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a b s t r a c t

Improving energy efficiency in industry is recognized as one of the most crucial actions for mitigating
climate change. The lack of knowledge regarding energy end-use makes it difficult for companies to
know in which processes the highest energy efficiency potential is located. Using a case study design, the
paper provides a taxonomy for energy end-use and greenhouse gas (GHG) emissions on a process and
energy carrier level. It can be seen that drying of wood is the largest energy using and GHG emitting
process in the studied companies. The paper also investigates applied and potentially viable energy key
performance indicators (KPIs). Suggestions for improving energy KPIs within the wood industry include
separating figures for different wood varieties and different end-products and distinguishing between
different drying kiln technologies. Finally, the paper presents the major energy saving and carbon
mitigating measures by constructing conservation supply curves and marginal abatement cost curves.
The energy saving potential found in the studied companies indicates that significant improvements
might be achieved throughout the Swedish wood industry. Even though the scope of this paper is the
Swedish wood industry, several of the findings are likely to be relevant in other countries with a
prominent wood industry.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In 2016, the industrial sector accounted for 25% of the total
energy usewithin the EU. In Sweden, the industrial sector's share of
the final energy use is 38%, of which thewood industry accounts for
5% [1]. With a net export value of SEK 96 billion, the forest industry
is the largest net exporting industry in Sweden [2].

Several studies have been undertaken concerning improved
energy efficiency in the wood industry, which have shown a large
energy saving potential [3e5]. Anderson and Westerlund [6]
analyzed the impact of state-of-the-art heat recycling technologies
on the most common drying schemes used in Swedish sawmills.

Having information about energy end-use (EEU) is crucial for
knowing in which processes it may be most useful to implement
energy efficiency measures (EEMs). A wide range of studies of
different industries have analyzed the EEU on process level [7e9].
However, Thollander et al. [10] found that the bottom-up energy
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data for industrial small and medium-sized enterprises (SMEs)
differs widely between countries, and call for a general taxonomy
for structuring EEU data along with EEMs. Without this general
taxonomy it is unlikely that EEMs andmeasures for greenhouse gas
(GHG) mitigationwill reach their full potential, due to not knowing
in which processes the main potential is found, how far industry
has come in terms of deployment and in which areas future energy
policies are needed [10]. Andersson et al. [11] reviewed the EEU and
energy efficiency potential among industrial SMEs participating in
the SEAP using a unique categorization of production processes,
highlighting the challenge of generalizing results without available
bottom-up EEU data.

For EEMs, Fleiter et al. [12] suggested a classification scheme
containing 12 attributes based on the relative advantages, technical
contexts and information contexts. The scheme contributes a basis
for identifying policies that can increase the rate of adoption for
EEMs. Trianni et al. [13] also developed a classification scheme for
EEMs. This classification scheme was based on 17 attributes and
included structuring and sharing knowledge regarding EEMs. In
addition, the scheme could serve as a structured basis for the
analysis of drivers that policy-makers should conduct to promote
industrial energy efficiency.
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1 The common denomination is “specific energy consumption”, but since energy
cannot be consumed, in accordance with the law of conservation of energy, the
term “use” is applied in this paper.

2 Notably, one company was excluded from the selection of companies since the
company was too unique in its production processes.
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For EU members, the Industrial Emissions Directive (IED, 2010/
75/EU) states that information about best available techniques
(BAT) shall be provided to relevant industries through reference
documents. However, while many industries have a specific BAT
reference document, the wood industry lacks one. On the other
hand, the BAT reference document on energy efficiency addresses
general technologies applicable to multiple industries, some of
which might be relevant for wood industry companies [14]. In
Sweden, policy programs that have addressed industrial energy
efficiency improvement include the Swedish Energy Audit Policy
Program (SEAP) and the Program for Improving Energy Efficiency in
Energy Intensive Industries (PFE).

To be able to estimate the energy efficiency potential of the
industry and make decisions on improvement measures, it is
necessary to define relevant energy key performance indicators
(KPIs). These include both aggregated indicators (i.e. sectoral,
which facilitate decisions by policy makers) and disaggregated in-
dicators (i.e. site or process level, which facilitate decisions for in-
dustrial actors and policymakers). There is a needwithin industries
in general for energy KPIs at process and plant levels [15].

A number of technology reviews of different industries have
been carried out (e.g. Refs. [16e20]). To the authors’ knowledge,
few comprehensive studies have been carried out for the wood
industry, and additional studies that investigate energy efficiency
technologies in the wood industry and their potential for imple-
mentation are therefore needed.

The aim of this paper is to provide a taxonomy for EEU and GHG
emissions on a process level in the wood industry. Furthermore,
this paper analyses what the major GHGmitigationmeasures are in
the wood industry. Based on this, the following research questions
are to be answered:

� Which processes in the Swedish wood industry have the highest
energy use and the largest GHG emissions?

� What are currently applied and potentially viable energy key
performance indicators in the wood industry?

� What are themajor energy saving and GHGmitigationmeasures
in the Swedish wood industry?

This paper is structured as a case study of the Swedish wood
industry. The wood industry is defined as companies classified as
C16 according to NACE rev. 2 [21], or, where applicable, companies
where the main material used in production processes is manu-
factured wood (e.g. manufacturers of furniture made from wood).
The study makes an important contribution to improving the un-
derstanding of which processes within the wood industry are the
major energy users and GHG emitters. In addition, finding out
where the greatest potential lies for energy efficiency and GHG
mitigation is also highly relevant, and the paper also contributes to
this. The outcome is highly relevant for policy makers in under-
standing the impacts of e.g. energy audit policy programs. Indus-
trial companies will benefit from the results regarding both the
energy efficiency potential and the implementation of energy KPIs.
The paper is structured as follows: First, a review is carried out of
the existing literature regarding EEU, GHG emissions and energy
key performance indicators (KPIs) in the Swedish wood industry.
Second, the method for data collection and categorization is
described, followed by the results and analysis section which pre-
sents the findings of the study. Lastly, the paper ends with a dis-
cussion and conclusions.

2. Energy end-use, greenhouse gas emissions and key
performance indicators in the wood industry

Statistics Sweden retrieves data on EEU for all industrial sectors,
divided up into four different energy carriers (Table 1). Due to
confidentiality, some data are missing, and the actual final EEU is
thus larger.

To enable the allocation of EEU at a process level, S€oderstr€om
[22] developed a generic taxonomy for support and production
processes using the unit process concept. This taxonomy has been
applied to the wood industry by Andersson et al. [11]. However, a
large amount of the EEU for production processes could not be
allocated. Another approach for dividing up the EEU of production
processes in the wood industry was proposed by Andersson et al.
[23]; using a model for sawmill production processes developed by
Olsson et al. [24]. The model divides the sawmill production line
into five different zones: log sorting, sawing, drying, regrading, and
other production processes.

