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Abstract

Today, LCA is one of the leading and most used tools for environmental management, but the
application of LCA in forestry is still in an initial phase. Due to a high amount of different
wood products which can be produced in forestry sector, production of raw material itself is
not included enough in the whole LCA process. Raw wood products and biomass used to be
widely declared as »carbon neutral« and renewable, but production steps have a significant
influence on the environmental impact depending on machinery used, opening forest with
new roads, management type (clear-cut, even-aged management or selective cut), etc. This

paper gives a review of LCA studies in forestry based on three segments:

= harvesting operations
= biomass for energy
= road construction and maintenance.

Keywords: life cycle assessment, energy consumption, GHG emission, carbon neutral, wood

products.

1. Introduction

Forestry is a traditional supplier for various indus-
tries in terms of renewable raw materials, household
fuel wood and increasingly for biofuels. Mechanized
harvesting systems increased productivity, improved
conditions for forest workers and decreased the de-
mand for manpower in forest operations (Holtzscher
and Lanford 1997), but have also increased fuel and
oil requirements (Athanassiadis 2000, Berg and Karj-
alainen 2003), which contributed to higher GHG
(Green House Gases) emissions (Berg 1997, Athanassi-
adis 2000). The development of environmentally
friendly technologies, which are essentially based on
utilization of renewable resources, is still happening
at a slow pace, which makes them not-so-cheap re-
placements of the current fossil fuel technologies and
processes and delays the achievement of sustainable
development (Peric¢ et al. 2016).

Carbon dioxide is a dominant greenhouse gas and
its increasing levels, together with other greenhouse
gases (i.e. nitrous oxide, methane, chlorofluorocarbons

and tropospheric ozone), may have contributed to the
increase in atmospheric temperatures between 0.3 and
0.6 °C since the late 1800s (Nowak and Crane 2002).
Increased atmospheric CO, is mostly attributable to
fossil fuel combustion (about 80-85%) and deforesta-
tion worldwide (Schneider 1989, Hamburg et al. 1997).
Atmospheric carbon is estimated to be increasing by
approximately 2600 million tons annually (Sedjo 1989)
and its present concentration is the highest in the last
650,000 years (Petit et al. 1999, Siegnethaler et al. 2005).

Trees represent a sink for CO, by fixing carbon dur-
ing photosynthesis and storing excess carbon as bio-
mass and net long-term CO, source/sink dynamics of
forests change through time as trees grow, die, and de-
cay. In addition, human influences on forests (e.g. man-
agement) can further affect CO, source/sink dynamics
of forests through such factors as fossil fuel emissions
and harvesting/utilization of biomass (Nowak and
Crane 2002). Forest ecosystems cover about 4.1 billion
hectares globally (Dixon and Wisniewski 1995) and
through forest vegetation and soils about 1240 Pg of
carbon is stocked (Dixon et al. 1994). Out of the total
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terrestrial carbon stock in forest biomes, 37% is in low
latitude forests, 14% in mid-latitudes and 49% in high
latitudes. The above-ground plant carbon stock in-
creases with decreasing latitude from tundra to tropi-
cal rainforest (Fisher 1995). Old-growth managed for-
ests stock more carbon as opposed to young
fast-growing forests and their conversion to young-fast
growing forests will not decrease atmospheric carbon
dioxide (Harmon et al. 1990). Increase in carbon stock
of forest soils can be achieved through forest manage-
ment including site preparation, fire management, af-
forestation, species management/selection, use of fertil-
izers and soil amendments (Lal 2005).

International Organization for Standardization —
ISO (2006) defines LCA as a method used for quanti-
fication and improvement of possible impacts associ-
ated with products by:

= improvement of environmental performance

= design or redesign of manufacturing process

= selecting and quantifying environmental indica-
tors

= establishing environmental soundness for eco-
labels for products.

Before defining a system of unit processes, system
boundaries should be defined between the product
system (Guinée et al. 2006) as a part of the physical
environment and the environment (Fig. 1). Authors
continue that forestry can be regarded as a part of
socio-economic system, but timber extracted from a
natural forest will have to be regarded as a critical re-

source taken from the environment. Likewise, landfill
managed without any control measures should be re-
garded as part of the environment.

Life Cycle Assessment is one of the leading and
most used tools for environmental management (Cur-
ran 2016, Finnveden et al. 2009). It provides a system-
atic, holistic and multidisciplinary approach in quan-
tification of environmental burdens and their potential
impacts over the whole life cycle of a product, process
or activity. Its scope is the entire life cycle of a product,
from the extraction of raw materials, through to man-
ufacturing, use, and end of life. Data from life cycle
inventories (LCI) of forest operations provide the for-
est industry with the input required for assessing its
products (Berg and Lindholm 2006). Since LCA came
into wider application during the 1990s, efforts have
been made to make progress with LCI in relation to
forest operations with sufficient relevance and quality
(Richter 1995, Schweinle 1999, Heinimann 1999,
Knechtle 1999). From a production context point of
view, LCA is a suitable tool to assess wood supply
systems, because it was designed for product systems
(ISO 2006). The idea of LCA was to obtain or provide
product information from which the consumer would
choose between several alternatives considering dif-
ferences in environmental effects of the product. This
information may be provided by industry, environ-
mental or consumer organizations or by the public
sector (Guinée et al. 1992), but also from the scientific
community whose objective is to provide environmen-
tal soundness.
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Various databases (European Life Cycle Database
- ELCD, U.S. Life Cycle Inventory Database, Ecoin-
vent Database, Sustainable Product Information Net-
work for the Environment — SPINE, etc.) have been
developed to allow communication between different
software tools used for practicing LCA such as Si-
maPro (developed by PRé Consultants), Umberto (de-
veloped by IFU Hamburg and IFEU Heidelberg),
TEAM (developed by Ecobalance), GaBi (developed
by Department of Life Cycle Engineering of the Chair
of Building Physics at the University of Stuttgart and
PE International GmbH), POLCAGE (developed by
De La Salle University, Philippines, and University of
Portsmouth, UK) and GEMIS (developed by Oko-In-
stitut) (Peri¢ et al. 2016).

