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Abstract

This dissertation consists of an introduction and five self-contained papers addressing the 
issues of industrial electricity demand and the role of energy efficiency policy. An important 
context for the study is the increased interest in so-called voluntary energy efficiency 
programs in which different types of tax exemptions are granted if the participating firms 
carry out energy efficiency measures following an energy audit. Paper 1 conceptually analy-
ses the cost-effectiveness of voluntary energy efficiency programs targeted at the industrial 
sector. A broad methodological framework is outlined, and discussed in the empirical context 
of the Swedish PFE program. The results show that the presence of information inefficiencies 
and asymmetries represents one of the major motives for policy intervention in the industrial 
energy efficiency field, but the substitution of energy management systems for electricity 
taxes, such as that achieved in the Swedish PFE program, does not necessarily address these 
market failures cost-effectively. Paper II provides an empirical assessment of the electricity 
efficiency improvement potential in the Swedish pulp and paper industry by employing data 
envelopment analysis (DEA) and mill-specific input and output data for the years 1995, 2000 
and 2005. The estimated electricity efficiency gap is relatively stable over time, and it equals 
about 1 TWh for the sample mills. This result is largely a reflection of the fact that in the pulp 
and paper industry electricity efficiency improvements are typically embodied in the diffusion 
of new capital equipment, and there is a risk that some of the reported energy efficiency 
measures in PFE simply constitute an inefficient speed-up of capital turnover. Overall the 
analysis suggests that future energy efficiency programs could be better targeted at explicitly 
promoting technological progress as well as at addressing the most important information- 
and behaviour-related failures. In Paper III the electricity demand behaviour in the Swedish 
pulp and paper industry is analysed. A panel data set of 19 pulp and paper firms is employed 
within a Translog cost function, and the own- and cross-price elasticities of electricity demand 
as well as the impact of knowledge accumulation following private R&D on electricity use 
are estimated. The empirical results show that electricity use in the Swedish pulp and paper 
industry is relatively own-price insensitive, but they also display that already in a baseline set-
ting firms tend to invest in private R&D that have electricity saving impacts. The objectives 
of Paper IV are to: (a) analyse long-run electricity demand behaviour in the Swedish mining 
industry; and (b) contrast this to the reported outcomes of PFE. Methodologically, a Genera-
lized Leontief variable cost function covering a panel data set of nine mining operations over 
the time period 1990-2005 is used. The empirical results indicate that long-run electricity 
demand in the mining industry is sensitive to changes in the own-price, but the estimated 
electricity use increases following the tax reduction in PFE do not overweigh the self-reported 
electricity savings of the program. Finally, Paper V analyses the presence of structural 
changes in the Swedish pulp and paper industry, and we pay particular attention to altering 
energy demand patterns and factor substitution possibilities over time. The paper employs a 
flexible Translog cost function, and an unbalanced panel data set covering 32 pulp and paper 
mills over the time period 1974-2005. The results show evidence of more significant factor 
substitution possibilities over time, not the least between electricity and fossil fuels. In 
addition, fuel and labour demands have overall become more sensitive to short-run changes in 
relative prices. 
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Preface

Introduction
The base industry in Sweden, e.g., pulp and paper, steel and mining, has an important impact 
on the Swedish economy. Export of steel created about SEK 68 billion (USD 8-9 billion) in 
2005, and the equivalent sum for pulp and paper was about SEK 66 billion. However, the 
base industry is energy intensive and thus represents a relatively large share of Sweden’s total 
use of electricity and fuels. This implies that these industries also have a significant impact on 
the environment since they contribute extensively to Swedish greenhouse gas emissions. To 
achieve the climate change goals, agreed upon between the EU member states, it may be 
important to target the energy intensive industries. However, the limited price responsiveness 
in these industries makes it difficult to use environmental policies such as taxes on energy and 
carbon dioxide since these measures may have a negative impact on employment and on the 
firms’ competitiveness. The challenges of climate change have however spurred an increased 
interest in how different industrial sectors can reduce their electricity consumption while at 
the same time remaining competitive in the international market place.  