Studies of GHG emissions at a process level are yet to be carried
out. However, life cycle analyses of wood products are more com-
mon. Murphy et al. [25] found that electricity use in Irish wood
processing are the major cause of GHG emissions for e.g. sawn
wood products, when considering biofuel to be carbon neutral.
Diederichs [26] adopts a life-cycle perspective for the German
sawmill industry and presents a monitoring approach covering
GHG emissions, taking different end-products into account. While
the outcome accounts for the product mix, it is not shown specif-
ically which individual processes account for the largest GHG
emissions.

The most commonly adopted energy KPI is the amount of en-
ergy use per m3 of sawn goods (kWh/m3) for an entire sawmill. This
simple form of KPI is generally defined as the specific energy use1

(SEC) [14]. SEC is generally useful as a measure of the energy effi-
ciency of individual processes [27]. For the entire sawmill, SEC is
easy to monitor and report since the needed data, energy supplied
to the sawmill and the amount of produced goods, is usually
available. This KPI is also applicable to individual production pro-
cesses (cf. [6,23]. A variant of SEC involves deriving the amount of
water removed from the wood (MJ/kg water), which is studied by
Anderson and Westerlund [6]. There are ways to estimate the
moisture content of wood packages, and efforts are carried out to
improve these estimations (cf. [28]. However, there is currently no
widespread practice for measuring the moisture content of wood
among industrial companies.
3. Methodology

This paper is structured as a case study of the Swedish wood
industry, inspired by Yin [29]. A supply chain perspective is applied,
which begins with forestry, followed by sawmilling and processing
wood, and endingwith the final customer. The scope of this paper is
the sawmills and the further processing of the dried wood. The
bottom-up data of EEU and EEMs are collected from energy audit
reports from 14 companies,2 conducted between 2010 and 2018.
The selected reports were all carried out by the same energy audit
company. The coherence in the energy audit reports facilitated a
more detailed analysis of the EEU data. The studied companies’
statistical classification of economic activity (NACE rev. 2) is shown
in Fig. 1.



Table 1
Final energy end-use for the year 2015 divided up by different energy carriers for all Swedish companies under NACE 16 on a four-digit level, as derived from Statistics Sweden.
For confidentiality reasons, some companies’ energy use is not included (the cells marked “X”), and the actual final energy end-use is thus larger. This also applies to some of
the other figures, since the Swedish classification is on a five-digit level (e.g. waterborne energy for the Swedish classification code 16232 is omitted).

NACE Final energy end-use [GWh] Renewable energy use [GWh] Fossil fuel use [GWh] Waterborne energy use [GWh] Electricity use [GWh] Number of workplacesa

16.10 6927 3249 317 1966 1362 585
16.21 348 210 X X 113 38
16.22 133 X 2 X 60 13
16.23 433 185 23 49 158 442
16.24 80 33 13 5 29 97
16.29 919 656 1 11 158 90
Total 8841 4334 356 2030 1879 1265

a Workplace refers to addresses with e.g. a group of buildings where a company conducts business [43]. The number of companies is either equal to or less than number of
workplaces.
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Fig. 1. Number of studied companies and their classification of economic activity.

Table 2
The categorization of production processes in sawmills, and for support processes
for industry in general. The production processes are derived from Olsson et al. [24];
and the support processes from S€oderstr€om [22].

Support
processes

Production
processes

Included production sub-processes

Lighting Log sorting Intake of timber
Compressed

air
Rough sorting

Ventilation Storage of timber
Pumping De-barking and

sawing
Debarking

Space heating Sawing
Cooling Sorting and stacking
Hot tap water Drying of wood Drying (different types of kilns)
Internal

transport
Regrading Adjustment

Steam Sorting
Administration Wrapping and packaging

Storage
Boiler Boiler

Fuel drying
Support equipment, e.g. flue gas fan,
circulator pumps

Other production
processes

Planing

Other production processes
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3.1. Allocation of energy end-use

The EEU is categorized based on the following energy carriers:
electricity, district heating, fossil fuels, and biofuels. To allocate the
production processes within the sawmills, the categorization pro-
posed by Olsson et al. [24] is used. For support processes, the tax-
onomy developed by S€oderstr€om [22] is used, as also found in
Rosenqvist et al. [30]. Table 2 shows the categorization of sawmills’
production processes, and the support processes for industry in
general.

As the entire wood industry is studied in this paper, the cate-
gorization of production processes has to be expanded to include
the wood industry companies belonging to NACE classifications
other than 16.1. Therefore, the studied energy audit reports serve as
a basis for defining an extended categorization of production pro-
cesses for the wood industry.

The developed categorization of production processes for saw-
mills was validated with a process engineer and an expert in drying
of wood, both employed at a large Swedish sawmill.
3.2. Energy key performance indicators in the wood industry

In line with the case study method, the sawmill e which is the
object for the validation of the categorization e is also used as a
case for identifying the energy KPIs currently applied in the in-
dustry. This is not comprehensive for the whole sector, but given
that it is one of the three largest sawmills in Sweden (in terms of
the amount of produced goods), it is likely to be one of the industry
leaders in the maturity of energy management. The current state of
implemented energy KPIs in the wood industry is also reviewed by
an expert at a research institute with several years of experience of
the wood industry. This further enables consideration for devel-
oping new energy KPIs in addition to the current set of energy KPIs
normally used in the industry. Suggestions for such potential new
indicators for implementation by companies, or for further
research, are outlined in this paper.

3.3. Aggregation of energy end-use data and greenhouse gas
emissions

The aggregation of EEU data is conducted as an analytical
generalization as described by Yin [29]. The national EEU of each
process is presented, assuming that the studied companies are
representative of the Swedish wood industry. The aggregation of
EEU is calculated by multiplying the share of each energy carrier
used in each end-use process by the total EEU of the same energy
carrier in the Swedish wood industry as given by Statistics Sweden.
The GHG emissions for each process at a national level are calcu-
lated according to Equation (1).

Annual GHGemissions¼Annual energy use of an energy carrier

in a unit process ðMWhÞ* Emission factor
�
kgCO2eq

�
MWh

�
(1)
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The emission factors used are shown in Table 3.3 Depending on
the applied system boundary, the emission factors for combustion
of biofuels differ. If the GHG emissions from the combustion of
biofuels are assumed to be reabsorbed by biomass regrowth, the
emission factor can be considered 0 kgCO2eq/MWh [32]. This is
applied by e.g. Fleiter et al. [16]. However, if biomass is not used in a
sustainable manner, it could be considered a limited resource on
the market, and the emission factor would be higher [34]. There-
fore, both approaches are adopted in this paper for the calculation
of GHG emissions.

The GHG emissions from electricity are calculated based on both
the marginal electricity perspective and the Nordic electricity mix.
As the demand for electricity varies over time, electricity produc-
tion needs to follow the demand variations. Marginal electricity is
the most expensive electricity produced at a given time. As the
electricity demand varies throughout the year, so too does the
marginal production technology [35,36]. The most CO2 intensive
electricity production in the Nordic electricity system is coal
condensing power plants, which are estimated to be price setting
CCE ¼ Annualized capital cost þ Annual change in operation and management costs
Annual energy savings

(2)
70e75% of the time [37]. The emission factor for production of
marginal electricity (940 kgCO2eq/MWh) represents the average
amount of GHG emissions per MWh of electricity produced in
OECD member countries during the period 2011e2015 [32]. All the
emission factors in this study take into account the efficiencies of
the power plants. The electrical efficiencies for coal condensing
plants are usually 35e45% [38], while heat-only plants have effi-
ciencies of 80e95% [32].