Land use and forestry aspects of LCA are a compli-
cated issue because of the dynamic nature of forests
and long-term production period, which usually cor-
responds to the rotation period. Modeling carbon,
nutrients and energy flows offers a solution that incor-
porates forestry operations and forest growth in life-
cycle inventory without using specific indicators
(Wessman et al. 2003). The same authors continue that
modeling regarding carbon and nitrogen is usual,
while other nutrient flows in the forest are usually ig-
nored. They suggest landscape-related indicators for
achieving biodiversity. Environmental system has to
be a part of the analysis, characterized by input flows
such as CO,, solar energy, mineral resources and land
both occupied and transformed. Inventory analysis
consists of mapping the structure and functions of the
product system, usually in the form of a process flow
diagram that is the basis for the following modeling
of materials, energy, emission and waste flows (Hein-
imann 2012). LCA studies in forestry, however, have a
wider context than the ones dealing with machine
emissions and fuel consumption and report values of
CO, and other GHG emissions relative to energy con-
sumed (Cosola et al. 2016).

As Ecoinvent database (Wernet et al. 2016, Frisch-
knecht et al. 2005) highlights, in most cases the produc-
tion of materials and services creates a mix of burdens
and credits to the environment. When the score is
positive, like in most cases, the net effect is the damage
to the environment. However, in some cases, the score
is negative, indicating that the credits are larger than
the burdens. While searching through Ecoinvent
multi-product activity datasets that form the basis for
all other system models with terms such as: timber,
roundwood, oak, spruce, fir or beech, it can be con-
cluded that most of the data regarding production of
timber (log production, softwood forestry, debarking
at forest road, etc.) are based on literature reviews;
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time aspect (growth of trees) is not included, and very
often there are no data related to to/from environment
aspect. Timber production is usually referred to as
»motor-manual«, without further specifying vehicles
used for primary transport and without including pri-
mary and secondary forest road infrastructure. Due to
high amount of different wood products that can be
produced in forestry sector, it seems that the produc-
tion of raw material itself is not included enough or is
even neglected in the whole LCA process. This was
also highlighted by Frithwald (1995), Heinimann
(2012), Klein et al. (2015), who conclude that inventory
analysis is the heart of LCA, taking a considerable
amount of time and being extremely data intensive
and that it is not properly connected to forestry itself.
Raw wood products and biomass used to be widely
declared as »carbon neutral« and renewable, but pro-
duction steps have a significant influence on the envi-
ronmental impact (Zah et al. 2007, Miner and Gaud-
reault 2013, Klein et al. 2015) depending on machinery
used, opening forests with new roads, management
type (clear-cut, even-aged management or selective
cut), etc.

SimaPro 8.2.3 inventory, which includes the follow-
ing databases: ecoinvent v3, Agri-footprint, US LCI,
ELCD, EU and Danish Input Output, Industry data v.2
and Swiss Input Output, contains the term »wood«in
many processes related to construction materials
(doors, windows), carbon content biogenic materials,
paper + board industries, and as a separate entry,
»wood« can be found in a vast number of products
from wood chips, raw cork, sawnwood, pulpwood,
cleft timber, sawlogs, etc. However, roundwood, a
starting point for many of these products, can be found
in 11 inventory processes, where eight of them refer to
azobe, eucalyptus, meranti and parana pine and other
three to roundwood itself. Datasets on roundwood
consider rough estimation of used machinery in Euro-
pean forestry and the associated occupation impact,
but do not include wood burning emissions, land
transformation and occupation. Datasets of the above
mentioned species are more detailed and include har-
vesting and extraction operations as well as fuel used
for forest road construction, but do not include land
use of forest roads and gravel, nor logging impacts on
further vegetation and environmental impacts of post-
harvest processes (potential forest degradation/defor-
estation) as well as forest road area that is not included
in the land use. Majority of these datasets are valid for
one specific company and region, so the uncertainty
of their further use is rather high and they cannot be
assumed to be the standard case. What is even more
interesting, not to say ironic, SimaPro 7.1 tutorial
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(Goedkoop et al. 2007) is actually based on example
»production of planks from a tree«, where tree felling
is process 1, and saw mill procedures is process 2.
Even though the idea of LCA methodology goes back
to 1960s and 1970s (Ayers and Kneese 1969, Hall et al.
1979, Odum et al. 1977), it is still not widely used nor
accepted in the forestry community and if it is per-
formed, it is often a »truncated LCA « where environ-
mental burdens of machines and forest road infra-
structure are neglected, which results in an
underestimation of environmental impacts of forest
product systems (Heinimann 2012).

It is predictable that future LCA studies will focus
on reducing the uncertainties of the current key issues
such as: inclusion in the assessment of indirect effects
of land-use-changes and their amortization over time,
estimation of bioenergy impacts on biodiversity, better
determination of fertilizer induced N emissions, and
others (Cherubini and Stremman 2011). Authors con-
tinue that standardization in GHG balance accounting
(also called carbon footprint) of products is particu-
larly perceived as urgent by policy makers, and the
methodological standards provided by consultants
and stakeholders try to address this need.

This paper gives a review of scientific literature
that used life cycle assessment (LCA) methodology or
its parts to estimate sustainability and recycling values
and environmental impacts of forestry operations,
with the focus on three areas of interest: harvesting
operations, biomass for energy and forest road con-
struction and maintenance.

2. LCA studies in harvesting operations

Combustion engines have been the backbone of
forest machinery and the quality of the combustion
process is crucial for all subsequent results. Machines
consume resources through maintenance, which
should also be considered in the analysis process. The
materials of which a machine is manufactured em-
body environmental burdens that have to be consid-
ered to fulfill their »cradle to grave« requirement
(Heinimann 2012).

Klvac et al. (2003) state that energy used in the
manufacture and maintenance of machinery contrib-
utes to the overall energy use of the system and must
be included in any LCA of machines. During calcula-
tion of energy embodied in forest machines and ve-
hicles, Pandur et al. (2015) assumed it to be 66 MJ/kg.
Borjesson (1996) states that the energy required for the
production of material embedded in vehicles amounts
to an average of 24 MJ/kg, while manufacturing and
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assembly of vehicles additionally consumes energy in
the amount of 11 MJ/kg for tractors, 9.1 M]/kg for har-
vesters, 6.3 MJ/kg for plough, etc. Heller et al. (2003)
recorded similar results, where the calculation for ag-
riculture tractor amounted to 26.04 MJ/kg of consumed
energy. Engel et al. (2012) provide in their paper an
analysis of the raw materials used in the forestry
equipment and energy needed for the production of
each material. According to their analysis, based on
the vehicles mass, Pandur et al. (2015) calculated the
total energy consumed in production of materials
used for forwarder Valmet 840.2, forwarder Valmet
860.4 and agricultural tractor John Deere 8430, which
amounts to 26.79 MJ/kg, 26.79 MJ/kg and 26.56 M]/kg,
respectively. Athanassiadis et al. (2002) estimated the
energy used in the production of forwarders to be re-
lated to the machine mass, namely 66.4 MJ/kg.

