on the assumptions made for the scenarios (i.e.,
incineration, landfilling, and thermal energy recovery).

ULPBs typically use less adhesive, fewer particles need
to be prepared and dried, and as they are lighter, transport
emissions may be reduced. On the other hand, the heating
value per volume will be different from PBs and, depending
on whether biobased or fossil-based foams are utilized, the
supply chain of these materials and the end-of-life assump-
tions may be connected to impacts which differ greatly from
those of PBs.

Hence, especially the end-of-life, the adapted continuous
pressing process, the particle drying, the reduced supply of
wood and adhesives, as well as the supply of foam materials
needs to be the focus of LCA for ULPBs. Recognizing that
wood used in PBs is typically a byproduct of the sawmill
industry, LCA should also include the assessment of other
routes for those byproducts. This surely includes the assess-
ment of other routes if the foam material is based on byprod-
ucts.

A respective comparison of ULPBs (polyurethane foams)
with PBs was conducted by Feifel et al. [11]. The authors
concluded that the impacts were 2 to 3 times higher for the
UPLBs. Unfortunately the results only consider cradle-to-
gate effects and no inventory was published which would offer
the possibility of a comparison to real ULPBs. A cradle-to-
grave assessment for ULPBs, substituting PBs, was further
conducted by Feifel et al. [12] but focused only on honeycomb
core layers and excluded the supply of wood.

From a resource perspective, an LCA conducted by Silva
et al. [13] gives insight to results of PBs produced in Brazil,
where 50% of the chips had been replaced with sugarcane
bagasse. Results were compared to results from standard
particle boards showing beneficial aspects in some impact
categories and quite equal results in others. However, the end-
of-life was not considered in this study and the alternative
byproduct routes of bagasse were not included. As Brazilian
producers primarily use wood resources, no results could
be derived for the alternative routes of sawmill byproducts
typically used by European producers of PBs.

The primary target of the study is to analyze the envi-
ronmental benefits or drawbacks of using ULPB with a foam
core processed on a continuous press, for applications where
conventional PBs are commonly used. In addition, as the
described ULPBs are still in development, the secondary tar-
get is to identify the parameters with the largest influence on
environmental impacts, helping the developers to understand
which decision in design might lead to better or worse results
in the overall environmental impact of the new product.

2. Methodology

2.1. Two-Pronged Strategy. Principally, LCA can be used for
improvements by identification of key issues. Products can
be benchmarked by comparing them to the LCA results of an
average or another product. LCA can help to communicate
environmental issues and on policy level the tool is used to
supply strategic decision support.
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In this context it is important to understand which
question is addressed in the goal of the study. One would ask
“what is?” to identify environmental key issues of the product
life cycle or to benchmark one product against others. But
to understand the consequences of a decision, the relevant
question would be “what if 7",

The two modelling approaches behind these questions
are referred to as attributional (ALCA) and consequential
life cycle assessment (CLCA) and their capabilities have been
discussed extensively. It is generally understood that both
approaches yield valuable insights [14-16] and some aspects
are evident in one method and are overlooked in the other
[17]. Therefore, this paper follows a two-pronged strategy.

2.2. 'The Harmonized Approach for Building Products. In
Europe, the underlying LCA methodology for building prod-
ucts is defined in EN 15804 [18], which builds upon ISO 14044
[19] but clarifies open methodological choices where ISO
14044 [19] offers them. EN 15804 [18] defines the core product
category rules for Environmental Product Declaration (EPD)
built upon ISO 14025 [20].

In the context of this paper, the utilization of this method-
ology is intended to supply information on how the new
products would compare to PB, following the comparison
principles of building products. It will be referred to in the
text as the EPD-approach.

2.3. Expanding the Scope. The EPD-approach is based on an
ALCA model. On the resource side it disregards the fact
that the production of byproducts of a process is typically
driven by the demand for the primary product and not for
the byproducts. Hence the approach excludes the impacts of
alternative routes for those byproducts. As the amount of
these byproducts (wood or biobased foams) differs heavily
between PB and ULPB, the EPD approach disregards a
potentially crucial impact.

Further on, EN 15804 [18] and, respectively, its utilisation
on building level, separate the benefits of the energy recovery
at the end-of-life from the impact assessment. As this might
be a reasonable approach at the building level, a direct
comparison of products with different densities and heating
values, which is the case for PB and ULPB, may be driven
especially by those aspects of the product life cycle.

Therefore, the second approach in this paper includes
aspects which are outside the system boundaries regarded in
the EN 15804 [18], with the aim of including all processes and
services which are likely to be affected by a replacement of
PB with ULPB. This approach will be referred to in the text as
holistic approach.

Both approaches will also give valuable insights for
beneficial product development strategies.