The energy data from Statistics Sweden do not reveal the fuel
composition of district heating and fossil fuels. To calculate the
GHG emissions from district heating on a national level, an emis-
sion factor that represents the fuel mix on a national level is
needed. The emission factor of 55.6 kgCO2eq/MWh represents the
most common district heating system in Sweden, which consists of
a fuel mix including 89% biofuel, 10% oil and 1% electricity [31]. The
emission factor for fossil fuels is derived by taking the mean of the
emission factors from the fossil fuels used within the case com-
Cost of GHGmitigation ¼ Annualized capital cost þ Annual change in operation andmanagement costs
Annual GHGmitigated
panies based on the emission factors given by SEPA [44] (i.e. diesel
and domestic heating oil).

Three different scenarios are adopted: Scenarios 1 and 2 are two
3 A number of assumptions are made in relation to the fuels in Table 2. Diesel is
assumed to be used for all internal transportation that is powered by fossil fuels.
The coal condensing plants are assumed to be using sub-bituminous coal. In this
paper, biofuels are equivalent to wooden fuel since this is the only type of biofuel
that has been identified in the studied companies. The emission factor for biofuels
(as limited resource) is based on that if one plant starts to use biofuels, the marginal
user of biofuels within the wood industry will have to use another fuel instead. In
this study it is assumed that the marginal user of biofuel in the wood industry
would use oil if biofuel wouldn't be available.
different takes on Scope 2 used in the GHG Protocol Corporate
Standard. Scope 2 includes both GHG emissions directly from
owned or controlled sources, and emissions indirectly from the
generation of purchased energy [39]. In this paper, scenario 1
considers biofuels an unlimited resource, and scenario 2 considers
biofuels a limited resource. Scenario 3 in this paper corresponds to
Scope 1 in the GHG Protocol Corporate Standard, which only takes
direct emissions from owned or controlled sources into account
[39].
3.4. Conservation supply curves and marginal abatement curves

In order to derive the main GHG mitigation measures for the
wood industry, conservation supply curves (CSC) with a process-
level perspective are calculated. The concept of CSC was first
developed for the household sector, but has since been applied to
the industrial sector [40]. The CSCs in this paper are calculated as
follows:
where CCE is the cost of conserved energy, and annualized capital
cost is:

Annualized capital cost¼ Investment cost of measure$�
d

1� ð1þ dÞ�n

� (3)

where d is the discount rate and n is the lifetime of the measure.
Due to a lack of information, the discount rate is assumed to be 7%.
The lifetime of each measure that regards reduced stand-by losses
is assumed to be 5 years, and for all other types of measures 12
years are assumed, similar to Andersson et al. [11] and Backlund
and Thollander [41].

CSCs are also relevant for ranking GHG mitigation measures, i.e.
CO2 abatement curves [18]. To calculate the cost of GHG mitigation,
the following equation is used in this paper:
The annual CO2 mitigated is calculated bymultiplying the annual
energy savings of a measure by the emission factor for the type of
energy carrier saved.

4. Results and analysis

4.1. Energy end-use at process level in the Swedish wood industry

Based on Olsson et al. [24] and Andersson et al. [11,23], a cate-
gorization of EEU processes for the wood industry is developed
(Fig. 2). The categorization for sawmills (C16.1) follows Olsson et al.
[24] and Andersson et al. [11,23] to a large degree. The



Table 3
The emission factors used for the energy carriers.

Energy carrier Emission factor
(kgCO2eq/MWh)

Source

District heating 55.6 Engstr€om et al. [31]
Biofuels (unlimited

resource)
0 Fleiter et al. [16]

Biofuels (limited
resource)

268.1 SEPA [44]

Fossil fuels 227.9 Own calculations based on
SEPA [44]

Electricity (marginal
production)

940.0 IEA [32]

Electricity (Nordic
electricity mix)

131.2 IVL [33]
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categorization is further developed in this paper by also including
process ventilation in sawmills, due to its high share of the EEU.
Process ventilation includes the transportation of sawdust. After
regrading, further refining processes of wood are manifold and also
account for a relatively small share of the EEU. Therefore, all
different processes after regrading are considered as one category.
For sawmills that have further refining processes, these are
included in “Other production processes (C16.1)”. For all remaining
types of companies in the wood industry classified as C16.2 or
other, these processes are categorized as “Further refining pro-
cesses (C16.2)”.4 The reason for this approach is that further
refining processes in a sawmill are not as relevant due to other
much more energy-intensive processes, while in non-sawmill
companies in the wood industry, these processes are generally
the core processes. Process ventilation is also distinguished for
companies classified as C16.2. Furthermore, for companies classi-
fied as C16.2, the EEU that the energy auditors asserted as
belonging to production, but could not allocate to a specific pro-
duction process, is categorized as “Other production processes
(C16.2)”.

Fig. 3 shows the share of EEU for each process and energy
Fig. 2. The developed categorization of prod

4 Examples of processes found in the energy audit reports for companies clas-
sified as C16.2 or similar are sawing, planning, sizing, pressing, surface treatment,
steam bending, chipping, milling, and finger joint.
carrier. Early in the wood processing flow, the process with the
largest share of EEU is drying wood, accounting for over 80% of the
total EEU in C16.1. About 80% of this consists of biofuel. For pro-
duction processes that relate to companies classified as C16.2 or
similar, further refining processing and process ventilation account
for a large share of the EEU.

The share of EEU for each support and production process poses
some interesting points. For electricity, more than half of the end-
use is allocated to the production processes, with drying of wood
accounting for about 25% of all the electricity use. This is even more
notable for the use of biofuels, where 74% of all biofuel is used in the
process of drying of wood. On the other hand, district heating and
fossil fuels are mainly used in the support processes, in particular
space heating (for district heating) and internal transport (for fossil
fuels). It should be noted that district heating is used in drying of
wood by one of the studied companies, but is not necessarily
widespread in the Swedish wood industry.

Assuming that the studied companies are representative of for
the entirewood industry in Sweden, i.e. that the distribution of EEU
is as shown in Fig. 3, the final EEU of the different energy carriers is
as shown in Fig. 4.