Karjalainen and Asikainen (1996) state that green-
house gas emissions caused by machinery used in
silvicultural and stand preparatory operations, wood
harvesting, and timber transportation in Finland were
424.2 Gg carbon dioxide, 10.6 Mg nitrous oxide, 3.5 Gg
carbon monoxide, 31.5 Mg methane, 5.6 Gg nitrogen
oxide, and 0.7 Gg non-methane volatile organic com-
pounds. Silvicultural and stand preparatory opera-
tions accounted for 8% of the total emission, cutting of
timber for 13%, primary transport for 18%, secondary
(long-distance) transportation for 57% and transporta-
tion of machinery for 4%.

Berg (1997) uses LCA techniques in assessing the
environmental loads imposed by different types of
felling (clear cutting and shelterwood cutting), differ-
ent level of mechanization (motor-manual felling with
chainsaws and mechanized logging with harvesters),
timber extraction by forwarders and conveyance of
people, machinery and materials to and from the site
in northern and southern part of Sweden. Forwarding
was not separated from felling. The emissions in shel-
terwood cutting were 10% higher than in clear cutting
and forwarding. The emissions were 20-25% higher in
shelterwood management system and it can be ex-
pected that in selective forests, energy inputs will be
even higher. According to the author, motor-manual
felling had lower emissions per cubic meter than
mechanized felling and even heavy deployment of
resources for transporting personnel to and from work
would not be sufficient to balance that difference.
Since, shelterwood and clear cutting were performed
in different types of stands and terrain, figures pre-
sented here cannot be used for straight comparison of
felling systems.

Athanassiadis (2000) estimated a combined fuel
and oil energy use for harvesting and forwarding of
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Table 1 Studies on energy use in forest operations (Lindholm 2006, 2010

Energy use, MJ/m® Silviculture and logging Secondary transport Total
Germany, saw logs, spruce (transport distance 50 km) (Schweinle 1996) 135 92 227
Switzerland, mechanized logging (Knechtle 1997, 1999) 91 - -
Switzerland, motor-manual logging (Knechtle 1997, 1999) 1M - -
Germany, (transport distance 50 km) (Wegner 1994) 62 125 187

. . . . Best 48
Norway (hybrid LCA 3 scenarios from best to worst depending on transport distance)
(Michelsen et al. 2008) - B Average 162

’ Worst 390

Spain (Gonzéles-Garcia et al. 2009) 116+155=271 124 395
Sweden (Gonzales-Garcia et al. 2009) 12+136 223 370

82 MJ/m’, but this did not include the energy used
during the production of oils. The energy consumed
during production is reported as ca 4.5 M]/1 for diesel
fuel and 15.6 MJ/1 for biodiesel (gained from rape-
seed).

Klvac et al. (2003) calculated total energy input per
unit of wood production (m’) from the fuel and oil
consumption and the average mass of machines and
replacement materials. The mean energy input was
66.7 MJ/m® for harvesters and 52.7 MJ/m® for forward-
ers, thereby giving a total system energy requirement
of ca 120 MJ/m’ (with fuel accounting for approximate-
ly 82% of the total energy use) in Ireland.

Pandur et al. (2015) also calculated total energy in-
puts for chainsaws, forwarders and forest tractor as-
semblies, which were: 1) chainsaws 17.46 MJ/m’ (fell-
ing and processing logs) and 31.92 MJ/m’ (felling and
processing of one-meter-long firewood), 2) 65.81 MJ/m’
for forwarders and 3) 59.72 MJ/m® for forest tractor
assemblies. For input parameters, they used fuel and
oil consumption and energy embodied in machines
and spare parts (tires, chains, sprockets and guide bars
of chainsaws).

Berg and Lindholm (2005) differentiate seedling
production, silviculture, logging and secondary trans-
port to identify the most significant process in terms
of energy inputs and output of timber and emissions.
The authors state that half of the energy used per cubic
meter in Swedish forestry is provided for secondary
transport from forests to industries. Enhancing pay-
load per distance, removing return unloaded trips,
improving forest roads (road width, curvature and
better surfacing as well as »soft« driving) would im-
prove the current situation. The type of cutting opera-
tion (final felling or thinning) had greater influence on
energy input per volume of timber than geographical
area of operations. Final felling consumes less energy

(30 MJ/m?) than thinning (48 MJ/m’). The energy
consumed for forwarding timber to forest roads in
final felling was 22-27 MJ/m? s.u.b. and in thinning
31-34 MJ/m’ s.u.b. (solid under bark). The energy
consumed in silviculture operations was 11 MJ and
in seedling production 8 MJ. In conclusion, in Swe-
den during one year all forest operations produced
15 kg/ CO,-equiv./m’, which is a small amount
(0.3 Tg C a™) compared to national emissions from
fossil fuels that amounted to 18.9 Tg Ca™.

Lindholm (2006, 2010) states that according to sev-
eral European forestry studies (Tab. 1), the energy
used in silviculture and logging ranges from less than
60 MJ/m’ of timber up to 270 MJ/m’. These findings
have been corroborated by the studies of Schweinle
and Thoroe (2001), who also considered road building
and provide estimates of 170-270 MJ/tonne of dry
wood (70-120 MJ/m®). Secondary haulage accounts for
90 to 223 M], raising total energy use to a level of
180-395 MJ/m°>. However, energy use has been shown
tobe higher in exceptionally difficult terrain conditions
(Wegner 1994), in long-distance haulage of pulpwood
(Gonzales-Garcia et al. 2009; Michelsen et al. 2008) and
when silviculture is highly mechanized and the use of
chemicals is high (Gonzales-Garcia et al. 2009).