2.4. Standards, Software and Databases. The LCA was done in
accordance with the ISO 14040/14044 [19, 21], EN 15804 [18]
and EN 16485 [22] standards using the Aveny LCA Software
[23]. If not specified otherwise, the database Ecoinvent v2.2
was used for standard datasets [24].



International Journal of Polymer Science

2.5. Description of the System under Study

2.5.1. Manufacturing of Conventional PB (Cradle-to-Gate).
The PB considered in this study is based on wood residues
from sawmills, urea-formaldehyde (UF) resin as adhesive and
produced in a continuous-press. Hydrochloric acid or liquid
ammonia is used as hardener and paraffin is added for water-
repellence.

The production of PB begins with the preparation of the
wood particles for the surface and core layers including chip-
ping, classifying, screening, and drying. The particles are then
blended with UF resin and hardener in a continuous flow
mixer cooled with water. The mat is formed by deposition
of the surface and core layer particles on a conveyer belt and
goes to a roller press heated at 220°C. After the pressing, the
PB are sawn and cooled down by storage. The final density is
680 kg/m”.

2.5.2. Forecasted Manufacturing of ULPB (Cradle-to-Gate).
Based on the laboratory development we assume, that the
ULPBs considered in this study are composed of surface
layers made of wood particles, prepared in an identical man-
ner as for the PB production, and a core layer of expanded
polymers. Three ULPB core layer types are simulated in the
study:

(1) A core layer made of EPS, which corresponds to the
state of the art of the in-line foaming technology [25].

(2) A core layer made of a mix of PLA and polymethyl
methacrylate (PMMA) (50/50%), which corresponds
to the current development formulation in the project
[26].

(3) A core layer made of PLA (100%) which corresponds
to the aimed formulation.

EPS is directly available as granulate, preimpregnated with
pentane as blowing agent. The mix of PLA and PMMA has
to first be coextruded with a small quantity of talc in order
to provide nucleation sites for the foaming and then it has
to be granulated. Granulates of PLA or PLA/PMMA mix
are then impregnated with liquid CO, (blowing agent) in a
batch reactor and stored for a short-time in a chiller at 10°C
before they can be used in the production. The current ULPB
laboratory developments allow the possible manufacturing
process to be forecasted: the production of the considered
ULPBs should be identical to the production of the PB, except
for the mat forming and pressing phases. During the mat
forming the technology stays the same as for PB but the coarse
particles of the core layer are substituted by polymer granulate
of EPS, PLA or the mix of PLA/PMMA preimpregnated
with blowing agent. As the ULPB should have the same
mechanical properties as the PB, the bending stiffness is
increased by surface layers of higher density. This means that
the amount of surface layer particles in ULPB is increased
in comparison to PB. Pressing occurs in 3 successive steps:
surface layer compaction and consolidation step, expansion
step and stabilization step (Figure1). The first step occurs
at a pressing temperature of 100°C whereas the last step
(stabilisation) occurs at 20°C which implies the utilisation of
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a cooling system. After pressing, the last manufacturing steps
of the ULPB are identical to those of the PB. The final density
of the ULPB is 315 kg/m”.

2.5.3. Use Phase and End-of-Life Scenario (Gate-to-Grave). A
scenario was considered for the gate-to-grave part of the life
cycle of the panel: the panels are transported to a furniture
manufacturer where they are modified to be part of a piece of
furniture (shelf) and then transported to the final user. Dur-
ing the use phase the furniture is stored in a house. At its end-
of-life it is picked up at the place of use by the municipal waste
collection and burned in the municipal incineration plant.

2.6. Functional Unit. The functional unit is 1m® of panel
(thickness 19 mm), fulfilling the requirements of the EN 312
[27] and utilized as furniture shelf board. The different panel
formulations are compared for the same life span. The units
and quantities of the different raw materials used for the
manufacturing of the functional unit are presented in Table 1.
Because no detailed data was available on the internal waste
flows of the production, all inputs of adhesives and additives
were assumed to leave the manufacturer as content of the
respective product analogous to Diederichs [28]. All products
were regarded in the EPD-approach. The holistic approach
only takes the PB and ULPB with a 100% PLA core into
account.

2.7. System Boundaries

2.71. EPD Approach. The EN 15804 [29] standard defines the
categorization of life-cycle phases of building materials into
stages from A (manufacturing) to C (disposal). Benefit or
burdens out of the system boundaries can be presented as
additional information in the D stage. The attribution of the
life-cycle stages of the ULPB and PB following EN 15804 [29]
is given in Figure 2.

All phases from cradle-to-grave are considered except the
use phase of the product (shelf board in a furniture part), as
it is considered equal for all products.