From a policy perspective it is important to understand the effects from climate and 
energy policies on the industries, this in order to evaluate the impact of current policies and to 
assess the economic efficiency of future policy efforts. One policy instrument, which has 
become a popular tool for energy intensive industries to reduce their electricity use without 
reduced competitiveness, is the use of voluntary energy efficiency programs. The Swedish 
program for improving energy efficiency (PFE), which was introduced in 2005, has provided 
energy-intensive firms the opportunity of a reduced tax on electricity consumption if they take 
action to improve their energy efficiency (e.g., Henriksson and Söderholm, 2009; Stenqvist et 
al., 2009; Swedish Energy Agency, 2005). To evaluate the effects of PFE, though, it is 
important to understand the industrial electricity demand behaviour, not the least in a baseline 
setting. For this reason quantitative research on the short- and long-run industrial response to 
changes in the electricity price is of importance.   

The overall purposes of this dissertation are to analyse: (a) the cost-effectiveness of the 
Swedish voluntary energy efficiency program PFE; (b) industrial electricity demand beha-
viour in the short- and the long-run, as well as (c) the impacts of climate and energy policies 
on structural change in factor demand patterns. The specific topics covered in this thesis can 
thus be divided into three interrelated sections, which will be covered in five papers. The first
section (papers 1 and 2) provides an analysis of the cost-effectiveness of voluntary energy 
efficiency programs, and this is done in the empirical context of the Swedish PFE program. In 
order to evaluate such programs a broad theoretical framework within which one can critically 
assess the impacts and the cost-effectiveness of voluntary energy efficiency programs is 
discussed. The efficiency of the Swedish PFE is further dependent upon the overall potential 
for electricity efficiency improvements. An analysis of the potential for electricity efficiency 
improvements in the pulp and paper industry has therefore also been conducted (paper 2). 

The second section (papers 3 and 4) focuses on industrial electricity demand behaviour. 
The industries’ response to changes in the electricity price have been investigated both in the 
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short- and long-run, and the impacts of knowledge accumulation following private R&D on 
electricity use have also been assessed. Even though the impact of private R&D efforts on 
electricity use does not in itself indicate whether voluntary energy efficiency program will be 
efficient or not, any investigation of the latter program must rely on a realistic baseline 
assessment of firm’s knowledge accumulation processes and their outcomes. Finally, the third
section (paper 5) investigates the impacts of climate and energy policies on structural change 
in the pulp and paper industry’s demand for electricity and fuels.

The five papers included in the dissertation are briefly summarised below and some 
general conclusions ends the preface.   

Summary of papers 

Paper I:  The Cost-Effectiveness of Voluntary Energy Efficiency Programs (with Patrik 
Söderholm)  

The purpose of this paper is to conceptually analyse the cost-effectiveness of voluntary ener-
gy efficiency programs targeted at the industrial sector. This implies analysing whether such 
programs induce behaviour leading to an outcome in which the achieved energy efficiency 
improvements take place where they are the cheapest. The paper draws on lessons from 
economic welfare theory and the behavioural economics literature to discuss the scope for 
market failures in the industrial sector’s energy use. A broad methodological framework for 
assessing the cost-effectiveness of voluntary energy efficiency programs is outlined. The 
focus lies on the presence of asymmetric information and bounded rationality, and the paper 
discusses how these factors may influence the cost-effectiveness of these types of programs. 
We also highlight the impact of the self-selection mechanism, i.e. the voluntary component of 
the program, in the program’s cost-effectiveness. In a second step this framework is employed 
empirically on the Swedish program for improving energy efficiency in the energy-intensive 
industries (PFE).