Table 2 Energy consumption for lorries of different gross weight.
The energy values are based on the lower heating values of diesel
fuels (H,=42.8 MJ/kg diesel)

Transport sevice Diesel eneligjﬂ((:r?qnsumption Final ene,r\%;(kJrr:umption
Lorry 16t 0.072 3.08
Lorry 28t 0.05 214
Lorry 40t 0.036 1.54
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Spielmann and Scholz (2005) compare LCA of dif-
ferent transporting vehicles in terms of payload used
in Switzerland, depending on fuel (kg/tkm) and total
energy consumption (M]/tkm), which is given in
Table 2.

The same authors presented the data on CO, and
NOy emissions during truck transport with 50% and
100% transport utility i.e. full return trip, and conclud-
ed that trucks with 100% full return trips produce
25-30% lower emissions of CO, and NOs.

Pandur et al. (2015) state that energy consumption
during timber transport by forest truck assemblies
(with amounted crane) - FTA, at the distance of 53 km,
is 199.3 MJ/t of fresh wood. The reason of higher val-
ues lies in the fact that loading and unloading of tim-
ber with crane is not separated from the driving itself.

In the year 1996, the Croatian state company
»Hrvatske Sume« Ltd. owned 259 FTAs and partici-
pated in total long distance timber transport with a
share of 85%. Fuel consumption in all operations nec-
essary for the production of 1 m’ of wood was 6.96 1/m’,
and fuel consumption in timber truck transport was
2.33 L/m’® or 33.4% of total fuel consumed (Sever and
Horvat 1996).

Karjalainen and Asikainen (1996) report that fuel
consumption in Finland is 56 1/100 km, while the
emission of greenhouse gases (CO,, CH, and N,0) is
0.03 kg/m’km. According to Svenson (2011) fuel con-
sumption in Sweden is 28 1/100 km, and according to
Klvac et al. (2013) in the Czech Republic fuel consump-
tion amounts to 2.19 I/m® and 67.4 1/100 km.

Klva¢ et al. (2003) state that in the overall energy
audit of mechanized wood harvesting systems in Ire-
land, fuel consumption was the most significant item
(82%), followed by oils (7%) and machine repairs and
replacement (11%). Pandur et al. (2015) point out that
the total energy consumption in all the operations nec-
essary for the production of 1 m’ of wood in lowland
forests is 634 MJ/m®, of which fuel amounts to 86%,
which is similar to the findings of Klvac et al. (2003).
Of all operations necessary for the production of 1 m’
of wood, energy consumption in timber truck trans-
port amounts to 31% of the total energy consumption
(Pandur et al. 2015).

Athanassiadis (2000) states that, during harvesting
operations, the type of fuel and oil used by machinery,
depending on their origin i.e. whether they are mineral
or bio-produced products, significantly affects the en-
vironment. The author concludes that the production
of RME (rapeseed methyl ester) generates high amounts
of CO, and NOy emissions as expected from mineral
diesel fuel, and vice versa —in combustion, mineral die-
sel fuel emissions of HC and CO compounds prevail.

LCA Studies in Forestry — Stagnation or Progress? (311-326)

3. LCA studies on biomass for energy

Lignocellulosic biomass was the first and, for many
centuries, the main source of energy. With the devel-
opment of civilization, a major shift towards the use
of technical properties of wood occurred, but the role
of wood in energy production has remained signifi-
cant (Vusi¢ and Puka 2015). In recent years, increasing
environmental concerns have resulted in policy mea-
sures, strongly shifting the focus in energy production
towards sustainable sources of energy. In this respect,
forest industry is expected to play a significant role
due to the fact that among all the available alternative
energy sources (hydro, solar, wind, etc.), biomass is
the only carbon based sustainable option (Khan et al.
2009) and, therefore, it can effectively be transformed
into different energy carriers (heat, electricity and fuel
for transportation) making it the most desirable option
for the replacement of fossil fuels.

Different techniques and approaches have been
used to assess the environmental effects and energy
balance of biomass production and use for energy.
Earlier research relied mostly on energy analysis,
quantifying consumed energy and CO, or GHG emis-
sions in the production system, while recent studies
favor LCA and include a wider range of environmen-
tal impacts (Djomo et al. 2011). Klein et al. 2015 state
that the first tangible LCAs for the European forestry
and wood products sector appeared in the 1990s, with
the aim to scientifically analyze the impacts arising
from nonrenewable inputs into a system.

LCA biomass studies are usually designed either
as stand-alone assessments (describing the production
system and presenting environmental impacts) or as
comparative LCA studies (opposing the environmen-
tal impacts of the bioenergy system to the environ-
mental impacts of alternative energy systems, either
other renewable or fossil ones) (Djomo et al. 2011).
Cherubini and Stremman (2011) state that LCA can be
carried out using different methods based on the pur-
pose of the study, and make a distinction between at-
tributional and consequential LCA. The first describes
the environmentally relevant flows to and from a life-
cycle (and its sub-systems), while the latter describes
how environmentally relevant flows will change in
response to possible decisions (Finnveden et al. 2009).
Although the attributional method is the most used in
LCA, in LCA of bioenergy systems the consequential
method is broadly applied for comparing the environ-
mental impacts with those of a fossil reference system
(Cherubini and Stremman 2011).

Klein et al. (2015) identified a total number of 28
studies where LCAs for forest production were at least
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one of the main study objectives and supported the
statement by Heinimann (2012) that, although LCAs
have already been discussed in the forestry sector for
20 years, there is still little information based on scien-
tific research. They name two reasons for this situa-
tion. One is the fact that, in many cases, forest produc-
tion is not the main study objective, while the products
of forest production frequently are (e.g. fuel chips or
pellets), and environmental impacts of the previous
forestry processes are only deduced from literature or
calculated starting from the latest stage of the forest
product chain (e.g. with the collection of wood resi-
dues or chipping), and thereby neglecting important
processes of forest production. The other is the gen-
eral opinion that the respective processes have only
minor environmental impacts, and that providing
wood for material or energetic purposes is nearly
carbon-neutral (Miner and Gaudreault 2013).

Klein et al. (2015) distinguish two central questions
related to climate change and forestry; the influence of
forest management (and land use change) on carbon
stocks of forests and harvested wood products, and
GHG-emissions caused by forestry processes mainly
originated from non-renewable inputs like fossil fuels
or construction material for machineries.