2.7.2. Holistic Approach. EPD and also the EN 15804 [29]
are not specifically intended to declare the impact of the
consequences of producing more of one product and less of
another, but can be regarded as doing so, if the production
of a unit of material or energy has the same environmental
impact as producing an extra unit of it [30].

In other words, if a constraint in the market leads to
the fact that an extra unit does not equal the average of all
units produced so far, the EPD approach will not be able to
answer the question: what would happen if a certain amount
of conventional PB was replaced by ULPB with 100% PLA
core layer?

In the EPD approach, the supply chain of the corn used
for PLA includes every flow, starting with the planting and
fertilizing to the harvesting and transporting of the corn. But
if more corn is produced to be used for the PLA, it requires
more agricultural area, possibly replacing the production
of other crops. If no additional corn is produced, but the
corn available on the market is used, those processes which
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TaBLE I: Units and quantities of the raw materials used in the production of a 1 m® panel. The bold data refer to functional units regarded in

the holistic approach.
Raw material input Unit PB ULPB (EPS) ULPB (PLA/PMMA) ULPB (PLA)
Residual wood m’ 1.38 0.59 0.59 0.59
PMMA kg — — 12.38 —
PLA kg — — 12.38 24.75
EPS kg — 25.00 — —
Hardener kg 2.00 0.94 0.94 0.94
UF kg 51.00 23.87 23.87 23.87
Talc kg — 1.00 1.00 1.00
CO, liquid kg — — 0.81 0.81
Organic additives kg 11.00 5.15 5.40 5.40
Surface layer
Surface layer consolidation
! compaction : : Expansion ! Stabilization !
v ¥ - |

I I I I I
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FIGURE 1: Description of the in-line foaming process for production of ultralight particle-board with a foam-core layer on a continuous press

(SL = surface layer; CL = core layer) (adaptation of Luedtke et al. [4]).
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FIGURE 2: System boundaries following EN 15804 for the LCA of PB and all ULPBs.

would have used the corn instead need to switch to another
feedstock.

In case of the wood residues used for the PB, the model
used in the EPD-approach includes all environmental impacts
from the forest to the sawmill, whereas the impacts of the
sawmill are allocated partially to the byproducts. This means,
if the wood content of a panel is reduced, the LCA model
reduces the impact from the sawmills as well. But the demand
for sawmill byproducts does not necessarily lead to a reduced
demand for the primary products of sawmills, which is sawn

wood. Hence the same emissions arise from the sawmill
industry and the same amount of byproducts are available
on the market. But instead of the panel producers, probably
others will use the byproducts.

The EPD-approach neglects the market constraints espe-
cially with regard to these two aspects. Other inputs and
outputs of the PB and ULPB production with high impact,
energy demand, or mass are the supply of electricity and the
glue which is primarily made of the base chemicals formalde-
hyde and urea. Since these substances are mainly derived
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FIGURE 3: System boundaries of the holistic approach. Dashed processes and lines represent the affected processes of an increased production

of ULPB (100% PLA core).

from nonrenewable resources and are not typical byproducts
of other processes, market constraints are assumed to be
negligible.

Figure 3 shows the model which underlies the holistic
approach. On the top, the production of the conventional PB
is shown. It is the same model as used for the EPD approach
including transports to the user and also to the disposal but
it excludes the sawmill supply chain and includes the energy

recovery at the end-of-Life. The grey system boundaries
describe a system expansion. In the case of PB, the energy
generated during disposal is assumed to replace energy from
the average generation processes of heat and electricity.
Hence the impact has to be subtracted from the model.

Just below, the production of the ULPB with 100% PLA
is shown without the production of the corn for PLA. The
dashed lines mark all flows and processes which need to be



144 Original Scientific Paper V

added or changed if the PB production is replaced by the
production of the ULPB.

The production of sawmill byproducts is independent
from the change in production within the panel industry.
Therefore, the chips which were used for the core layer and
those which were used to generate the energy for drying the
core layer are assumed to be burned directly without being
used for material purposes. The PLA core is burned in context
with the disposal of the panel; energy is recovered (system
expansion, grey field). The process of producing PLA from
corn is included but (initially) without the corn.

Some processes used for PB production are also used
for ULPB production, but the flow quantity changed: less
electricity, glue, and additives are needed.

As it is not clear if additional corn is produced or if
not which feedstock is replaced, three scenarios for the corn
production/displacement are analysed:

(i) Scenario 1 (S1) describes the impact if additional corn
has to be grown, including impacts of agricultural
processes and the impact of land use change triggered
by this extra production.

(ii) Scenario 2 (S2) describes the impact if available corn
is used for PLA which would have been used for the
production of bioethanol to replace gasoline. This is
a relevant question for the US, where bioethanol is
produced from corn.