The results show that the presence of information inefficiencies and asymmetries 
represents one of the major motives for policy intervention in the industrial energy efficiency 
field, but the substitution of energy management systems for electricity taxes, such as that 
achieved in the Swedish PFE program, does not necessarily address these asymmetries 
entirely cost-effectively. First, the presence of firm-government information asymmetries 
implies that electricity taxes could do a better job in energy intensive companies while an 
energy management system (as part of a voluntary agreement) could be more effective in 
companies with a low energy-intensive production process due to the lack of prior experience 
of energy efficiency measures. The current set-up of PFE induces the reverse situation. 
Second, although firm-internal information asymmetries may well exist in the participating 
energy-intensive companies, implying that energy management systems could do a good job 
in detecting cost-effective measures, due to their comparatively low accumulated knowledge 
in the energy efficiency field, this is likely to be even more true for the non-participating 
companies. It should however also be acknowledged that the analysis in this paper is static, 
and in the long run voluntary energy efficiency programs may lead to significant learning 
impacts and – given the public good characteristics of this new knowledge – to important spill 
over effects.
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Paper II: Energy Efficiency and Policy in Swedish Pulp and Paper Mills: A Data Enve-
lopment Analysis Approach (with Jerry Blomberg and Robert Lundmark)  

The paper provides an empirical assessment of the electricity efficiency improvement poten-
tial in the Swedish pulp and paper industry by employing data envelopment analysis (DEA) 
and mill-specific input and output data for the years 1995, 2000 and 2005. The DEA approach 
is used to estimate the electricity use impacts of a (hypothetical) situation where all pulp and 
paper mills in the sample operates as efficiently as the best-practice mill(s). Particularly the 
technical efficiency scores are discussed in relation to the self-reported electricity savings in 
the voluntary energy efficiency program PFE.  

The estimated electricity efficiency gap is relatively stable over the time period 1995-
2005; it equals roughly 1 TWh for the sample mills and this is three times higher than the 
corresponding self-reported electricity savings in PFE. We argue that this result is largely a 
reflection of the fact that in the pulp and paper industry electricity efficiency improvements 
are typically embodied in the diffusion of new capital equipment, and there is a risk that some 
of the reported measures in PFE simply constitute an inefficient speed-up of capital turnover. 
It is plausible to assert that some of the measures reported in PFE achieve only this, such as 
investments in less electricity using machines. The above does not preclude, though, that 
many other measures in PFE may have addressed some relevant market failures and barriers 
in the energy efficiency market. While our paper cannot resolve this question in any detail it 
does suggest that voluntary energy efficiency programs such as PFE could be better targeted 
at explicitly promoting technological progress (i.e., on moving the frontier) rather than on 
technological diffusion (i.e., moving mills closer to the frontier). 

Paper III:  Industrial Electricity Demand and Energy Efficiency Policy: The Role of Price 
Changes and Private R&D in the Swedish Pulp and Paper Industry (with Patrik 
Söderholm and Linda Wårell) 

The overall objective of this paper is to analyse electricity demand behaviour in the Swedish 
pulp and paper industry. An important context for the study is the increased interest in so-
called voluntary energy efficiency programs in which different types of tax exemptions are 
granted if the participating firms carry out energy efficiency measures following an energy 
audit. We employ a panel data set of 19 pulp and paper firms, and estimate both the own- and 
cross-price elasticities of electricity demand as well as the impact of knowledge accumulation 
following private R&D on electricity use.

The empirical results show that electricity use in the Swedish pulp and paper industry is 
relatively own-price insensitive. The estimated electricity elasticities thus indicate relatively 
small electricity using impacts following the removal of the EU minimum tax. The results of 
the first program period of PFE indicate a self-reported reduction in the pulp and paper 
industry’s electricity demand of almost 3 percent (corresponding to about 0.67 TWh). Our 
empirical results indicate that (with the year 1999 used as baseline) the associated tax relief 
would only induce a corresponding increase in electricity use by 0.3 percent.

The results also display, though, that already in a baseline setting pulp and paper firms 
tend to invest in private R&D that have electricity saving impacts. While voluntary energy 
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efficiency programs may add to these types of activities future evaluations of these programs 
must increasingly recognise the already existing incentives to improve energy efficiency in 
electricity-intensive industries. 

Paper IV: Long-run Electricity Demand and the Role of Price Signals versus Voluntary 
Programs: A Generalized Leontief Model of the Swedish Mining Industry (with 
Patrik Söderholm and Linda Wårell) 

The objectives of this paper are to: (a) analyse long-run electricity demand behaviour in the 
Swedish mining industry; and (b) contrast this to the reported outcomes of a recent voluntary 
energy efficiency program (PFE). In this program a reduced tax on electricity use has been 
granted if the participating firms carry out energy efficiency measures following an energy 
audit. Methodologically, we estimate a Generalized Leontief variable cost function using a 
panel data set of nine mining operations over the time period 1990-2005. Since the lower 
boundary of a set of short-run cost functions confines the long-run cost function, we can 
compute the long-run own- and cross-price elasticities of electricity, oil and labour demand. 