As stated by Cherubini and Stremman (2011), bio-
energy systems generally ensure GHG emission sav-
ings when compared to conventional fossil reference
systems; net GHG emissions from generation of a unit
of electricity from biomass are usually 5-10% of those
from fossil fuel-based electricity generation (Cheru-
bini et al. 2009, Bhat and Prakash 2009). This ratio will
be even lower, if biomass is produced with low energy
input (or derived from residue streams), converted ef-
ficiently, ideally in CHP (Combined Heat and Power)
applications, and if the fossil fuel reference use is inef-
ficient and based on a carbon-intensive fuel such as
coal (Cherubini and Stremman 2011).

Klein et al. (2015) state that, considering that all
removed biomass from sustainably managed forests
will be sequestered again in the future (Helin et al.
2013), and based on the overall opinion that the provi-
sion of wood as raw material does not cause high
GHG (Green House Gases) emissions, wood and wood
products are commonly claimed as »carbon neutral«.
They question the »absolute carbon neutrality« of raw
wood products, by reporting the results of 28 LCA stud-
ies of forestry production (14.3 kg CO,-equiv. per m’ o.b.
(over bark) mean GWP (Global Warming Potential)
from site preparation to forest road, adding 6.3-67.1 kg
CO,-equiv. per m® o.b. for transport processes and on
average 20.5 kg CO,-equiv. per m’ o.b. for chipping
processes. They suggest that raw wood products
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should be described as »low emission raw materials,
if long-term in situ carbon losses by changed forest
management or negative direct or indirect effects of
land use change (LUC - Land Use Change, iLUC -
indirect Land Use Change) can be excluded (Klein et
al. 2015). In support to their report, the GHG-emis-
sions, even in the worst case of 28 analyzed literature
sources, are still low (9%) compared to the respective
carbon content of the harvested wood (the range of
C-emitted/C-stored in wood is 0.008-0.09 from forest
to plant gate or consumer).

Djomo et al. (2011) synthesized 26 studies on en-
ergy and GHG balance of bioenergy production from
poplar and willow published between 1990 and 2009.
Results reported on energy ratios varied from 13-79
for the cradle-to-farm gate and 3-16 for cradle-to-plant
assessments, and the intensity of GHG emissions
ranged between 0.6 and 10.6 g CO,-equiv. per M]
(39-132 g CO,-equiv per kWh). Although the substan-
tial variation of reported values (caused by different
system boundaries and methodological assumptions
in reviewed studies) is evident, the review revealed a
general consensus that short rotation coppice (SRC)
willow yielded 14.1-85.9 times more energy per unit
of fossil energy input compared to coal, and that GHG
emissions were 9-161 times lower than those of coal
(Djomo et al. 2011).

In their research of SRWC (Short Rotation Woody
Crop) willow for energy, Heller et al. (2003) stressed
the importance of analyzing the whole rotation period
with the focus on redistributing the environmental
burdens of establishing the plantation over each cut-
ting cycle. They reported the production of 55 units of
biomass energy per unit of fossil energy consumed
over the biomass crop life cycle of 23 years. The re-
search concluded that inorganic nitrogen fertilizer
inputs have a strong influence on overall system per-
formance, accounting for 37% of the non-renewable
fossil energy input into the system and that net energy
ratio varies from 58 to below 40 as a function of fertil-
izer application rate. Heller et al. (2003) also suggested
substituting inorganic N fertilizer with sewage sludge
biosolids, claiming that this practice could increase the
net energy ratio of the willow biomass crop produc-
tion system by more than 40%. They report net green-
house gas emissions of 0.68 g CO, per MJ of biomass
produced and point out that, for reasonable biomass
transportation distance and energy conversion effi-
ciencies, generating electricity from willow biomass
crops could produce 11 units of electricity per unit of
consumed fossil energy. The same authors conclude
that in biomass truck transport (40 t total weight), en-
ergy consumption was 188.9 MJ/t of dry matter on an
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average distance of 96 km, while Pandur et al. (2015)
state that energy consumption in hauler truck trans-
port of wood chips with the moisture content of 35%
on an average distance of 50 km was 77.35 MJ/t.

Pandur et al. (2015) calculated EROI (energy re-
turned on energy invested) for wood chips from shel-
terwood cuttings of lowland oak forests. The follow-
ing parameters were included in the calculation:
energy invested for manufacturing all vehicles, ma-
chines and tools used in harvesting operations, road
building and maintenance, fuel and lubricant con-
sumption, energy invested in manufacturing of com-
ponents (spare parts) such as: tires, chains, guidebars,
drive spockets, etc. and energy invested for produc-
tion of pesticides used in forestry.

Borjesson (1996) estimates that total energy consump-
tion during biomass transport by truck is 1.4 MJ/tkm,
while for adapted farm tractor energy consumption
doubles to 2.9 MJ/tkm. Energy required for biomass
transport by railroad is 0.7 MJ/tkm, twice less than by
truck, while by water transport it is 0.23 MJ/tkm — six
times less energy than required by truck transport,
which is, by the way, the most common timber trans-
port in Sweden, Austria, Denmark, Finland, Norway,
Germany, Slovenia, Italy, Ireland and Croatia
(Schwaiger and Zimmer 2001, Beuk et al. 2007). The
largest direct energy inputi.e. fuel consumption rang-
es from 72.4% for adapted farm tractor to 97.1% for
railway, while the remaining energy is needed for
building infrastructure traffic networks and manufac-
turing and transporting vehicles.

Lindholm et al. (2010) investigated stumps and log-
ging residues as raw material for energy generation,
modeled seven different procurement chains of forest
energy in Sweden (variations in geographical location,
technology employed and resource use), and calcu-
lated their environmental performance from a Life
Cycle Assessment (LCA) perspective. They reported
the energy output/input ratio of chips from residues
and stumps in the range of 21-48, and the greenhouse
gas emissions from 1.5-3.5 g CO,-equiv. per MJ chips.

Results presented in the study by Lindholm et al.
(2010) confirmed the conclusions of previous research
(Naslund-Eriksson and Gustavsson 2008) that trans-
portation of forest fuel dominates the primary energy
use, and that the use of primary energy in transporting
forest products varies across different parts of Sweden
(Berg and Lindholm 2005) due to different transporta-
tion distances as a result of different procurement chain
organization. The results for the bundle forest energy
supply system show that bundling process has the sec-
ond highest energy use and environmental impact, but
due to the fact that the forest energy systems based on
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bundles rely on immature technologies, they have the
potential to be improved (Lindholm et al. 2010). The
primary energy use and environmental impact of the
comminution of forest fuel, as the central feature of the
forest energy supply chain (Hakkila 2004), strongly
depends on the technology used, diesel driven vs. elec-
trical driven (Lindholm et al. 2010), again depending
on the design of the procurement chain.