For the studied companies in this paper, the majority of the
fossil fuel is used in internal transport, e.g. for forklift trucks. Other
EEU processes with potentially larger shares of the use of fossil fuel
are space heating and drying of wood. Otherwise, it is notable that
the largest share of EEU is found, as expected, in drying of wood and
space heating. The processes differ in terms of energy carriers used,
where a larger share of district heating is used in space heating,
while electricity and biofuels account for a large share in drying of
wood. For electricity, the largest EEU processes are (in descending
order): drying of wood, further refining processes, lighting, com-
pressed air, process ventilation (C16.2) and sawing.
4.2. Energy key performance indicators in the wood industry

KPIs for the total electricity and heat use of sawmill production
uction processes for the wood industry.
and for each production process are presented in Table 4. Four of
the studied companies are classified as C16.1 (see Fig. 1). The
selected energy KPI is SEC for electricity and fuel/heat, using the
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Fig. 3. The total amount and the percentage share of EEU for each support and production process for the studied set of companies.
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total amount of the mill's produced sawn goods, and should be
interpreted as simplified KPIs. The figures in Table 4 are similar to
those found in Anderson and Westerlund [6]; but e.g. fuel/heat
used for drying of wood is slightly lower in the set of companies
studied in this paper, while the electricity use in drying of wood is
slightly higher.

While SEC can be useful to measure the energy efficiency of a
single process level [27], it has its limitations. For sawmill pro-
cesses, and especially for drying of wood, there are a number of
factors that affect the EEU as discussed by e.g. Andersson et al. [23].
For drying of wood, the major impact on energy use is the moisture
content before the drier as well as the target moisture content. The
moisture content for the input of wood is generally not defined;
instead, an assumption is made. Given that the end-product needs
to have the desired moisture content (e.g. 16% for exterior uses or
8% for floorboards), the wood is dried for too long rather than not
long enough. An estimation of the moisture content (e.g. based on
the basic density of wood) might provide a decent indication, but it
is difficult to get an accurate result (cf. [28]). Measuring the weight
of a sample of wood is another approach, e.g. by weighing it before
and after being dried in a kiln. This is not commonly practiced to
date. If the moisture content of the input wood to the drying kiln
and outgoing wood from the drying kiln was determined, a
potentially valuable supplementary KPI would be tracking the en-
ergy use per amount of water removed. This KPI would be able to
track the actual efficiency of the process, as well as more accurately
estimating the energy saving potential.

Regarding sawing, an additional energy KPI to monitor is the



0 500 1,000 1,500 2,000 2,500

Log sor ng
Sawing

Drying of wood
Regrading

Other produc on processes (C16.1)
Further refining processes

Other produc on processes (C16.2)
Process ven a on (C16.1)

Boiler
Process ven a on (C16.2)

Ven la on
Space hea ng

Compressed air
Ligh ng

Pumping
Hot tap water

Internal transport
Cooling
Steam

Administra on
Other

GWh/year

Electricity District hea ng Fossil fuels Biofuels

Fig. 4. The total final EEU in the Swedish wood industry divided up by support and production processes. This is based on data from Statistics Sweden, and assumes that the studied
companies are representative of the entire wood industry. Note that the final EEU is larger in reality, since some data is missing due to confidentiality.

Table 4
The average and range of SEC for electricity for three of the four companies
belonging to NACE 16.1 in the studied set of companies. While the annual energy
end-use is allocated to each process, the amount of sawn goods is based on each
sawmill's total amount produced during a year, as stated in the energy audit reports,
i.e. not the amount that is actually processed in each step.

Process SECelectricity [kWh/
m3 sawn goods]

SECfuel/heat [kWh/m3

sawn goods]

average range average range

Log sorting 5 4e5
Sawing 10 2e20
Drying of wood 43 30e57 242 214e282
Regrading 4 2e5
Other production processes 6 2e8 2 2
Process ventilation 2 2
Boiler 6 3e8
Total 71 56e82 243 214e282
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electricity efficiency of the sawn logs. For one of the studied saw-
mills the number of processed logs was attainable, resulting in
electricity use of 0.78 kWh/processed log for sawing, or 8.16 kWh/
processed log for the entire mill.

Table 5 provides a list of suggested energy KPIs to monitor the
energy efficiency of a sawmill for the entire mill and for the two
most energy intensive processes (sawing and drying of wood). The
KPIs for the entire sawmills are commonly monitored, although
different end-products or raw materials used are not considered.
Separate indicators for different products and raw materials would
be an improvement to simply monitoring SEC for the entire mill.
Most sawmills should have data for their different end-products
and amounts produced annually, but in order to determine the
energy efficiency (at mill level) for each product, the data have to be
distributed on a daily or hourly basis (both energy use and product
produced). To be able to apply an even more disaggregated
approach, the energy use has to be measured at process level.

Table 5 also presents examples of explanatory indicators/pa-
rameters that affect the suggested energy KPIs. For example,
availability is very important for both productivity and energy ef-
ficiency, and companies generally want to reduce the amount of
downtime for production processes. In sawing, log gap and feed
speed are also relevant for energy efficiency, as decreased log gap
and increased feed speed would improve the energy efficiency of
sawing. The most important parameter for drying of wood is, as
already mentioned, the moisture content of wood before drying
and the target moisture content. What also needs to be considered
is the sapwood-heartwood ratio, which affects the moisture con-
tent. Heartwood generally has a much lower moisture content than
sapwood.

4.3. Greenhouse gas emissions in wood industry processes

Assuming that the studied companies are representative of the
entire wood industry in Sweden, the GHG emissions of each pro-
cess for the Swedish wood industry would be as in Figs. 5 and 6. In
scenario 1, drying of wood is the process that accounts for the largest
GHG emissions (about 472 kton CO2eq/year when applying



Table 5
Suggestions for energy KPIs to monitor in-house energy management in a sawmill for the entire mill as well as the two most energy intensive processes: sawing and drying of
wood.

System boundary Energy key performance indicator Explanatory indicators/parameters

Sawmill SECelectricity [kWhelectricity/m3 produced goods] Availability (h/h)
SECfuel [MJheat/fuel/m3 produced goods]

Sawing Energy use by amount of sawn goods [kWhelectricity/m3 sawn goods] Log gap [m]
Energy use per log processed [kWhelectricity/no. logs] Energy use related to log gap [kWh/m]
Energy use by sawn area [kWhelectricity/m2 timber] Feed speed [m/min]

Temperature of logs [C]
Yield [%]

Drying of wood Thermal efficiency of drying [MJheat/fuel/m3 dried wood] Moisture content of wood [%]
Electrical efficiency of drying [kWhelectricity/m3 dried wood] Target moisture content [%]
Thermal energy use by amount of water removed [MJheat/kg water] Amount of wood loaded into kiln [m3]
Electrical efficiency by amount of water removed [kWhelectricity/kg water] Sapwood-heartwood ratio
Energy efficiency of kiln and product [kWhkiln/m3

product]
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marginal electricity (ME) and about 86 kton CO2eq/year when
applying the Nordic electricity mix (NEM)). Drying of wood ac-
counts for 27% of all GHG emissions related to electricity in sce-
narios 1 and 2.

In scenario 2, where biofuels are considered to be a limited
resource, drying of wood is the largest GHG emitting process (1596
kton CO2eq/year when ME is applied, and 1210 kton CO2eq/year
when NEM is applied), followed by space heating (582 kton CO2eq/
year when ME is applied, and 492 kton CO2eq/year when NEM is
applied). Drying of wood and space heating account for 100% of the
GHG emissions related to biofuels.