(iii) Scenario 3 (S3) describes a typical German case.
Available corn which would have been used for the
production of biogas (methane) is used for PLA
instead. Hence the energy derived from the methane
(biogas) has to be substituted.

2.8. Inventory. Data for the production of 1m® of conven-
tional PB (680 kg/m’) from cradle-to-gate correspond to the
Ecoinvent v2.2 process “Particleboard Indoor use” [8].

Data regarding the formulation of the ULPB arise from
the last available laboratory developments of the NRP 66
project. In order to forecast the situation of an industrial
production, the inventory was based on the available dataset
from Ecoinvent for LCA of particleboard production [8]. The
first step was to disaggregate the energy consumption of the
manufacturing step of the Ecoinvent dataset following the
proportions given in the literature [10] in order to spread it
into single manufacturing stages (Table 2). As the stage “mat
forming” is not described in the publication of Frithwald
et al. [10], this data is based on assumptions made by the
authors. The repartition of the total gas consumption of the
Ecoinvent data between the stages Drying and Others is also
an assumption.

Based on the laboratory data, the ratio between the
amount of wood used in PB and used in ULPB is 0.422.
This ratio was applied to calculate the ULPB flows linked
to wood flows (wood transport to the plant, electricity for
particle preparation, waste water treatment from particle
preparation, drying thermal and electrical energy, VOC
and particulate emissions during drying, and wood chips
volume as byproduct). Also based on laboratory data, the
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ratio between the amount of UF glue used in PB and used
in ULPB is 0.468. This ratio was applied to calculate the
flows of ULPB linked to the glue flows (Hardener, Transport
glue and additives to the plant, electricity and cooling water
for gluing, and formaldehyde emissions). The gate-to-gate
inventories (Modules A3) based on the functional unit of
the four types of panels is presented in Table 4. Flows which
are already included in Table1 are not listed here. Further
detailed data sources used and assumptions made for the Life
Cycle Inventory of PB and ULPB from cradle-to-grave are
in Appendix 1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/383279.

Some additional data and assumptions were necessary for
the holistic approach (Table 3). The agricultural process to
produce the corn is based on data from Searchinger et al.
[31] and PE International [32]. The land use change effects
are modelled according to results summarized by Wicke
etal. [33]. These refer to land use change models based
on market equilibrium models which consider effects called
“indirect land use changes,” including land use change in
one geographical context which triggers land use elsewhere
to continue to meet demands and also the change of crop
prices, which results in more land taken elsewhere for the
production.

Data for corn-to-wheel production are taken from
Searchinger et al. [31] in combination with conversion factors
from Shapouri et al. [34]. Gasoline production and com-
bustion emissions are derived from PE International [32].
Emissions for the fermentation from corn to the methane
and utilization in a CHP plant are taken from Vogt [35] for a
500 kWel plant. Supply of electricity and heat is derived from
PE International [32].

2.9. Impact Categories. For an EPD following the standard
EN 15804 [29], three categories (environment, resources, and
wastes) of indicators are disseminated. In this study we show
only the EN 15804 [29] environment category indicators
following CLM2001 [36]: Global Warming Potential 100
years with biogenic carbon accounting following EN 16485
(GWP), Global Warming Potential without biogenic carbon
(GWP™), Ozone Depletion Potential steady state (ODP),
Acidification Potential (AP), Eutrophication Potential (EP),
Photochemical Ozone Creation Potential (POCP); Abiotic
Depletion Potential Elements (ADPE), Abiotic Depletion
Potential Fossil (ADPF). We also present the results of
two additional multi-criteria Life Cycle Impact Assess-
ment (LCIA) methods of interest in Switzerland: Ecological
Scarcity 2006 [37] expressed in Eco-factors-in German:
Umweltbelastungspunkte (UBP) and USETox fate and fresh-
water ecotoxicity [38], expressed in Comparative Toxic Unit
ecotoxicity (CTUe). For the holistic approach only GWP* will
be reported.

2.10. Sensitivity Analysis. A sensitivity analysis was carried
out for the EPD approach in order to evaluate the uncer-
tainties of the LCIA results. The parameters, which were
identified as relevant or uncertain (because of assumptions),
were perturbed marginally in order to observe their effect on
the final result. The effect of 10% decrease of several relevant



International Journal of Polymer Science

Original Scientific Paper V 145

TABLE 2: Disaggregation of the energy consumption for each manufacturing stage (A3 modules) of a 1 m® conventional PB (Ecoinvent v2.2

dataset) using literature information and assumptions.