Yoshioka et al. (2005) analyzed the energy balance
and the carbon dioxide (CO,) emission of logging
residues from Japanese conventional forestry as alter-
native energy resources over the entire life cycle of the
residues using the method of a life cycle inventory
(LCI). They calculated the ratio of energy output to
input to be 5.69 and concluded that the production
system they researched could be feasible as an energy
production system. Comparing the CO, emission per
MWh, (1 MWh_=2.6136 MWh) of the biomass-fired
power generation plant (61.8 kg CO,/MWh,) with
that of coal-fired power generation plants in Japan
(960 kg CO,/MWh,), the reduction in the amount of
CO, emission that would result from replacing coal
with biomass for power generation could be as much
as 3.0 million dry-t/year (Yoshioka et al. 2005).

According to Klein et al. (2015), system boundaries
are crucial to identify all relevant processes for a spe-
cific LCA. They suggest that the forest system should
start with site preparation processes and end at least
at the forest road, including all relevant primary and
secondary processes of the entire forest product chain
(from cradle-to-forest road), and if in some cases, emis-
sions do not appear (for example, if planting process-
es are not required because natural regeneration oc-
curs), energy balance of this process should be set to
zero (Klein et al. 2015). On the other hand, Lindholm
et al. (2010), in the study of fuel chip production, set
the system boundary starting in the forest after final
felling (and including lifting of stumps by harvesters
and forwarding stumps and logging residues) and
ending when wood chips have been comminuted and
delivered to the energy plant. Yoshioka et al. (2005)
consider bioenergy as a by-product of conventional
forestry, and in this sense set the bioenergy system
boundary starting with comminuting logging residues
at the landing of the logging site by a mobile chipper
accrediting all environmental impacts up to this point
to forestry. Similar to Yoshioka et al. (2005), Johnson et
al. (2012) in the research of the first thinning by full-
tree method, state that the primary products should
bear the environmental burdens of the stand manage-
ment activities because the whole tree is delivered to
the landing as part of the primary product harvest.
There is no allocation of cost, fuel, nor any correspond-
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ing environmental burdens required to deliver the
tops and limbs to the landing. Those are carried by the
primary product.

Itis evident that system boundaries are affected by
the raw material characteristics and the place where
they are produced/located. This is especially impor-
tant when analyzing wood energy products, because
raw material for their production can be regarded ei-
ther as waste or product depending on the market
situation and cost effectiveness of available harvesting
systems. The issue of product/by-product/waste defi-
nition was identified by Berg (2001) and its strong in-
fluence to allocation procedures was discussed.

Allocation in LCA is carried out to attribute shares
of the total environmental impact on different prod-
ucts of a system (Cherubini and Stremman 2011). The
allocation of environmental burdens is needed if a pro-
cess causes several outputs or products (Klein et al.
2015). Allocation concept is extremely important for
bioenergy systems, which are usually characterized by
multiple products and have a large influence on final
results (Cherubini and Stremman 2011).

The functional unit is the unit to which all LCA
results of a system are referred to and, therefore, its
clear definition is essential (Klein et al. 2015). Cheru-
bini and Stremman (2011), in their literature analysis,
identify four types of functional units: input unit re-
lated (mass or energy unit, where the results are inde-
pendent of conversion processes and type of end-
products and in studies aimed at comparing the best
uses for a given biomass feedstock); output unit re-
lated (unit of heat or power produced or km of trans-
portation service is usually selected by studies aiming
at comparing the provision of a given service from
different feedstocks); unit of land (hectare of land
needed to produce the biomass feedstock as the first
parameter to take into account when biomass is pro-
duced from dedicated energy crops); and year (used
in studies characterized by multiple final products,
since it allows avoiding an allocation step). Klein et al.
(2015) argue that calculating the impacts only on a
hectare or annual base without any product-based
unit would not be helpful, due to the fact that the raw
wood product is usually the base for different final
products, and its inherent ecological impacts represent
just a part of all impacts. Therefore, they suggest that,
as a default, results should be referred to 1 m® o.b. as
the most common functional unit in forestry. They also
state that, in addition to the default functional unit,
information about the moisture content and wood
density should be given in order to be able to calculate
additional functional units like 1 t biomass o.d. (oven
dry), 1 t of carbon, 1 MJ (lower heating value), or 1 ha,
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depending on subsequent use of the wood. Moisture
content is not important only for calculating conver-
sion efficiency but also for understanding results of
the transportation processes. Lindholm et al. (2010)
take the calculations one step further accounting for
dry matter losses and the ash content of harvested
stumps and logging residues as parameters affecting
the mass balance of the systems. It can be concluded
that the functional unit depends on the goal of the
study and on further use of the raw wood and that, as
a consequence, different study objectives result in dif-
ferent functional units, which in some cases causes
difficulties in making quantitative comparisons (Klein
et al. 2015).

Cherubini and Stremman (2011) state that, in the
light of the future expected competition for fertile
land, one of the important research questions will be
that of efficient land use (bioenergy vs. carbon seques-
tration). They predict that future LCA studies will fo-
cus on reducing the uncertainties of these current key
issues (inclusion in the assessment of indirect LUC ef-
fects and their amortization over time, estimation of
bioenergy impacts on biodiversity, better determina-
tion of fertilizer induced N emissions, and others).

LCA studies are crucial to understand and quan-
tify environmental impacts and to avoid possible
negative effects of increasing wood use as energy
source (Klein et al. 2015). The use of different input
data, functional units, allocation methods, reference
systems and other assumptions complicates compari-
sons of LCA bioenergy studies (Cherubini and Strem-
man 2011). Some authors recognized that different
accuracy levels and reliability of the input parameters
have a strong influence on the final results, and there-
fore tried to solve this problem by applying sensitivity
analyses, modeling different productivity levels (John-
son et al. 2012), energy requirements (Lindholm et al.
2010), or biomass-fired power generation plant param-
eters (Yoshioka et al. 2005). When analyzing 28 differ-
ent literature sources of LCA in the forestry sector,
Klein et al. (2015) concluded that the results of the
GWP varied considerably between studies, depending
on the processes included and decisive assumptions
(like productivity rates and fuel consumption of ma-
chineries), but also stated that, compared with the
carbon stored in wood, the GWP actually varies on a
low scale.