In scenario 3, where only direct emissions from owned or
controlled sources are taken into consideration, emissions from
electricity and district heating are excluded since the emissions for
these energy carriers happen at the utility plant. This means that
only processes that use fossil fuels or biofuels emit GHG in scenario
3. Fossil fuels and biofuels are only used in three processes among
the studied companies, namely drying of wood, internal trans-
portation and space heating. Drying of wood emits 1124 kton CO2eq/
year in scenario 3, while space heating and internal transport emits
390 kton CO2eq/year and 80 kton CO2eq/year respectively. Regard-
less of which scenario is applied, drying of wood is by far the largest
GHG emitting process.

In scenario 1, processes with high electricity use are the most
prevalent GHG emitting processes. In scenarios 2 and 3, processes
with high biofuel use are the most prevalent GHG emitting
processes.

4.4. Energy efficiency measures and greenhouse gas mitigation
measures

With the assumption that the studied companies are repre-
sentative of the wood industry, and that their peers have the same
level of EEMs, the total potential for the wood industry in Sweden
would be as shown in Fig. 7. Each measure is categorized according
to which EEU process it addresses (sawing, lighting etc.). The total
energy saving potential is slightly over 1,100 GWh, or about 13% of
the final EEU as given by Statistics Sweden. The largest amount of
energy savings is found in compressed air, lighting, process ventila-
tion (all electricity), space heating (district heating) and drying of
wood (biofuels). The measures suggested by energy audit reports
for drying of wood imply optimization of circulation air flow in the
driers, pre-heating of air, additional insulation, and demand-
controlled drying air flow. Notably, there are no suggestions for
heat recovery technologies.

For space heating, recurrent EEMs regard turning off process
ventilation or ventilation, installing frequency controllers for fans,
and improving the technical characteristics of the buildings by e.g.
adding insulation. For the first two measures, space heating is saved
since heated air removed through the ventilation does not have to
be replaced by the heating system. In many of the case companies,
the use of heat recovery technologies was non-existent. The EEMs
for lighting include installing more energy efficient lighting and
motion detectors. For compressed air, EEMs regarded sealing off air
leakages, turning off compressors or reducing compressor oper-
ating times, and reducing the pressure in the compressed air
system.

Notably, sawing accounts for 7% of electricity use in the wood
industry, but does not have a single proposed EEM. E.g. Andersson
et al. [23] have mentioned this issue of energy auditors mainly
focusing on the larger EEU processes and cross-sectoral technolo-
gies (i.e. support processes), since such knowledge is scalable to
other sectors as well. This could also be an explanation why further
refining processes, the production process accounting for the largest
share of EEU for companies classified as C16.2, only has a small
energy efficiency potential.

Also, there is a discrepancy where pumping has an energy saving
potential even though none of the case companies have any EEU
allocated to this process (Fig. 3). The EEU for pumping is likely to be
small and not properly measured or calculated, and thus found in
Other support processes, but the EEM proposed (one in total) still
addresses pumping.

It is not possible to directly denote which processes have cost-
effective EEMs, since the energy prices vary from company to
company. Given that the electricity price level has been around EUR
50/MWh (about SEK 500/MWh) [42], most EEMs that regard
electricity savings should be cost-efficient. For district heating, the
prices vary depending on a company's district heating provider. The
biofuel (i.e. bark and sawing residues) used in the sawmills is “free”
since it is a by-product from the production processes. However,
instead of using it within the company, the biofuel could be sold on
themarket, where the selling price would represent the cost for the
company of burning it itself.

From a policy perspective, only 11 companies in the Swedish
wood industry participated in the first phase of the Swedish Pro-
gram for Improving Energy Efficiency in Energy Intensive In-
dustries (PFE) with energy efficiency savings of 28.0 GWh/year. The
31 SMEs which participated in the Swedish energy audit policy
program achieved energy savings of 19.4 GWh, only considering the
implemented measures. Even if additional companies have carried
out energy audits and implemented EEMs later on, it is likely that
the energy efficiency potential in the wood industry is yet to be
achieved.

The GHG mitigation potential is calculated for two scenarios
usingmarginal abatement curves, and in both cases considering the
entire wood industry. Fig. 8a shows the GHG mitigation potential
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Fig. 5. The total national emissions of CO2eq at process level for the Swedish wood industry for each production process, and for support processes jointly. This estimation of the CO2

emissions for the entire industry is based on the assumption that the studied companies are representative of the entire wood industry. S1 ¼ Scenario 1, S2 ¼ Scenario 2, S3 ¼
Scenario 3, ME¼Marginal electricity, NEM ¼ Nordic electricity mix.
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Fig. 6. The total national emissions of CO2eq at process level for the Swedish wood industry for each support process, and for production processes jointly. This estimation of the CO2

emissions for the entire industry is based on the assumption that the studied companies are representative of the entire wood industry. The processes “Steam” and “Pumping” have
been omitted due to having 0 use of energy. S1 ¼ Scenario 1, S2 ¼ Scenario 2, S3 ¼ Scenario 3, ME¼Marginal electricity, NEM ¼ Nordic electricity mix.
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using the Nordic electricity mix and considering biofuel as a limited
resource. In this case, drying of wood accounts for the largest
mitigation potential nationally, at more than 100,000 ton CO2eq..
However, more cost-effective measures exist for the support pro-
cesses compressed air, ventilation, and hot tap water as well as
regrading and further refining processes.
Fig. 8b shows the national CO2 mitigation potential if the mar-

ginal electricity perspective is appliedwhere coal condensed power
plants represent the margin of electricity generation. The most
notable difference in comparison to Fig. 8a is that EEMs for



Fig. 7. The energy efficiency potential per process in the entire wood industry in Sweden, assuming that the EEMs given for the studied companies are representative at a national
level. Companies classified as both C16.1 and C16.2 are considered in this diagram.
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Fig. 8. National CO2 mitigation potential assuming that the EEMs given in the energy audit reports are representative of the industry. Figure (a) shows the mitigation potential when
assuming the Nordic electricity mix. Figure (b) shows the mitigation potential when assuming marginal electricity. Biofuel is considered a limited resource in both (a) and (b). Note
that a few processes have a very small energy saving potential and are hard to visualize in the diagram. These are for (a) hot tap water (CCE ¼ SEK 1059/ton CO2) and log sorting
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additional end-use processes are more cost-efficient than the dry-
ing of wood process. This is true for log sorting, process ventilation
(C16.2), other support processes, and lighting, which also have a
large CO2 mitigation potential.

5. Discussion

5.1. Energy end-use, energy saving potential and systems
perspective

When calculating GHG emissions, the two perspectives on
biofuel provide distinct outcomes. If biofuel is considered carbon
neutral, this paper shows that the high electricity use in EEU pro-
cesses is a major contributor to GHG emissions in the wood
industry, which is also noted by Murphy et al. [25]. However, if
biofuel is considered a limited resource in the market, it is a larger
contributor to GHG emissions in the wood industry, since every
amount of biofuel used in a sawmill could potentially replace the
use of fossil fuel elsewhere (cf. [34]).