Manufacturing stage Particle preparation Drying Gluing Mat forming Pressing Others Total
Electricity (%) 31 21 5 4 21 18 100
Electricity (kWh/ m®) 32 22 5 4 22 19 104
Electricity (M]J/ m?) 116 79 19 15 79 67 374
Wood (%) 83 17 100
Wood (MJ/m?) 913 187 1,100
Fossil (%) 41 13 46 100
Heavy oil (MJ/m?) 17 21 48 86
Light oil (MJ/m®) 17 21 48 86
Natural gas (M]/ m?) 100 54 154
Total fossil (MJ/m?) 134 150 326
Total energy (MJ/m?) 116 1,125 19 15 266 217 1758
Total energy (%) 7 64 1 1 15 12 100
Total energy (kWh/m”) 32 313 5 4 74 60 488

TaBLE 3: CO, emissions from the additional processes of the model.
Ranges are analyzed in terms of their impact on the totals.

Process kg CO,-eq/kg corn
Agricultural process 0.19-0.61
Alternative land use 0.05-0.86
Refinery (corn-to-wheel) 0.38-0.40
Gasoline production (cradle to wheel) 0.75
Fermentation (corn to CHP) 0.03-0.30
Supply of electricity and heat 0.18-0.31

resources (wood and fossil fuels), energy consumption dur-
ing manufacturing (electricity and heat), transport distances
(A2, A4, and C2 modules), and the density of the panels as
well as the effect of the substitution of 10% PMMA with PLA
in the ULPB with PLA/PMMA core were calculated for the
impact category GWP" and Ecological Scarcity 2006.

For the holistic approach the maximum and minimum
values of the additional data and assumptions were included
in the scenarios. Therefore minimum and maximum results
exist for each scenario.

For land use change calculations, maximum values are
based on Searchinger at al. [31], and minimum values are
based on Laborde [39]. Three scenarios on methane leakages
[35] were applied for the fermentation from corn to methane,
and different carbon intensities were used for electricity
generation in the model (Table 3).

3. Results
3.1. EPD Approach

3.1.1. Comparing Life Cycle Stages. 'The relative impacts of the
different ULPB life cycle stages for each indicator are pre-
sented in Figure 4. Detailed results are available in Appendix
2. For all indicators considered, except the Ecological Scarcity,
the raw materials stage (Al module) has the highest impacts.

Thereafter the disposal (C4 module) followed by the manu-
facturing processes (A3 processes) are relevant. Considering
that the disposal is mainly influenced by the quantity of
material to be disposed of, both stages Al and C4 will have the
tendency to progress proportionally (reducing the amount
of raw material will reduce the environmental impact due to
the disposal). But the core layer composition could affect this
proportionality. Ecological Scarcity results heavily weigh on
the environmental effects of the disposal. The transport stages
(A2, A4, and C2) have the lowest environmental impact for all
considered indicators.

3.1.2. Raw Materials. As the raw material stage (Al module)
seems to be the most critical stage, the GWP™ of this
stage was analysed first. The obtained results show that
the polymer composition of the core layer influences the
global result of GWP*. The PMMA, which is used at the
moment in the formulation in order to enhance the foaming
process, represents 41% of the GWP* of the Module Al. The
production of PMMA requires several intermediate products
[40], all derive from fossil resources (crude oil and natural
gas), which explains this high GWP"* score. The UF resin
(32% of the GWP" of Module Al) is also a problematic
raw material because of the intensive fossil resources use
for manufacturing. As has already been observed by other
authors, UF resin has the greatest impact in GWP" of PB
[5, 6, 9]. Finally the PLA, representing 18% of the Module
Al GWP” score, needs an important amount of fossil energy
for production and agricultural processes even if produced
from renewable resources. Detailed scores for Ecological
Scarcity show that PLA, PMMA, and UF represent 29%, 30%,
and 27%, respectively, of the Al module. In this model the
emissions to air (CO, emissions of fossil fuels for energy
purpose) and to water (emissions of nitrate and phosphorus
from fertilizers for corn grown as PLA raw material) during
manufacturing of the polymers are predominant impacts.
When looking at the ecotoxicity results using USETox PLA
represent 45%, UF 32%, and PMMA 12% of the Al module.
Biocides (mostly atrazine and chlorpyrifos) used for the corn
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TABLE 4: Detail inventory for 1 m® panel from gate-to-gate (Module A3).
Flow Unit PB ULPB (EPS) ULPB (PLA/PMMA) ULPB (PLA)
Input
Resources
Water for cooling m’ 0.30 0.14 0.14 0.14
Equipment
Plant Count 3.33E - 08 3.33E - 08 3.33E-08 3.33E-08
Batch reactor Count 3.33E - 08 3.33E - 08
Absorption chiller Count 5.88E — 06 5.88E — 06
Liquid storage tank Count 1.31E - 09 1.31E - 09
Energy
Electricity kWh 104.00 69.98 72.00 72.00
Heat MJ 1426.00 821.05 821.05 821.05
...thereof Biomass M]J 1100.00 572.29 572.29 572.29
...thereof Gas MJ 154.00 96.22 96.22 96.22
...thereof Oil M] 172.00 152.54 152.54 152.54
Output
Product m’ 1 1 1 1
Byproducts: wood chips m’ 0.35 0.15 0.15 0.15
Waste water m’ 0.04 0.02 0.02 0.02
Heat M] 375.00 158.25 158.25 158.25
Emissions
CO, fossil kg 22.34 17.54 18.35 18.35
CO, biogenic kg 106.37 55.34 55.34 55.34
NO, kg 0.13 0.07 0.07 0.07
SO, kg 0.04 0.04 0.04 0.04
NMVOC kg 0.17 0.07 0.07 0.07
Particulates kg 0.08 0.03 0.03 0.03
Formaldehyde kg 3.00E - 03 1.40E - 03 1.40E - 03 1.40E - 03
Pentane kg 2.00