4. LCA studies in forest road construction
and maintenance

Forest traffic infrastructure gives access to forests
and forest land and, therefore, it is today an essential
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Table 3 Environmental loadings caused by road construction and maintenance (Mroueh et al. 2000)

Environmental loadings Construction Maintenance
C0,, kg/km 263,000 — 562,000 33,900
S0, kg/km 280-610 4.1
NO,, kg/km 2600 — 3800 140
CO0, kg/km 600 - 1100 20
Violatile organic compounds (VOC), kg/km 550 — 980 210
Fuel consumption, I/km 63,000 — 100,000 18,200
Energy consumption, kWh/km 790,000 - 1,470,000 183,300

part of intensive forest management (Siki¢ et al. 1989,
Potocnik 1996, Gucinski 2001, Loeffler et al. 2009,
Stampfer 2010, Whittaker et al. 2011, Bosner et al. 2012,
Pentek and Porsinsky 2012, Sokolovi¢ and Bajri¢ 2013,
Papa et al. 2015). Enache and Stampfer (2014) state that
significance of forest traffic infrastructure as environ-
mental burden is actually two-sided, because in forests
with poor accessibility, the environmental footprint of
forest operations is significant due to long timber ex-
traction distances. Improving the environmental per-
formance of forest operations requires a well-devel-
oped forest infrastructure, specifically the density and
quality of roads. Even though forest traffic infrastruc-
ture and long-distance transport have a share of about
60% in the overall environmental burden of timber
procurement process, environmental performance of
silviculture operations, timber harvesting and trans-
port are extensively addressed in the literature, while
forest roads are kept aside from the analyzed system
boundaries except a few recent studies (Berg and Kar-
jalainen 2003, Whittaker et al. 2011, Bosner et al. 2012,
Heinimann 2012).

Karjalainen and Asikainenen (1996), in their exten-
sive study made in Finland, conclude that the highest
GHG emissions in silvicultural and forest improve-
ment work were caused by building of permanent for-
est roads. Building of one kilometer of permanent for-
estroad requires nearly 47 h of work with an excavator,
4.25 h with a bulldozer, 6.8 h with a loader, and 24 h
driving materials with a truck to complete the upper
structure of the road, giving a total fuel consumption
of 1236.2 1 km™. Respectively, GHG for building one
kilometer of permanent forest road in Finland is
3290.74 kg CO,, 0.0826 kg N,O, 27.50 kg CO, 0.2374 kg
CH,, 39.648 kg NO, and 5.646 NMVOC.

Mroueh et al. (2000), in a study of life cycle assess-
ment of road construction, analyze numerous factors
(environmental loadings) and divide them into five

categories: 1) resource use, 2) effluents to soil and wa-
ters, 3) emissions to air, 4) wastes, and 5) other load-
ings. According to the study of Hakinnen and Makela
(1996), the same authors estimate the environmental
burdens that arise during maintenance and repair of
roads in Finland in the period of 50 years. The fre-
quency of repairs is determined by a preset strategy
(Tab. 3).

Heinimann and Maeda-Inaba (2003) developed a
model that evaluates environmental burden of forest
road construction based on an input-output model of
the underlying process network. This approach en-
abled the study of the influence of 6 road construction
parameters: 1) roadbed width, 2) cut slope, 3) fill slope,
4) thickness of base course, 5) thickness of surface
course, and 6) transport distance of base course mate-
rials. The entire analysis was based on the following
average values of forest road parameters in hilly-
mountainous parts of Switzerland: 1) roadbed width
of 4.2 m, 2) cut slope angle of 1:1, 3) fill slope angle of
4:5, 4) thickness of the base course of 0.3 m, 5) thickness
of the surface course of 0.08 m, and 6) transport dis-
tance for base course materials of 10 kilometers. Au-
thors concluded as follows:

On moderate slopes of up to 40%, construction of
one meter of forest road consumes about 350 M]J of
energy, while emitting about 20 kg of greenhouse
gases;

Energy consumption is equivalent to the heating
value of about 10 1 of diesel fuel per meter of road
length, and about 10 kg of wood mass that has to be
grown to sequestrate the amount of emitted green-
house gases;

Transport distance of base course materials is the
most sensitive factor of influence. Compared to on-site
preparation of aggregates, a 50-kilometer transport
increases energy consumption by a factor of about
five;
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Table 4 Breakdown of energy requirements and GHG emissions for forest road construction and maintenance (Whittaker et al. 2011)

Stage Energy Mnj(/};irr]ement Emissions
kg CO,/km kg CH,/km kg N,O/km kg CO, eg/km
Road construction — diesel fuel
Loading roadstone 48,867.96 3.376.73 0.925 0.026 3,407.59
Haulage 99,545.84 6,878.53 1.883 0.053 6,941.38
Spreading roadstone 25,338.94 1,750.90 0.479 0.013 1,766.90
Grading 2,714.89 187.60 0.051 0.001 189.31
Rolling 1,680.64 116.13 0.032 0.001 117.19
Material inputs
Roadstone (blasted) 127,509.70 7,605.12 32,075 39,175 20,081.00
Roadstone (crushed) 51,657.34 3,416.85 5,226 5,369 5,147.44
Machine manufacture
Excavator 9,003.75 668.96 0.982 0.039 705.21
Haulage 25,725.00 1,911.31 2.806 0.112 2,014.87
Bulldozer 9,261.00 688.07 1.010 0.040 725.35
Grader 1,194.38 88.74 0.130 0.005 93.55
Roller 422.63 31.40 0.046 0.002 33.10
Machine maintenance
Excavator 180.08 13.38 0.020 0.001 14.10
Haulage 514.50 38.23 0.056 0.002 40.30
Bulldozer 185.22 13.76 0.020 0.001 14.51
Grader 23.89 1.77 0.003 0.000 1.87
Roller 8.45 0.63 0.001 0.000 0.66
Total 403,834.19 26,788.09 45.745 44.841 41,294.33

Slope is the second important factor that shows a
nonlinear influence on energy consumption and
greenhouse gas emissions. Increasing slope to about
50% doubles energy consumption and greenhouse gas
emissions, while a slope of 70% almost triples them;

Roadbed width is the third important factor of in-
fluence. Energy consumption doubles when the road-
bed width is increased from 4.2 m to 6.2 m.

