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Abstract

An inventory of energy use in forest operations in Sweden 1996 and 1997 comprises all operations including seedling pro-
duction, silviculture, logging and secondary haulage to forest industries. Energy use in Swedish forestry was about 150-200 MJ/
m® of timber, depending on the locality in Sweden. This inventory demonstrates much higher energy use for secondary haulage
than was anticipated by earlier studies. In contrast to this, energy use in logging shows a slight decrease compared to the state of
operations a decade earlier, possibly reflecting improvements in technology and management. Although secondary haulage opera-
tions account for the largest share of the energy used, logging and silviculture generate the highest levels of certain exhaust emis-
sions. Emissions were either fuel-related (CO,, SO,) or engine-related (hydrocarbons, NO,). Use of renewable fuels and
improvements in engine design and the better adjustment of engines to forestry operations could decrease these kinds of emis-
sions.

The emission of gases that contribute to climate change is very small compared to national emissions. Nevertheless, there is
scope for a further decrease of this contribution. Timber is an interesting raw material for alternative fuels, thus enabling a better

market prospect for such timber that does not meet the specifications of traditional forest industry.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

There are several means available for studying
environmental sustainability. Life cycle assessment
(LCA) [1] is an often used comprehensive tool to evalu-
ate the environmental impact of products or services.
Its scope is the entire life cycle of a product, from the
extraction of raw materials, through to manufacturing,
use, and end of life. Data from life cycle inventories
(LCI) of forest operations provide the forest industry
with the input required for assessing its products. 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 [2-6].

* Corresponding author. Tel.: +46-18-188-500; fax: +46-18-188-
600.
E-mail address. staffan.berg@skogforsk.se (S. Berg).

0959-6526/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jclepro.2003.09.015

Many studies from the Scandinavian forestry sector
[7-9] are based on deductions from, and transform-
ation of, historical data that were not originally inten-
ded for LCA. A disadvantage here is the difficulty in
achieving satisfactory control of the data quality. Fur-
thermore, as these kinds of data are collected from
national statistics, assessments are limited to a macro
perspective. Recent studies with a machine-orientated
approach, based on specific data collected for the pur-
pose of LCA, are presented by Athanassiadis [10].

2. Background

The Swedish forest industry is a major producer and
exporter of forest industry products. The industry relies
on the vast forest resources that are at hand. There are
some 30 million ha of forest and other wooded land, of
which 21.2 million ha (55% of the total land area)
are covered with forests available for wood supply,
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productive forest land [11,12]. The productive forest
land is spread across northern and southern Sweden,
with the greatest surface areas being predominant in
the north, while the greatest volumes are attained in
the south. This is a result of the south’s higher growth
rate (9 m>/ha year) compared to the north (34 m*/ha
year). On a national level, the ownership of forest land
is dominated by private owners, who own 48%, while
companies own 40%. Companies predominate in the
north, while private ownership predominates in the
south [12]. This difference in land ownership distri-
bution affects the average size of forest holdings but
hardly has any effect on the management systems, as
the private forest owners with small holdings co-oper-
ate under forest owners’ associations, which means
even they can benefit from economies of scale. There
are other differences between the north and south with
respect to population, infrastructure and terrain. The
northern part of Sweden is sparsely populated, with a
less developed road network than the south. The dis-
tance to industries is further, but unlike the south, for-
est operations in the north benefit from terrain that
poses fewer technical problems, and from larger work
sites.

The industrial round wood is transported to the pulp
and paper industry and the saw milling industry. The
forest industry not only uses the raw material for the
preparation of products, but also uses black liquor,
bark, chips and sawdust as an energy source for pro-
cessing. A large part of the yearly harvest, over 40%
[13,14], is used as an energy source, mainly within for-
est industries. Saw mills and pulp mills are net provi-
ders of energy to local communities [14,15].

3. Goal and scope

The main objectives of this study were to:

— Identify the most significant process in terms of
input of energy and outputs of timber and emissions,
the latter caused by energy use in forest operations,
from seedling production through to the delivery of
harvested timber to forest industries.