The empirical results indicate that electricity demand in the mining industry is sensitive 
to changes in the own-price. The own-price elasticity of electricity demand is estimated at 
about -1.90, thus indicating that a one-percent increase in the price of electricity implies a 
long-run reduction in electricity demand of almost 2 percent. Nevertheless, the estimated 
electricity use increases following the tax reduction in PFE does not overweigh the self-
reported electricity savings of the program. Still, the results also indicate that already in a 
baseline setting also Swedish mining companies tend to allocate substantial efforts towards 
energy efficiency measures, some through private R&D.  

Paper V: Structural Changes in Industrial Electricity Use: The Case of the Pulp and Paper 
Industry in Sweden. 

The purpose of this paper is to analyse the presence of structural changes in the Swedish pulp 
and paper industry, and we pay particular attention to altering energy demand patterns and 
factor substitution possibilities over time. The investigation employs a flexible Translog cost 
function, and an unbalanced panel data set covering 32 pulp and paper mills over the time 
period 1974-2005. Specifically, we test whether factor demand patterns in the industry in the 
time period 1974-1990 differ from those during the latter period, 1991-2005.

The empirical results reveal that even though the Swedish pulp and paper industry is 
relatively insensitive to changes in factor input prices in the short-run we find evidence of 
significant changes over time. According to the results the own price sensitivity of factor 
demand has increased since the 1970s and the 1980s, mainly for fuels (oil) and for labour, 
thus indicating that fuel and labour demand overall have become more sensitive to short-run 
changes in relative prices. The estimated cross-price elasticities between electricity and fuel 
also support the hypothesis of increased substitutability over time, while we however cannot 
reject the null hypothesis of an equal own-price elasticity of demand across the two time 
periods. The knowledge generated in this paper should be important for future policy-making 
such as policies that affect relative input prices in the industry.
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Conclusions
The overall purposes of this dissertation are to analyse: (a) the cost-effectiveness of the Swe-
dish voluntary energy efficiency program PFE; (b) industrial electricity demand behaviour in 
the short- and the long-run, as well as (c) the impacts of climate and energy policies on 
structural change in factor demand patterns. 

In a first part efforts have been made dedicated to increase the knowledge of the impacts 
and the efficiency of PFE. The results show, for instance, that the program does address the 
problem of asymmetric information about energy efficiency measures and that it could be 
reasonably cost-effective. However, the analysis also shows that the voluntary component of 
the program may affect the cost-effectiveness of such programs negatively, this since the 
information asymmetries that these programs tend to address will be more prevalent in the 
firms that choose not to participate in the program. This implies that a light-version of PFE 
could be worthwhile to develop for less energy-intensive firms.  A number of drawbacks of 
the present program design have also been identified. For instance, PFE lacks a well-defined 
baseline scenario and as a result the quantitative targets of the program are unclear, something 
which in turn makes the assessment of the program outcomes difficult. Moreover, in the 
program guidelines there exists no clear distinction between the short- and the long-run 
effects on electricity use. The assessment of the electricity efficiency improvement potential 
in the Swedish pulp and paper industry shows an electricity efficiency gap that is three times 
higher that the corresponding self-reported electricity savings in the PFE. However, this result 
does not come as a surprise. A removal of the entire efficiency gap cannot be achieved 
without a very rapid – and economically inefficient – capital turnover, implying not the least a 
pre-mature removal of well-functioning energy using equipments.  