If the system boundary are extended beyond the firms to also
include the generation of district heating, this implies that, from a
systems perspective, it would be better to replace other (fossil)
fuels for district heating with residual biofuels from sawmills. In
other words, instead of only using the generation of heat directly in
a boiler at a sawmill, it would be beneficial to use the biofuel in a
CHP plant for both electricity and heat generation. However, if
excess heat is to be used in district heating, this is not possible if a
sawmill is located where there is no district heating network. It
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might also not be possible to replace all heat for drying with district
heating alone, but part of the energy use for drying a mill could
originate from district heating.

Regarding CSCs and EEMs, sawing of wood, which accounts for a
significant proportion of the EEU in the production processes, did
not received a single EEM from the energy auditors. There are a
number of possible explanations for this: (1) the best available
technology could already be implemented at the studied com-
panies, (2) measures for this process were omitted due to being
deemed cost-inefficient, or (3) the auditors did not possess suffi-
cient knowledge of the process to suggest adequate EEMs. This has
not been investigated within the current study, but could imply a
knowledge gap where unidentified, and thus unexploited, energy
efficiency potential exists.

What should be noted when analyzing the results of this paper
is that when bottom-up energy data is aggregated to national
sector level, the bottom-up data used includes companies that
would not normally be considered part of the wood industry, i.e.
division 16 of NACE rev. 2. Instead, three companies are part of the
classification 31.01: Manufacture of office and shop furniture. These
companies are partly included because of the applied supply chain
perspective, but more importantly because of the possibility that a
company classified as C16 might also have further value-adding
processes that are part of another classification, e.g. C31.01.

Other uncertainties in this paper regard the applied method and
available data. The energy audits consist of uncertainties in both the
measurements and calculations of EEU. In the analysis of the energy
audit reports, it is not always clear to which process some of EEU
should be allocated, e.g. because specific names for processes are
used by the audited company. For the aggregation of process level
EEU data to a national level, the studied companies are most likely
not representative of the entire wood industry. Therefore, the fig-
ures should be interpreted with great care. However, the total EEU
of each energy carrier is provided by Statistics Sweden; it is the
percentage of distribution to each EEU process that is based on the
case companies. Therefore, the figures should provide valuable
information for policy makers as an analytical generalization.

It must be added that, beside the fact that some of the national
energy data is omitted by Statistics Sweden for confidentiality
reasons, there is no extensive control of the quality of the data that
is reported to the agency, which might result in other errors in the
national data.

In order to get adequate energy data at national level for the
wood industry in the long term, we advocate a longitudinal
collection of energy data by government agencies, where the pro-
posed categorization of end-use processes as developed in this
study is applied for structuring the collection of data. Such a lon-
gitudinal study should include a thorough quality control of a
limited, but statistically significant, sample of energy audits.

5.2. Energy key performance indicators for sawmills

It is evident that there is potential for improvement regarding
the currently operational energy KPIs. A straightforward improve-
ment of the KPIs would be to separate figures for different wood
species and different end-products (structural effect called mix of
products) and also distinguish between different drying kiln tech-
nologies (e.g. chamber dryer or continuous kiln, the structural ef-
fect known as mix of processes). In this case, the KPIs for these
different scenarios are potentially more relevant in e.g. bench-
marking practices, and is also more relevant for a company to
follow its own improvement. This is because it is not necessarily the
case that an improvement of a single KPI that does not account for
the abovementioned factors reveals an actual improvement, i.e. it
could be a result of a shift in end-product mix where there is e.g. an
increase in products with higher moisture content. This would
require continuous monitoring and measurement of EEU, prefer-
ably at a disaggregated level.

5.3. Policy implications

Information for industrial companies regarding the EEMs
studied in this paper is lacking in the European Commission's best
available technique (BAT) reference documents. Thus, there is a
knowledge gap of potential EEMs for the wood industry, which is
partly covered by the results in this paper. However, further
research should aim to conduct an industry-wide investigation of
the energy efficiency measures with their corresponding energy
saving potential, both in Sweden and in the EU.

This implies a major policy implication, since the energy saving
potential in certain EEU processes is large. Drying wood and pro-
cess ventilation are two production processes in the wood industry
that would benefit from a leap in technology. Relevant policies to
achieve this could be, for example, investment support for energy
efficient technologies applicable for these processes or innovation
projects targeting these processes. Furthermore, given that the
wood industry accounts for a large share of the industrial EEU in
Sweden, and possibly also in other EU member states, the sector
should be provided with a BAT reference document that covers not
only cross-sector processes such as drying, but also processes
specific to the wood industry. Information about best practice and
best available techniques is currently lacking, and such bench-
marking values would be beneficial not only for policy makers to
estimate the energy efficiency potential, but also for individual
wood companies.

6. Conclusions

This paper provides a taxonomy for EEU and GHG emissions on a
process level in the wood industry, and analyses inwhich processes
themajor GHGmitigationmeasures are found in the Swedish wood
industry. This is a novel approachwhich, to the authors’ knowledge,
has not earlier been carried out for the wood industry. A number of
scientific papers have historically elaborated on energy savings and
mitigation measures in the manufacturing industry (e.g.
Refs. [11,16,17]). The novelty of this study and its major general
contributions to the overall general scientific knowledge in the field
are:

� A general taxonomy for the categorization of EEU and emissions
of the processes in the wood industry is suggested.

� Currently applied energy KPIs and their magnitudes for the
wood industry are presented.

� A novel proposal for new innovative energy KPIs is suggested.

Findings specific to the Swedish wood industry are:

� A state-of-the-art review of the EEU is presented, including
current GHG emissions and actual mitigation measures.

� The major policy implications for Sweden are that the current
policies are not sufficient for achieving the full energy efficiency
potential.

� In line with the above, new policies are needed with a focus on
processes and process-related technologies to reach the targets.

Even though the scope of this paper is the Swedish wood in-
dustry, many of the findings are likely to be applicable to other
countries with a prominent wood industry. This regards the review
of the technical energy efficiency potential at process level, as well
as the categorization of processes and the energy KPIs.
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Furthermore, even though Sweden has carried out energy audit
policy programs, not all of the energy efficiency potential has been
deployed. Energy audit policy programs alone are not enough to
reach the targets set by the EU, which should be relevant for policy
makers in other EU member states to consider.

Also, the categorization of processes and the energy KPIs are
useful for both individual wood industrial companies and govern-
ing agencies. This is suggested as a subject for further research,
where the developed categorization could be further validated and
relevant energy KPIs in the management of energy in companies
could be developed and applied.

Acknowledgements

The authors would like to thank the reference group for this
study represented by employees from the Swedish Environmental
Agency and the Swedish Energy Agency. The authors also thank the

county administrative boards of €Osterg€otland, Dalarna, Norrbotten
and G€avleborg for valuable discussions. We would also like to
specifically thank Curt Bj€ork and Marcus Olsson for providing
relevant insights and comments on the results. Finally, the authors
would like to thank the anonymous referees whose comments
helped to improve this paper. This study was funded by the
Swedish Environmental Protection Agency and the Swedish Agency
for Marine and Water Management, research project Carbonstruct,
project no. 802-0082-17.