— Compare forestry in three parts of Sweden and high-
light the differences between the forest operations.

— Provide inventory data concerning forest production
to the forest industry for its LCA of forest products
and services.

4. The system

The study included the Swedish technical system for
the production of round wood from forest seedling
production through to transportation of timber to the
factory gate. This system includes operations such as

seed production, the cultivation of forest seedlings, cut-
over clearing,' soil scarification,” natural® or artificial*
regeneration, cleaning,’ logging operations® and sec-
ondary haulage.” Other transport was also included:
the transport of labor, machinery and supplies to forest
work sites. These operations are broken down into unit
processes (seedling production, silviculture, logging and
secondary haulage) that form the system shown in
Fig. 1. Three regional variations of the technical system
were included. They were typical in line with the geo-
graphical location: northern, central and southern Swe-
den (Fig. 2).

5. Inventory

This study relied on data from forest operations car-
ried out over one full year, in 1996 or 1997, in three
different areas in Sweden. The data were collected from
forest management regions in northern Sweden,
700,000 ha, and central Sweden, 350,000 ha. Each one
comprised a business unit with its own responsibilities
within a large forest industry organization. The third
area, comprising 335,000 ha in southern Sweden, was a
region belonging to a private forest owner’s associ-
ation. Each of them produced annually about 1 million
m® industrial round wood under bark (cubic metre
solid under bark, m’ s.u.b.). The data collection
involved identification of the total timber flow from the
area to several industry facilities, such as pulp mills,
sawmills, etc. and keeping track of the machines, man-
power, hired services and other resources used in order
to achieve this production. The data came from the
management regions’ operating statistics and business
accounts, including data from contractors® hired by
them. In case contractors did not report to the com-
pany, the authors collected data about fuel consump-
tion and production from the contractors’ book
keeping. The fuel use could be related to both opera-
tions performed and the harvested volume. Thus, for
each year, the data reflected all activities, from the

! Cut-over clearing: eliminating unwanted vegetation in order to
facilitate subsequent harvesting or regeneration treatment.

2 Soil scarification: loosening up the top soil or breaking up the
forest ground, as preparation for natural or artificial regeneration.

3 Natural regeneration: the creation of a new stand by natural
growth.

4 Artificial regeneration: the creation of a new stand by sowing or
planting.

5 Cleaning: the elimination or removal of undesirable vegetation
in a young stand.

% Logging: here, the felling and extraction of timber, through to
landing for changeover to road vehicles.

7 Secondary hauling: the transport of timber from landing to end-
point by road vehicle or railway.

8 Contractors were hired for some of the unit processes, i.e. clean-
ing, scarification and logging operations (harvesters and forwarders).
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Seed
production
Seedling
production [ |
Cultivation of forest seedlings
Cut over clearing and soil
scarification |
I
Natural or artificial regeneration
|
Silviculture [ Internal
transport
Cleaning — motor-manual
and mechanical
]
Fertilization
Logging Thinning/final felling
operations I
Extraction of timber
Secondary haulage | Road vehicles or/and railway

Fig. 1. Unit processes (boxes and text in bold) and their comprising forest operations. Internal transports are allocated to unit processes.

regeneration of a harvested area through to logging as
thinning and final felling and timber transport. The
harvested area, thinning and final felling together, was

Fig. 2. Locations of the regions.

14,600 ha in the north, 6300 ha in the central region,
and 5500 ha in the south.

Collected data were classified into four groups
depending on origin:

A Specific measurement from follow-up routine,
treated with a measured factor, e.g. area multiplied
with consumed amount of fuel per hectare.

B Specific measurement treated with other constant,
e.g. calculation of used quantity of engine oil based
on measured fuel consumption with the aid of a
technical specification for engine oil per litre of fuel.

C Local averages based on measurements, e.g. mean
transportation distance in a region. Technical speci-
fications (for machinery used) such as energy con-
sumption per unit (e.g. ton km).

D General averages, e.g. total energy use for transpor-
tation by railway.

The data are presented in Table 1.