The studies on industrial electricity demand behaviour investigate the industry’s respon-
ses to changes in the electricity price, and they show evidence of low own-price elasticities of 
electricity demand in the short-run, but in the long-run when capital stock adjustments are 
permitted the impacts are much higher. This implies that policy instruments that raise 
electricity prices will have few impacts on electricity use in the short-run but at the same time 
they may have severe impacts on the competitive strength of the industry. This may motivate 
policy instruments such as the PFE. The electricity savings achieved within the PFE are 
generally higher compared to the results that a minimum electricity tax would have accomp-
lished. Still, the results also reveal that investments in private R&D tend to have electricity 
saving impacts within the pulp and paper industry prior to the implementation of PFE. 
Although the program has implied intensified firm attention to energy efficiency issues, these 
activities are thus in many ways prevalent already in a baseline scenario, and it is not clear 
whether this is acknowledged by firms when reporting about the outcomes of the program. In 
future evaluations of these programs these already existing incentives to improve energy 
efficiency in energy intensive industries must be recognised. 

The analysis of the presence of structural change in the pulp and paper industry shows 
no evidence that support the fact that electricity demand has become more sensitive to chan-
ges in its own price over time. However, the results reveal increased substitution possibilities 
between electricity and other fuels (e.g., oil). The introduction of the carbon tax in 1991 and 
the Swedish electricity market reform in 1996 have likely contributed to these structural 
changes, but so has the oil crises of the 1970s.
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The purpose of this paper is to conceptually analyze the cost-effectiveness of voluntary energy efficiency
programs targeted at the industrial sector. In the paper a broad methodological framework for such an
assessment is outlined, and this is applied empirically to discuss the potential cost-effectiveness of the
ongoing Swedish energy efficiency program PFE. The focus lies on the presence of asymmetric information
and bounded rationality, and the paper discusses how these factors may influence the cost-effectiveness of
these types of programs. We also highlight the impact of the self-selection mechanism on the program's
cost-effectiveness. The results show that the presence of information inefficiencies and asymmetries
represents one of the major motives for policy intervention in the industrial energy efficiency field, but the
substitution of energy management systems for electricity taxes—such as that achieved in the Swedish PFE
program—does not necessarily address these asymmetries entirely cost-effectively. First, the presence of
firm-government information asymmetries implies that electricity taxes could do a better job in energy-
intensive companies while an energy management system could be more effective in companies with a low
energy-intensive production process due to the lack of prior experience of energy efficiency measures. The
current set-up of PFE induces the reverse situation. Second, although firm-internal information asymmetries
may well exist in the participating energy-intensive companies—implying that energy management systems
could do a good job in detecting cost-effective measures—this is likely to be even more true for the non-
participating companies (again due to their comparatively low accumulated knowledge in the energy
efficiency field). It should however also be acknowledged that this analysis is static, and in the long-run
voluntary energy efficiency programs may lead to significant learning impacts and—given the public good
characteristics of this new knowledge—to important spillover effects.
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Introduction

The European Union has set up ambitious objectives regarding
future improvements in energy efficiency, and there exist today a
wide array of different national policy instruments aiming to remove
some of the barriers against cost-effective investment in energy
efficiency. Many of these policy initiatives take the form of various
types of voluntary agreements, in which often industrial firms may
get tax cuts if they pursue given measures to improve their energy
efficiency. Still, our understanding of these programs is so far limited
(see, however, Anderson and Newell, 2002), and there exists a need to
develop tools with which their impacts and cost-effectiveness can be
evaluated. The purpose of this paper is therefore to conceptually
analyze the cost-effectiveness of voluntary energy efficiency pro-

grams targeted at the industrial sector. This implies analyzing
whether such programs induce behaviour leading to an outcome in
which the achieved energy efficiency improvements take place where
they are the cheapest.

In doing the above the paper draws on lessons from the economic
welfare theory and behavioural economics literature (e.g., Sorrell et
al., 2004) to discuss the scope for market failures in the industrial
sector's energy use. We raise the issue of which policy objective
energy efficiency programs are best suited for, carbon dioxide
reduction, reduced energy need etc., and in the paper a broad
methodological framework for assessing the cost-effectiveness of
voluntary energy efficiency programs is outlined. The focus lies on the
presence of asymmetric information and bounded rationality, and the
paper discusses how these factors may influence the cost-effective-
ness of these types of programs. We also highlight the impact of the
self-selection mechanism—i.e., the voluntary component of the
program—on the program's cost-effectiveness.