agricultural production are mostly responsible for high soil
emissions of the PLA in USETox. Metal emissions to air
(vanadium and nickel) and to water (chromium) during the
manufacturing stages of UF and PMMA explain the score of
these polymers in USETox.

3.1.3. Manufacturing Process. The manufacturing steps with
high GWP" impacts are the finishing (due to high electricity
demand for sanding and sawing, etc.), the pressing, and
drying (due to electricity and heat from fossil fuels), and
the particle preparation (due to high electricity demand for
particle sieving and screening) (Figure 5). The high GWP*
observed for all processes involving electricity point out that
the type of the electricity mix used in the plant might be a
relevant factor influencing the results of the A3 modules. For
the Ecological Scarcity the drying stage has the highest score,
due to the emissions of particulates. Pressing, finishing and
particle preparation stages are, likewise for GWP”, relevant
stages in this model due to the consumption of electricity.
USETox results of the manufacturing stages are in the same
order of relevance than GWP”* results mainly due to the
emissions to air produced during the combustion of fossil
fuels and the generation of the consumed electricity.

3.1.4. Transport. Environmental impacts due to transports
are related to the means of transportation used, the distance
driven and the weight of the material transported. Based on
the chosen scenario the transport to the user (A4 module) has
the highest impact, because it is the less optimized transport
(a small quantity of panel on a relatively long distance).

3.1.5. Disposal. In the incineration process all polymer based
on fossil resources (UE, PMMA, and paraffin) release fos-
sil CO,, which is directly accounted in the GWP"* score.
Biobased materials (wood and PLA) have less influence on
the GWP” score of the incineration module. Considering the
Ecological Scarcity method, the emissions into air (dioxins)
and water (total organic carbon) during incineration of wood
are highly weighted. The compounds manufactured from
fossil fuels contribute to a lesser extent to the score, mainly
due to their fossil CO, emissions. Finally in USETox, the
disposal of UF has the highest score in the incineration (about
60% of the C4 module CTUe) due to emissions into water
(heavy metals).

3.1.6. Effect of Production Capacity Reduction on GWP. Liidtke
[41] showed that an in-line foaming process needs a reduction



International Journal of Polymer Science

0 20 40

(%)

Original Scientific Paper V 147

100

GWP” (kg CO,-eq.)

ODP (kg CFCl11-eq.)

AP (kg SO,-eq.)

EP (kg PO,* -eq.)

POCP (kg ethen-eq.)

ADPE (kg Sb-eq.)

ADPF (M])

USETox (CTU)

Ecological Scarcity (UBP) I

[] Al-raw materials

W A2-transport to plant

O A3-manufacturing processes

M Ad-transport to user
[[] C2-transport to incineration plant
[[] C4-disposal

FIGURE 4: Relative environmental impact assessment of the ULPB for each life cycle stage corresponding to EN 15804 modules for the 9

indicators considered.

A3-particle preparation

A3-drying

A3-gluing

A3-PLA/PMMA CO, impregnation
A3-mat forming

A3-pressing

A3-finishing

10 15 20
GWP”" (kg CO,-eq.)

25

FIGURE 5: GWP" of all manufacturing stages (A3 modules) for the ULPB with PLA/PMMA core.

of the speed of production. Indeed the foam needs to be
expanded and the panel has to cool down before it can
be cut or sanded. This could represent a decrease of the
production capacity of about 50%. The effect of the reduction
of speed on the GWP" of accumulated process Al to C4 has
been simulated. The results of the calculation show that a
decrease of the production capacity from 600000 m/yr to
300 000 m*/yr would increase the GWP* of the overall ULPB
LCA of 15%.