The forest management’s needs in terms of forest
tree seedlings were met by nurseries. Data for forest
seedling production are outlined by Aldentun [16] in a
study of four forest tree nurseries in Sweden. The seed-
lings produced were containerized forest tree seedlings
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that were cultivated with spacing appropriate to field
requirements at outplanting, from 400 seedlings/m? in
the south to almost 1000 in the north.

Data from forest operations and seedling production
put together give an estimate of the amounts of fuel,
electricity, and ancillary materials used in each unit
process in 1996 (north) and 1997 (central and south).

6. System boundary

Energy requirements related to the material and
energy use were collected for each of the unit processes
in the systems. The system boundaries were set to
encompass the extraction and production of all energy
carriers and ancillary materials of the system. System
outputs were round wood, waste and calculated emis-
sions into the atmosphere (air), water and soil.

It was not possible to find data concerning energy
use for production and transport of pesticides [16]. No
specific data were found for fertilizer used in seedling
production and forestry. However, the energy use for
production of nitrogen was evaluated according to [17].
The leakage of nitrogen into the ground water after
applying fertilizer to forest stands [18] and nurseries
[19] was included. According to Athanassiadis et al.
[20], about 40% of the lubricants used by the harvesters
and forwarders leached into the ground, while the rest
was collected as hazardous waste and transported to an
incineration plant for energy generation.

The study did not include the production of capital
goods (machinery and buildings), transport of energy
carriers and ancillary material from the production
industry to the forest management region, the assimi-
lation of CO, by the trees, pesticide leakage at nur-
series, or the environmental effects of the ecosystems
which, at that moment, were not measurable using the
LCA methodology, such as damage to the production
system, biodiversity, and the nutrient cycle.

The functional unit, which all the data collected were
related to, was 1 m? s.u.b. delivered to the mill. Inputs
and outputs were allocated to this volume. For calcu-
lation of energy content of timber and transports, ref-
erence to dry matter is necessary. The basic density of
the round wood, 399 kg/m?® comprised the density
values for Scots pine, Norway spruce and birch species
from [21], which were weighted according to the mean
annual felling for 1993-1998 in Sweden. The net calor-
ific value was 19.2 MJ/kg of dry matter (dm) [22].

7. Technology and the representativeness of data

Site-specific data for the means of transport, energy
requirements and ancillary material use were collected
mainly in the form of measurements and company per-

formance data from the forest management regions
and nurseries. The LCI data for fuels used in the sys-
tems came basically from Frischknecht et al. [23].
Requirements for petrol, diesel and electricity in unit
processes were included according to [24]. Lubricants
were approximated as having the same LCI values as
petrol. Electricity supply was taken from the Swedish
grid mix [25] when used in Sweden, and from the Eur-
opean mix [26] for processes outside Sweden.

Cargo ships, ferries and road vehicles transported
ancillary materials for seedling production. The tech-
nology used in the diesel engines in harvesters and for-
warders and the petrol engines in cars and power saws
was of branch standard. According to Hallonborg [27],
the average age of harvester and forwarder machines in
Swedish forestry was 10 years, while for haulage rigs in
Sweden the same average age was 3 years. Representa-
tive emission factors (CO, NO,, HC ) for the forestry
machinery used came from a Swedish study of tractors
and forestry machines’ [28], and for other emissions
according to “‘heavy truck’ in [24]. In the north, timber
was transported to the industrial sector via a combi-
nation of road vehicles, electric and diesel—electric
trains. In the central region, transport was carried out
by road vehicles and electric trains, and in the south
only road vehicles were used. General emission factors
from the Network for Transport and the Environment
[29] were used for diesel truck engines, petrol and diesel
cars, ships and ferries. The truck engines were to Euro 2
standard. The fuel used was Environmental class 2 for
diesel and petrol, as per the Swedish environmental
classification [30]. The average loading factor'® for the
timber trucks was 57% in the south and 50% in both
the central and northern regions. The loading factor of
50% was due to haulage entailing transporting a full
load one way and coming back empty on the return
journey. Table 2 shows the various vehicles and techni-
cal devices used in the systems.