References

[1] Swedish Energy Agency. Energy in Sweden, fact and figures 2018. Sweden:
Eskilstuna; 2018.

[2] Andersson J, Lycken A, Nordman R, Olsson M, R€aftegård O, Wamming T. State
of the art e energianv€andning i den svenska sågverksindustrin. 2011.

[3] Anderson JO, Toffolo A. Improving energy efficiency of sawmill industrial sites
by integration with pellet and CHP plants. Appl Energy 2013;111:791e800.
https://doi.org/10.1016/j.apenergy.2013.05.066.

[4] Gopalakrishnan B, Mate A, Mardikar Y, Gupta DP, Plummer RW. Energy effi-
ciency measures in the wood manufacturing industry. ACEEE summer study
energy effic. For Ind 2005:68e76.

[5] Lin J, Wang W, Glushecky ST, Summerfield D, Gopalakrishnan B. Energy
consumption and efficiency of Appalachian hardwood sawmills. For Prod J
2012;62:32e8. https://doi.org/10.13073/FPJ-D-11-00129.1.

[6] Anderson JO, Westerlund L. Improved energy efficiency in sawmill drying
system. Appl Energy 2014;113:891e901. https://doi.org/10.1016/j.apenergy.
2013.08.041.

[7] Ganesan P, Thirugnanasambandam M, Rajakarunakaran S, Devaraj D,
Thirugnanasambandam M, Rajakarunakaran S, Devaraj D. Specific energy
consumption and Co 2 emission reduction analysis in a textile industry spe-
cific energy consumption and Co 2 emission reduction analysis in a textile
industry. Int J Green Energy 2015;12:685e93. https://doi.org/10.1080/
15435075.2013.829479.

[8] Laurijssen J, Faaij A, Worrell E. Benchmarking energy use in the paper in-
dustry : a benchmarking study on process unit level 2001. 2013. p. 49e63.
https://doi.org/10.1007/s12053-012-9163-9.

[9] Xu T, Flapper J, Kramer KJ. Characterization of energy use and performance of
global cheese processing. Energy 2009;34:1993e2000. https://doi.org/10.
1016/j.energy.2009.08.014.

[10] Thollander P, Paramonova S, Cornelis E, Kimura O, Trianni A, Karlsson M,
Cagno E, Morales I, Jim�enez Navarro JP. International study on energy end-use
data among industrial SMEs (small and medium-sized enterprises) and en-
ergy end-use efficiency improvement opportunities. J Clean Prod 2015;104:
282e96. https://doi.org/10.1016/j.jclepro.2015.04.073.

[11] Andersson E, Karlsson M, Thollander P, Paramonova S. Energy end-use and
efficiency potentials among Swedish industrial small and medium-sized en-
terprises e a dataset analysis from the national energy audit program. Renew
Sustain Energy Rev 2018b;93:165e77. https://doi.org/10.1016/j.rser.2018.05.
037.

[12] Fleiter T, Hirzel S, Worrell E. The characteristics of energy-efficiency measures
- a neglected dimension. Energy Policy 2012b;51:502e13. https://doi.org/10.
1016/j.enpol.2012.08.054.

[13] Trianni A, Cagno E, De Donatis A. A framework to characterize energy effi-
ciency measures. Appl Energy 2014;118:207e20. https://doi.org/10.1016/j.
apenergy.2013.12.042.

[14] European Commission. Reference document on best available techniques for
energy efficiency. European Commission; 2009.

[15] Bunse K, Vodicka M, Sch€onsleben P, Brülhart M, Ernst FO. Integrating energy
efficiency performance in production management - gap analysis between
industrial needs and scientific literature. J Clean Prod 2011;19:667e79.
https://doi.org/10.1016/j.jclepro.2010.11.011.

[16] Fleiter T, Fehrenbach D, Worrell E, Eichhammer W. Energy efficiency in the
German pulp and paper industry - a model-based assessment of saving po-
tentials. Energy 2012a;40:84e99. https://doi.org/10.1016/j.energy.2012.02.
025.

[17] Hasanbeigi A, Menke C, Therdyothin A. Technical and cost assessment of
energy efficiency improvement and greenhouse gas emission reduction po-
tentials in Thai cement industry. Energy Eff 2011;4:93e113. https://doi.org/
10.1007/s12053-010-9079-1.

[18] Hasanbeigi A, Menke C, Price L. The CO 2 abatement cost curve for the
Thailand cement industry. J Clean Prod 2010a;18:1509e18. https://doi.org/10.
1016/j.jclepro.2010.06.005.

[19] Morrow WR, Hasanbeigi A, Sathaye J, Xu T. Assessment of energy efficiency
improvement and CO2 emission reduction potentials in India's cement and
iron & steel industries. J Clean Prod 2014;65:131e41. https://doi.org/10.1016/
j.jclepro.2013.07.022.

[20] Worrell E, Martin N, Price L. Potentials for energy efficiency improvement in
the US cement industry. Energy 2000;25:1189e214. https://doi.org/10.1016/
S0360-5442(00)00042-6.

[21] European Commission. NACE rev. 2 statistical classification of economic ac-
tivities in the european community. 2008.

[22] S€oderstr€om M. Industrial electricity use characterized by unit processes - a
tool for analysis and forecasting. In: Proc. Of the 13th international congress
on electricity applications; 1996. June 16-20, Birmingham UK.

[23] Andersson E, Arfwidsson O, Thollander P. Benchmarking energy performance
of industrial small and medium-sized enterprises using an energy efficiency
index: results based on an energy audit policy program. J Clean Prod
2018a;182:883e95. https://doi.org/10.1016/j.jclepro.2018.02.027.

[24] Olsson M, Lycken A, Nordman R. Dokumentation till sågverksmodellen inom
projekt EESI e EnergiEffektivisering i SågverksIndustrin. 2011.

[25] Murphy F, Devlin G, Mcdonnell K. Greenhouse gas and energy based life cycle
analysis of products from the Irish wood processing industry. J Clean Prod
2015;92:134e41. https://doi.org/10.1016/j.jclepro.2015.01.001.

[26] Diederichs SK. Monitoring energy efficiency and environmental impact of the
woodworking industry in Germany. Eur J Wood Wood Prod 2015;73:573e88.
https://doi.org/10.1007/s00107-015-0934-9.

[27] Rietbergen MG, Blok K. Setting SMART targets for industrial energy use and
industrial energy efficiency. Energy Policy 2010;38:4339e54. https://doi.org/
10.1016/j.enpol.2010.03.062.

[28] Vikberg T, Elustondo D. Basic density determination for Swedish softwoods
and its influence on average moisture content of wood packages estimated by
measuring their mass. Wood Mater Sci Eng 2016;11:248e53. https://doi.org/
10.1080/17480272.2015.1090481.