3.1.7. Effect of Core Layer Substitution. The impacts of the
four core layer cases for the GWP", Ecological Scarcity,
and USETox are presented in Figures 6, 7, and 8. For both
GWP" and the Ecological Scarcity method, the cumulative
impacts of the Stages Al to C4 are higher for the wood

core layer than all other ULPB cores simulated. This is, for
the GWP", mainly due to a higher amount of particles to
prepare in the manufacturing process as well as the increase
of transport emission due to the higher density of the panel.
For the ecological Scarcity, the wood core shows a significant
drawback due to process-specific burdens of the incineration
(see Section 3.1.5).

Regarding the different ULPB core types, the core con-
taining PMMA shows the highest impact for the GWP”
and the Ecological Scarcity methods. This is mainly due to
the high fossil energy consumption during manufacturing
of PMMA. The substitution of PMMA with PLA shows
benefits in the GWP* and the Ecological Scarcity method.
Concerning GWP", the substitution of 1 kg PMMA with PLA
will allow a decrease of 6kg CO,-eq. for Stages Al to C4.
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FIGURE 8: LCA impact category USETox results

EPS causes slightly more fossil CO, than PMMA during stage
C4 due to the higher carbon content of this polymer. Core
layers containing PLA have a higher influence for the stage Al
on the ecological Scarcity method. Analogously, the USETox
results show that the panel containing PLA has a considerable

of 1m*® panel with different core layer compositions.

drawback on the ecotoxicity, mainly in Module Al. Rea-
sons are the same as explained in Section 3.1.2. PMMA is
also problematic in terms of USETox as the manufacturing
of this polymer causes relevant emissions to water (see
Section 3.1.2). The ULPB with EPS foam core has less ecotoxic
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effect in Module Al than the PB, this is directly linked to the
reduced amount of UE

3.1.8. Sensitivity Analysis. The results are very sensitive to the
density of the panels (10% change leads to 7.5%-9.2% impact
change). It has a direct influence on the raw material module
(Al), on the transport modules (A2, A4, and C2), on the
disposal module (C4), and on some of the manufacturing
processes (A3 modules), especially the particle preparation
process. This confirms that the amount of raw material
used has a high significance on the model. The reduction
of 10% PMMA (replaced by 10% PLA) in the core layer
had a moderate effect on the models GWP* (-2.2%) and
USETox (1.7%) whereas it has a nonsignificant effect on
Ecological Scarcity (—0.3%). The scenario of 10% reduction
of electricity consumption, heat production, and fossil fuels
in heat generation mix in production processes allow us to
evaluate the uncertainties due to the assumption made on
the energy flows during production of the panels. For all
three impact categories observed, the perturbations did not
significantly change the overall results (less than 1.3% of the
original scenario). This means that the assumption made for
these processes (A3 modules) does not influence the model
to a relevant extent. Calculated scenarios for 10% reduction
of transport distances of the main components and products
are also not perturbing the system noticeably (less than 1.2%).
This confirms the low contribution of transport processes to
the entire system.

3.2. Holistic Approach. Figure 9 shows the results of the
holistic approach. The first (white) beam on the left shows
the total difference between the conventional PB production
and the production of ULPB excluding corn production as
defined in Figure 3 (86.8kg CO,-eq. per m® of panel). To
complete the calculation, the three scenarios are added to
the beam with their minimum and maximum values. If it
is assumed that extra corn has to be produced (Scenario 1),
the maximum impact of the extra corn production, including
indirect land use change, is 55 kg CO,-eq. per m® of panel,
leaving a remaining benefit of 32 kg CO,-eq. per m® of panel
for the ULPB.

If available corn is used for the production of PLA and the
bioethanol which would have been produced from that corn
needs to be replaced by conventional gasoline (Scenario 2),
the remaining benefit will be between 73 and 74 kg CO,-eq.
per m® of panel. If corn is used which would have been used
in a biogas fermentation process (Scenario 3), the remaining
benefit will be at least 76 kg CO,-eq. per m’ of panel. In the
case of high methane leaks in the fermentation process, the
benefit is even 91kg CO,-eq. per m* of panel.

4. Discussion

4.1. The Global Warming Potential. The two approaches
produce similar results, which lead to the same conclusion in
terms of greenhouse gas reduction potentials by exchanging
PB with ULPB based on 100% PLA cores. However, the
dependencies of the models on circumstances are different,
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FIGURE 9: Results of scenarios used in the holistic approach.

and therefore recommendations to developers can be broad-
ened by considering both models.

The differences between the panels observed with the
EPD approach result from a reduction in the consumed
electrical energy for the processes and exchanging UF with
core material.

The holistic approach, on the other hand, takes more
effects into account than the two described above. First of
all, the amount of biomass which has to be burned to dry the
extra amount of chips in the PB is recognized as not available
for other applications. In contrast, the EPD approach only
recognizes them in terms of their supply chain (in the case
of recovered wood, only the transport is taken into account),
since the carbon within the biomass is considered carbon
neutral. This also means that reducing the amount of energy
from biomass needed for the process has a much greater effect
in the holistic approach than in the EPD approach.