8. Results

The energy use required to produce 1 m® s.u.b. of
timber wood was 200 MJ in northern Sweden, 187 MJ
in the central region, and 147 MJ in southern Sweden
(Fig. 3). This included all unit processes, from seedling

° For harvesters and forwarders work moments, in Table 10 of
[28], “transport 1 and “transport 2” represent driving in forest and
“lastning (loading)” represents crane work. A harvester is supposed
to use the crane 80% of time and drive 20%. The corresponding
values for forwarders are 77% and 23%. For tractor work during fer-
tilizing, the average of “transport 1 and “transport 2’ was used.
Scarification and mechanized planting used values for “stubbearbet-
ning pa aker (cleaning of stubblefields)”, also according to Table 10 in
[28].

19 Distance driven with a full load (100%) per round trip.
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Table 2

Vehicles and technical devices used in the systems

Unit Used in unit process Source

Bulk carrier ship Transport of ancillary [26]

coaster materials

Truck (Euro 2) Seedling production; [29]
secondary haulage

Oil heating Seedling production [31]

Tractor Seedling production [24,28]

Helicopter Silviculture [32]

Harvesters and Logging operations [24,28]

forwarders

Petrol car Silviculture [33]

Diesel car Silviculture [29]

Power saw Silviculture [34]

Train—diesel and Transport of logs [29]

electric

Electricity—Swedish Seedling production; [25,26]

mix and European mix electric train

production through to secondary haulage and delivery
to the industrial site. The energy carrier used was pre-
dominantly diesel, but petrol and electricity also had
some significance (Table 1). Forestry machinery was
powered using fossil fuels. Of the total energy needed
to produce 1 m? s.u.b. of wood, about 0.1% was renew-
able energy, which was derived from the Swedish elec-
tricity mix.

One cubic metre of timber contains about 7700 MJ.
This means that the energy used for getting the timber
to the mill, less than 200 MJ, comprises less than 3% of
the inherent energy that is available in the timber. This
relationship is quite favourable compared to, for
example, refined fossil oil for some market applica-
tions. Frischknecht et al. [23] estimated that the pro-
portion of feedstock energy used is 5% after refining
and 20% for use in a diesel-electric locomotive, for
example.

Of the total amount of energy used, transporting
timber to the industrial sector (secondary haulage)
accounted for the largest energy requirement, with 56%
(113 MJ) of the total energy being used in the north,
53% (99 MJ) in the central region, and 53% (77 MJ) in

the south (Fig. 3). The remaining energy use was div-
ided between logging operations, silviculture and seed-
ling production, with silviculture needing only 8% in
the north (16 MJ), 7% in the central region (15 MJ),
and 2% (3 MJ) in the south. Corresponding energy use
for seedling production is 5, 9 and 9 MJ, respectively.

In logging operations, the energy use comprised
about 30% of the total in the north and central regions
(66 and 65 MJ), and 40% in the south (57 MJ). The
kind of cutting operation (final felling or thinning) had
larger influence on energy use per m?> s.u.b than geo-
graphical area of operation. Forwarders and harvesters
in the various management regions had similar fuel
consumption per volume of harvested timber. The final
felling needed less energy per volume of timber (32
MJ/m? in the north, 32 MJ/m? in the central region,
and 27 MJ/ m’ in the south) compared to thinning (44
MJ/m? in the north, 60 MJ/m? in the central region,
and 40 MJ/m? in the south). Extension, forwarding of
timber to forest roads, used 31-34 MJ/m’ s.u.b. in
thinning and 22-27 M1 in final felling.

In Fig. 4, energy use per hectare is shown per man-
agement region for cleaning and scarification. Due to
adverse work conditions, the energy required per hec-
tare in silviculture after final felling was higher in
southern and central Sweden, which gives another
interpretation of energy use shown in Fig. 3, where the
result is related to harvested volume timber. Cleaning
used more energy in the south (430 MJ /ha) than in the
central region (300 MJ/ha) or the north (230 MJ/ha).
In addition, for soil scarification, the use was highest in
the central region (1560 MJ/ha), followed by the south
(1240 MJ /ha) and the north (1050 MJ/ha).