The above stated results and conclusions were later
confirmed by Heinimann (2012), who reported that
during construction and maintenance of forest roads,
embodied energy rates of 315 MJ m™ to 735 M] m" de-
pend on the side slopes and CO, emission rates between
19 and 47 kg m™

In the mountains of the United States, Loeffler et
al. (2009) study the actual excavation of road paths in

»extreme terrain conditions« with regard to energy
consumption and CO, emissions. Similarly to Heini-
mann and Maeda-Inaba (2003), authors estimate that
diesel fuel required for roads constructed on slopes
of up to 50%, while using a cut-fill construction
method, was 1400 1/km, with emitting 3777.59 kg of
CO,/km. On slopes of more than 50%, by using a full
bench road construction method, between 7680 and
18,800 1/km diesel fuel was consumed and between
20,974.06 and 51,504.86 kg of CO,/km was emitted. It
is evident that fuel consumption and CO, emissions
were 5.5 times greater on slopes of more than 50%.

Whittaker et al. (2011) state that forest road con-
struction is a highly energy-intensive operation,
where operations such as grading, rolling and haul-
ing stone requires approximately 4.7 I diesel for 1 m
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of road and, in total, road construction requires 404
GJ and emits 41 t CO,-equiv. km™ road. Detailed
analysis of energy requirements and GHG emissions
are given in Table 4.

It should be mentioned that it is even more diffi-
cult to find understanding of road maintenance op-
erations as environmental burden in scientific stud-
ies, such data usually being ignored due to lack of
databases or due to its overall complexity. This is con-
firmed by Schwaiger and Zimmer (2001), who col-
lected data from 11 European countries regarding
LCA of forestry and forest products, Berg and Karj-
alainen (2003) who analyzed emissions during har-
vesting operations in Finland and Sweden, Loeffler
et al. (2009), all without including estimates of fuel
consumption or emissions for road reconstruction,
grading and maintenance. In the following year,
Whittaker et al. (2010) emphasize that the actual ex-
tent and frequency of forest road maintenance should
be further investigated in terms of environmental
burdens. Whittaker et al. (2011) state that road main-
tenance operations are less energy intensive due to
the smaller quantities of aggregate used per km, and
fewer machinery operations. 102 GJ and 9000 kg
CO,-equiv. are required to maintain 1 km of road.
Authors, further divide forest roads into two groups
depending on the necessity of road maintenance:

Type A roads, which are maintained once a year,

Type B roads, which are maintained before each
harvesting operation.

Furthermore, authors state that over the full forest
rotation period, road maintenance requirements ex-
ceed those of the original road construction. In the
study area, where road density of type A roads was
0.008 km/ha and type B was 0.007 km/ha, over a 50-
year forest rotation period with six felling periods,
original road construction required 120 MJ ha a™ of
energy and emitted 8.0 kg ha a” CO,-equiv., while
1912.2 MJ ha a™ of energy is required and 129.9 kg ha
a’' CO,-equiv. is emitted during forest road mainte-
nance operations.

In forestry, environmental impact studies usually
exclude forest transport infrastructure impact, which
is correlated, according to Treloar et al. (2004), to road
construction, maintenance and use, due to its high
complexity, where a complete LCA of forest roads is
difficult and time consuming, and it depends on the
system boundaries and on the number of inputs in the
process analysis. Treloar et. al (2004) and Sharrard
(2007) state that a hybrid based process and input-
output based LCA approach is recommendable for
estimating project specific environmental impacts of
forest roads.

LCA Studies in Forestry — Stagnation or Progress? (311-326)

5. Final remarks

LCA is still not adequately applied in forestry be-
cause of broad variations of wood products originat-
ing from the forestry sector, and because the produc-
tion of raw material is usually not included or is
ignored in LCA process, together with the fact that
LCA for forestry usually takes substantial amount of
time (productions phase correlates to rotation period)
and is highly data intensive (land use). The main study
objectives are usually based on forestry by-products
(chips, pellets, etc.), and environmental impacts of the
previous forestry processes are derived from literature
or calculated, but starting from the latest stage of the
forest product chain.

It can be concluded that the nature of a raw mate-
rial (being the starting point of a process) or a product
(being the ending point of a process) and allocation of
environmental burdens are strongly influenced by the
applied harvesting system and harvesting method.
For example, in cut-to length harvesting, pulp wood
designated for energy use should be burdened with
environmental load from the beginning of the produc-
tion (silvicultural processes), whereas logging resi-
dues used for energy generation should bear environ-
mental load from forwarding onwards. Opposed to
that, full-tree systems, employing skidders and pro-
cessors on the landing or cable yarders with process-
ing heads concentrate the logging residues at the land-
ing site, setting the system boundaries from
comminution phase onwards.

Production in forestry can be roughly divided into:
1) roundwood, 2) long-meter firewood, long stack-
wood and 3) slash. Therefore, the results should be
based on 1 m’0.b. as the most common functional unit
in forestry for roundwood or 1 t biomass for long-
meter firewood and slash, thus creating system bound-
aries that were quite vague before. Information about
the moisture content and wood density should be
given in order to be able to calculate additional func-
tional units. Also, other nutrient flows, besides carbon
and nitrogen, should be included in the whole life
cycle assessment process. Data on road construction
and maintenance should be taken from a higher level
(forest administration office or region) on a yearly ba-
sis and divided into specific research areas included
in the LCA study due to high differences in data of
previous research and overall complexity.

Total energy invested in the whole production pro-
cess of three major forestry products is usually not
available or not reliable enough, and fuel consumption
increased by 20% can be used as energy inputs since
itis an easily measurable parameter not to mention the
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most influential one. This way it is possible to sim-
plify future LCA processes primary based on forestry.

Based on the number of published studies and dif-
ferent approaches used (raw material definition, sys-
tem boundaries, allocation procedures, functional
units), future trends in the LCA research of forestry
production and use will need substantial harmoniza-
tion (and maybe simplification) of rules and proce-
dures to reduce the variability and enable the com-
parison of research results and provide solid ground
for coherent conclusions.
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