Secondly, the characteristics of the recovered wood at
the end-of-life are not taken into account in the EPD
approach, but are in the holistic approach. Since the holistic
approach assumes that the byproducts from sawmills are used
elsewhere if not used within the panel, the model theoretically
takes into account whether the incineration process of the
pure sawmill byproducts would have been different from
the process of burning the panels at their end-of-life. As we
assumed these processes to be the same, no difference can be
derived here, but in cases where the panels are burned at their
end-of-life less efficiently due to mixed waste fractions, this
would be taken into account by the holistic model.

Further on, the holistic model takes into account that PLA
has to be produced from corn, which is a limited resource.
If other routes for the corn exist, where the environmental
benefit is higher than it is in the core layer of the ULPB, this
is recognized by the holistic model. The EPD model does not
take this into account.

With regard to the differences between PB and ULPB
with PLA, the maximum PMMA content in the core layer of
PMMA/PLA panels can be determined. The maximum here
is defined as the point where the PLA/PMMA mixture core
panels have no benefits compared to a conventional PB. In
the worst case (maximum land use change) only 20% (5kg)
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of PMMA and in the best case (minimum biogas) 56% (14 kg)
of PMMA can be included in the core layer. In the other cases,
45% to 48% define the threshold.

4.2. USETox and Ecological Scarcity 2006. Although not
analyzed specifically in the holistic model, some general
aspects in addition to the results of the EPD approach can also
be derived for USETox and Ecological Scarcity.

In case of the UBP indicator, the incineration of wood
has a very high impact. As the holistic model assumes that
the sawmill byproducts will be burned at some point in time
anyway, no matter whether they are used in the panel or not,
the importance of the incineration of wood of the different
panels will diminish drastically.

The USETox indicator for the PLA core panels is driven
by the pesticides used during production of corn. This
is included in the holistic model as well, but only if the
production of an extra amount of corn is taken into account
(Scenario 1). If available corn is used (Scenarios 2 and 3), the
use of pesticides has a much lower impact.

5. Recommendations

The following recommendation can be made for the develop-
ers of ULPB with foam cores:

(i) The biopolymers used as foam precursor should have
low energy demand or/and use renewable energies for
their production. If possible, the chosen biopolymer
should be produced out of biomass issued from
organic agriculture (no pesticides or fertilizer) or
sustainable managed forests. Their production should
not be based on sugar derived from primary resources
like corn but from waste flows (sugar, starch, and
celluloses) which are not used elsewhere or only in a
very inefficient way. This would exclude the land use
change scenario from the model and would also avoid
concurrency with the production of food.

(ii) The amount of UF resin should be reduced or better
substituted by a renewable resource-based adhesive or
recycled polymer adhesive with low energy consump-
tion or/and use of renewable energies for manufactur-
ing.

(iii) If PMMA is still necessary for enhancing the foaming
and the foam properties, the portion of PMMA
should be reduced as much as possible. If possible,
PMMA should be substituted by a recycled polymer
or a biopolymer with the same properties.

(iv) The technology should be developed in order to main-
tain the same production capacity, and if possible, to
increase it.

(v) Besides the fact that the ULPB is already very light,
decreasing the density even more could contribute to
a reduction of the environmental burdens.

(vi) Solution for reducing the energy consumption of the
particle preparation processes as well as the finishing
processes (mainly the sanding) should be elaborated.
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(vii) The materials should be separable at their end-of-life.
The efficiency of the waste treatment for the mixed
fractions like PB should be as close to the efficiency
of the incineration of the pure sawmill byproducts or
the end-of-life treatment of products made of them
other than panels.

(viii) The panel should be recyclable or able to be reused at
the end-of-life instead of being incinerated.

6. Conclusions

With the aim of developing a product with a better environ-
mental profile with respect to greenhouse gas emissions, the
comparison done in this study shows that exchanging PB with
100% PLA core ULPB is beneficial. Exchanging conventional
PB with ULPB based on EPS or PMMA/PLA cores is
beneficial as well. However, the benefits of reducing the
amount of adhesives in the ULPB compared to PB is almost
made up for by the production of the foam core material
if based on fossil resources. On the other hand, the use of
conventional PLA induces specific agricultural issues mainly
due to use of pesticides and fertilizers, land reconversion, land
use, and agricultural process energy consumption.

This study shows that both EPD and holistic approaches
were useful in order to forecast the environmental issues of
in-development ultralight panels based on wood and biopoly-
mers. Both approaches provided relevant recommendation
for further development of these products.
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