A contributing factor to high energy use per cubic
metre in the north is lower growth and consequently
smaller harvests each year. For a certain amount of
round wood, the requisite area for work operations in
silviculture, listed in Fig. 1, per year is three times
greater in the north, 16,200 ha/million m® compared to
the south, 4900 ha.

MJ/m®s.u.b. O Secondary
250 haulage
200 - O Logging
150

@ SiMculture
100
50 @ Seedling
production
0 [ [—
North Central South

Fig. 3. Energy requirements in three different forestry management regions.
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Fig. 4. Energy requirements per hectare of silviculture in the three
different management regions.

The energy used for the secondary transport of timber
depends on the distance, the possible return cargo
(expressed by loading factor), and the type of road and
vehicle. For timber transport, the vehicles’ loading fac-
tor was 50% in the north and central regions, and 57%
in south. An analysis of the loading factor variation
demonstrates that an arbitrary chosen load factor of
70% in all three management regions would decrease the
energy requirement in timber transport by about 19-
26% (Fig. 5). This would cause an overall decrease of
the total energy used in timber production of 10-14%.

Although transporting timber to the industrial sector
accounted for the greatest part of the energy used, log-
ging and silviculture together generate the majority of
certain exhaust emissions, such as carbon monoxide
(CO), hydrocarbons (HC), dinitrogen oxide (N,O),
nitrogen oxides (NO,) and sulphur oxides (SO,)
(Table 3). Timber transport accounted for the greatest
part of the emissions of carbon dioxides (CO,), parti-
cles and methane (CHy).

9. The impact assessment
The environmental impacts were evaluated by cate-

gory indicators as climate change, acidification, eutro-

MJ/ m3 s.u.b.

120

phication, and photo-oxidant formation, according to
the Swedish Environmental Management Council [35].

9.1. Global impacts—climate change

The characterization results for climate change,
shown in Table 4, correlate with the result for the
energy requirement (Fig. 3). The northern region had
the largest impact per cubic metre, closely followed by
the central region. The southern region’s impact was
considerably lower than that of the other regions.

Of the various unit processes, secondary haulage had
the largest potential impact compared to logging, silvi-
culture and seedling production. This was caused by
secondary haulage’s major energy need (Fig. 3). The
energy demand was mainly met by using fossil fuels.
Silviculture and seedling production operations had a
larger impact in the central and northern regions than
in the southern region (Table 4).

9.2. Regional impacts—acidification, photo-oxidant
formation and eutrophication

The potential impact of photo-oxidant formation is
shown in Table 5. Secondary haulage had the largest
impact, followed by logging operations. Silviculture
and seedling production operations together made up
13-15% of the total impact in the north and central
regions, while in the south the figure was only 7%.

The eutrophication and acidification impact cate-
gories both show a similar pattern of results (Tables 6
and 7). In both categories, logging operations showed
the largest potential impact in the south and central
regions, about 50%. In the north, the contributions
made to the eutrophication and acidification impacts
by logging and secondary haulage were similar, 45—
47%. The impacts of silviculture and seedling pro-
duction were small in both categories.

100
80
60 |
40
20

0

North
@ Load factor 50-57%

Central South

m Load factor 70%

Fig. 5. Energy requirements of secondary haulage with different load factors.
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Table 3
Estimated emissions per cubic metre (s.u.b.) of round wood
Substance (g) Silviculture and  Secondary
logging haulage
Carbon monoxide (CO) 23.1 6.33
Hydrocarbons (HC) 5.14 3.10
Methane (CHy) 0.476 0.534
Dinitrogen oxide (N,O) 0.566 0.313
Nitrogen oxides (NO,) 71.9 50.5
Particles 0.420 0.971
Sulphur oxides (e.g. SO,) 0.475 0.015
Carbon dioxide (CO,) 5.86 6.66

Table 4
Characterization results for climate change, kg CO, equivalents/m>
s.u.b.