[29] Yin RK. Case study research : design and methods. London : SAGE, cop; 2014.
2014.

[30] Rosenqvist J, Thollander P, Rohdin P, S€oderstr€omM. Industrial energy auditing
for increased sustainability � methodology and measurements. https://doi.
org/10.5772/51717; 2012.

[31] Engstr€om R, Gode J, Axelsson U. V€agledning till metodval vid ber€akning av
påverkan från f€or€andrad energianv€andning på de svenska milj€omålen. 2009.

[32] International Energy Agency. CO2 Emissions from fuel combustion. 2017.
[33] IVL. Emissionsfaktor f€or nordisk elproduktionsmix. Stockholm: IVL Svenska

Milj€oinstitutet; 2012.
[34] Johansson MT. Effects on global CO 2 emissions when substituting LPG with

bio-SNG as fuel in steel industry reheating furnaces d the impact of different
perspectives on CO 2 assessment. Energy Eff 2016;9:1437e45. https://doi.org/
10.1007/s12053-016-9432-0.

[35] Amiri S. Economic and environmental benefits of CHP-based district heating
systems in Sweden, link€oping studies in science and technology. 2013. Dis-
sertations NV - 1524.

[36] Olkkonen V, Syri S. Spatial and temporal variations of marginal electricity
generation: the case of the Finnish, Nordic, and European energy systems up
to 2030. J Clean Prod 2016;126:515e25. https://doi.org/10.1016/j.jclepro.
2016.03.112.

[37] Burtraw D, Palmer K. Interaction between the EU ETS and the nordic elec-
tricity market: setting the scene. 2008.

[38] Gr€onkvist S, Sj€odin J, Westermark M. Models for assessing net CO2 emissions
applied on district heating technologies. Int J Energy Res 2003;27:601e13.
https://doi.org/10.1002/er.898.

[39] WBCSD/WRI. Setting operational boundaries. The greenhouse gas Protocol. A
corporate accounting and reporting standard. 2014.

[40] Hasanbeigi A, Menke C, Therdyothin A. The use of conservation supply curves
in energy policy and economic analysis: the case study of Thai cement in-
dustry. Energy Policy 2010b;38:392e405. https://doi.org/10.1016/j.enpol.
2009.09.030.

[41] Backlund S, Thollander P. Impact after three years of the Swedish energy audit
program. Energy 2015;82:54e60. https://doi.org/10.1016/j.energy.2014.12.
068.

[42] Nord Pool. Market data nord pool. 2019 [WWW Document].
[43] Statistics Sweden. Definitioner f€or f€ardiga tabellpaket. 2019 [WWW

Document].
[44] Swedish Environmental Protection Agency. Emission Factors and Heating

Values 2018. Sweden: Stockholm; 2018.

http://refhub.elsevier.com/S0360-5442(19)31603-2/sref1
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref1
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref2
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref2
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref2
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref2
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref2
https://doi.org/10.1016/j.apenergy.2013.05.066
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref4
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref4
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref4
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref4
https://doi.org/10.13073/FPJ-D-11-00129.1
https://doi.org/10.1016/j.apenergy.2013.08.041
https://doi.org/10.1016/j.apenergy.2013.08.041
https://doi.org/10.1080/15435075.2013.829479
https://doi.org/10.1080/15435075.2013.829479
https://doi.org/10.1007/s12053-012-9163-9
https://doi.org/10.1016/j.energy.2009.08.014
https://doi.org/10.1016/j.energy.2009.08.014
https://doi.org/10.1016/j.jclepro.2015.04.073
https://doi.org/10.1016/j.rser.2018.05.037
https://doi.org/10.1016/j.rser.2018.05.037
https://doi.org/10.1016/j.enpol.2012.08.054
https://doi.org/10.1016/j.enpol.2012.08.054
https://doi.org/10.1016/j.apenergy.2013.12.042
https://doi.org/10.1016/j.apenergy.2013.12.042
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref14
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref14
https://doi.org/10.1016/j.jclepro.2010.11.011
https://doi.org/10.1016/j.energy.2012.02.025
https://doi.org/10.1016/j.energy.2012.02.025
https://doi.org/10.1007/s12053-010-9079-1
https://doi.org/10.1007/s12053-010-9079-1
https://doi.org/10.1016/j.jclepro.2010.06.005
https://doi.org/10.1016/j.jclepro.2010.06.005
https://doi.org/10.1016/j.jclepro.2013.07.022
https://doi.org/10.1016/j.jclepro.2013.07.022
https://doi.org/10.1016/S0360-5442(00)00042-6
https://doi.org/10.1016/S0360-5442(00)00042-6
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref21
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref21
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref22
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref22
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref22
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref22
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref22
https://doi.org/10.1016/j.jclepro.2018.02.027
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref24
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref24
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref24
https://doi.org/10.1016/j.jclepro.2015.01.001
https://doi.org/10.1007/s00107-015-0934-9
https://doi.org/10.1016/j.enpol.2010.03.062
https://doi.org/10.1016/j.enpol.2010.03.062
https://doi.org/10.1080/17480272.2015.1090481
https://doi.org/10.1080/17480272.2015.1090481
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref29
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref29
https://doi.org/10.5772/51717
https://doi.org/10.5772/51717
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref31
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref32
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref33
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref33
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref33
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref33
https://doi.org/10.1007/s12053-016-9432-0
https://doi.org/10.1007/s12053-016-9432-0
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref35
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref35
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref35
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref35
https://doi.org/10.1016/j.jclepro.2016.03.112
https://doi.org/10.1016/j.jclepro.2016.03.112
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref37
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref37
https://doi.org/10.1002/er.898
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref39
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref39
https://doi.org/10.1016/j.enpol.2009.09.030
https://doi.org/10.1016/j.enpol.2009.09.030
https://doi.org/10.1016/j.energy.2014.12.068
https://doi.org/10.1016/j.energy.2014.12.068
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref42
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref43
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref43
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref43
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref43
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref44
http://refhub.elsevier.com/S0360-5442(19)31603-2/sref44

	Energy savings and greenhouse gas mitigation potential in the Swedish wood industry
	1. Introduction
	2. Energy end-use, greenhouse gas emissions and key performance indicators in the wood industry
	3. Methodology
	3.1. Allocation of energy end-use
	3.2. Energy key performance indicators in the wood industry
	3.3. Aggregation of energy end-use data and greenhouse gas emissions
	3.4. Conservation supply curves and marginal abatement curves

	4. Results and analysis
	4.1. Energy end-use at process level in the Swedish wood industry
	4.2. Energy key performance indicators in the wood industry
	4.3. Greenhouse gas emissions in wood industry processes
	4.4. Energy efficiency measures and greenhouse gas mitigation measures

	5. Discussion
	5.1. Energy end-use, energy saving potential and systems perspective
	5.2. Energy key performance indicators for sawmills
	5.3. Policy implications

	6. Conclusions
	Acknowledgements
	References