Climate change GWP (100 years), North
CO, equivalents/m” s.u.b.

Central  South

Seedling production 386 562 599
Silviculture 1720 1730 299
Logging operations 5880 5910 5100
Secondary haulage 9510 8370 7060
Total 17,110 16,010 12,459
Table 5

Characterization results for photo-oxidant formation, POCP/m?
s.u.b.

Photochemical ozone formation, North Central  South

POCP/m* s.u.b.

Seedling production 0.4 0.6 0.6
Silviculture 2.4 2.4 0.5
Logging operations 7.4 1.5 6.5
Secondary haulage 10.7 9.3 7.9
Total 20.5 19.1 14.8

Table 6
Characterization results for acidification,. mol H/m? s.u.b.

Acidification, mol H*/m* s.ub.  North Central  South

Seedling production 0.1 0.1 0.1
Silviculture 0.2 0.2 0.1
Logging operations 1.8 1.9 1.6
Secondary haulage 1.9 1.7 1.4
Total 4.1 3.9 3.2
Table 7

Characterization results for eutrophication, g O>/m? s.u.b.

Eutrofication, g Oz/m3 s.u.b. North  Central  South
Seedling production 15 14 13
Silviculture 62 79 12
Logging 454 461 389
Secondary haulage 449 389 331
Total 965 929 732

10. Discussion

The results from this study indicate that forest
operations in northern Sweden uses more energy per
cubic metre than in central and southern Sweden; also,
about half of the energy use per cubic metre in Swedish
forestry is provided for secondary haulage from forest
sites to industries. Unless heavy investments in infra-
structure are made, very little can be done to decrease
the actual distances from forest to industry. There is,
however, scope for enhancing the payload per distance
driven on each round trip. At the time the study was
conducted, it was common for road vehicles to make
return trips unloaded, which theoretically entails a
loading factor of 50%. To attain a higher loading fac-
tor, the use of better route planning systems is sug-
gested [36]. If such measures are applied, there might
be a significant effect: e.g. an arbitrary chosen increase
of loading factor to 70% results in a total energy use
reduction of 10-14% from nursery to industry. Other
ways of lowering the use of energy in road transport
are to improve the standard of the present rough forest
roads (road width, curvature and better surfacing/
foundation) and the driving style (“soft” driving, i.e.
heavy eco driving) [36].

A major leap forward in logging operations is diffi-
cult to anticipate. Some improvements are possible
through adjusting fuel consumption to the energy
requirement for felling, limbing and bucking of timber.
This implies a correct application of machine opera-
tions to stand conditions. Larger harvesters use more
energy, but when processing large trees the energy use
is less than when smaller machines process small trees.
An imbalance in this respect (that is, large harvesters
processing small trees) is a possible explanation for the
high energy use in thinning for the central region.
Major progress in forwarding might occur if load bear-
ing capacity is increased or if the forest road network is
expanded. The latter will bring about other environ-
mental costs during construction, and a long-lasting
loss of biodiversity due to decreased land quality in the
areas the roads run through.

Climate change has global impact, and the emissions
that cause global warming are CO,, N,O, and CHy, as
well as different forms of CFCs. In this study, CO, was
the most abundant emission with a global warming
effect, followed by N,O and CH,4. The northern region
had the largest energy use, and since fuel combustion
releases CO,, the highest CO, emission to the atmos-
phere from this region. Applied on all forest operations
in Sweden during one year, the level of ca 15 kg CO,
equivalents/m’ sums up to modest national emissions
of ca 0.3 Tg C a!, a very insignificant contribution
compared to Swedish national emissions from fossil
fuels (18.9 Tg C a~ 1) [37].
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The photo-oxidant formation impact category was
affected by hydrocarbon emissions, which are formed
due to the incomplete combustion of fuels. Table 5
shows that the northern system had the largest impact
in terms of photo-oxidant formation. Here too, this is
due to the higher energy use in the northern system.
Enhanced fuel combustion, or the cleaning of exhaust
emissions, would improve the results in this category.
Chainsaws and power saws are equipped with two-
stroke engines due to their high power to weight ratio.
Magnusson et al. [38] found that the output of
unburned fuel due to scavenging losses from two-
stroke engines is about 22% of the fuel consumption.

In terms of the acidification impact category, emis-
sions of sulphur oxides (SO,) and nitrogen oxides
(NO,) made the greatest contribution. Both com-
pounds originate from fuel combustion, although sul-
phur is released from the fuel, while NO, is created in
the combustion process. In Sweden, the sulphur con-
tent of fuels decreased greatly during the 1980s and
1990s due to new legal requirements, which have
decreased the amount of SO, released during fuel com-
bustion processes. NO, is formed in the combustion
process in engines, and the higher the temperature, the
more the NO, formed. In a petrol engine, it is possible
to reduce NO, emissions in a catalytic converter, but in
a diesel engine measures have to be taken in relation to
the combustion process, which is much more difficult.

Eutrophication is the consumption of oxygen in the
water ecosystem, caused by the mineralization of
organic material that has been produced from emitted
nutrients, for example phosphorous and nitrogen. As
was also the case with acidification above, the northern
region shows the highest eutrophication impact. The
NO, emissions created in the combustion process con-
tributed the most to this category.

Expressed in terms of the volume of timber har-
vested, silviculture operations only have a minor
impact on effect categories. However, contrary to other
forest operations, some silviculture operations, such as
seedling production and early stand establishment mea-
sures, have been performed in the same area for many
years. Regional effects such as acidification and eutro-
phication are important. The leakage of nutrients and
emissions from nurseries are significant environmental
aspects.

As a difference to other studies [7,9], in which gen-
eral data from official statistics were collected [12], this
study relied on data specifically collected from forest
areas that delivered 1 million m®/year annually. Also,
contrary to other studies data were classified according
to its origin. Data in this study emerge to a high degree
from measured data or calculated local averages. To
the authors’ opinion this have improved the estimates
for secondary haulage, whereas earlier studies of silvi-
culture and logging already relied on sound data as it

came from field studies or research within companies.
Its quality was checked by various users of this infor-
mation.

Results from earlier studies of Swedish forestry [7] is
difficult to compare in detail due to different definitions
of unit processes. It is however, evident that present
study gives a higher estimate of emissions from second-
ary haulage. Results from [7] give a lower estimate of
CO, equivalents/m® s.u.b (3.6 kg) compared to 7-10
kg in present study. Present study includes seedling
production, which was not covered in [7 or 9]. Data
from [7] gives a energy use of 91 MJ m® in silviculture
and logging together, whereas present study as average
for similar areas gives a magnitude of about 85 MJ, ca
90 when seedling production is included.

Energy use in silviculture and logging vary less. A
lower energy use concerning logging in the present
study might be the effect of improvements in logging
machinery and technique, whereas differences in silvi-
culture rather reflect difficulties in data gathering or a
variation in time caused by extension in space and
intensity. It is difficult to tell if this is caused by differ-
ences in data quality per se or due to local circum-
stances in this study compared to the general approach
applied in [7].

There are differences in data collection and defini-
tions between [7] and present study, the former repre-
senting national averages and the latter three individual
cases. This contributes to the variation between results.
However, according to the judgment of the authors,
this study presents a realistic contemporary level com-
pared to results from [7], especially with respect to sec-
ondary haulage.

The environmental impact evaluated in this study
here is caused by the use of fossil fuels. A changeover
of the fuels used in forest operations to renewable
energy sources is an option that holds interesting pro-
spects, as forest companies work with timber, which is
renewable if sustainable forestry is implemented. The
high return of inherent energy in timber compared to
energy use in forest management makes timber a very
interesting energy carrier. As it is renewable in sustain-
able forest operations, timber processed to alternative
fuels [39] is an interesting renewable alternative to con-
sider in situations where nuclear power or fossil energy
is being targeted for reduction or phasing out. This
entails a prospect of better market position for timber
that does not meet the quality specifications of forest
industry.
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