In a second step this framework is employed empirically on the
Swedish PFE program by using firm-level data provided by the
Swedish Energy Agency. The PFE program provides energy-intensive
companies the opportunity of a reduced tax on electricity use. In
return they have to introduce and obtain certification for a

Energy for Sustainable Development 13 (2009) 235–243
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standardized energy management system and carry out an energy
audit. The latter is done to identify specific energy efficiency
investment to be implemented in subsequent years if these have a
pay-back time of less than three years. Similar programs exist in other
countries (e.g., Denmark and United Kingdom), and the lessons drawn
from the Swedish case should therefore be of general interest. The PFE
program is still ongoing (Swedish Energy Agency, 2007), but with the
datawe havewe can still discuss potential drawbacks and strengths of
the design of this program.

The paper proceeds as follows. In Section 2 we review some recent
experiences of voluntary energy efficiency programs in Europe, and
introduce the ongoing PFE program in Sweden. Section 3 provides a
theoretical discussion of the cost-effectiveness of these types of
programs, while Section 4 comments on the potential cost-effective-
ness of the PFE program. Section 5 concludes the paper.

Voluntary energy efficiency programs in the European
Industry Sectors

In order to increase energy efficiency—and reduce greenhouse gas
emissions—voluntary agreements between the government and the
energy intensive industries have been introduced in a number of
European countries. These agreements are often used to offer
industrial firms an alternative to, for instance, tax policies. If the
firm enters the agreement the government provides either a tax break
(e.g., reduced carbon dioxide tax) or a promise of relaxed environ-
mental regulations in the future. In this section we briefly review
some of the experiences of voluntary energy efficiency programs in
Europe, and we also introduce the Swedish PFE program. Our review
is not implied to be exhaustive, but it does highlight a number of key
issues and problems in the use of these types of voluntary programs.

The use of voluntary energy efficiency programs in Great Britain,
Holland and Denmark

The British Climate Change Programme, which aims at reducing
carbon dioxide emissions in the industry sector, is in part based on so-
called “Climate Change Agreements” (CCAs). These were introduced
in 2001 and imply that energy intensive industrial firms can sign a
ten-year contract with the government to achieve either a more
efficient use of energy or carbon emissions reductions. By signing such
a contract the firm gains an 80 percent reduction in the so-called
“climate change levy”, which constitutes a tax on (non-transport
related) energy use. Not all companies can join this system; their
production processes have to be energy intensive and they should be
subject to intense international competition. During the first three
years of the program, carbon dioxide emissions decreased by a total of
3.5 million tonnes, and about 70 percent of these reductions were
achieved in the steel industry (British Government, 2004).

In Holland so-called Long-Term Agreements (LTAs) have been
used for the manufacturing industry since the early 1990s. The nature
of the agreements differs across sectors, but a number of general
requirements must be met by each sector who wishes to enter a LTA.
The sector must, for instance, be fairly homogenous in terms of
products and processes and it should represent a major consumer of
energy. Each sector must also be represented by a well-established
industry organization. Each LTA has been preceded by an assessment
of the potential for energy savings in the sector, and this assessment
has formed the basis of a long-term energy efficiency plan for the
entire sector. During the period 1989–2000 the goal was to reduce
energy intensity by 19 percent, and by 1997 an 18 percent average
reduction had been achieved but with substantial differences in
outcomes across sectors (Farla and Blok, 2002). The Dutch experience
with LTA has raised concerns about how to monitor realized energy
efficiency improvements, and about trade-offs between material
intensity and energy efficiency improvements (Ibid.). The results from

Rietbergen et al. (2002) also indicate that “only” about 25–50 percent
of the total reduction in energy use during the 1990s can be attributed
to the LTAs.

Voluntary agreements have also been used between the Danish
Energy Agency and the energy intensive industry in Denmark. These
three-year agreements have aimed both at achieving energy efficien-
cy improvements but also to reduce emissions of carbon dioxide, and
they can be signed either by individual companies or by a group of
companies. The main reason for permitting also “collective” agree-
ments is the desire to minimize the system's administrative costs. The
most important incentive to enter an agreement is a reduction in the
carbon dioxide tax. In 1997 about 45 percent of total industrial energy
use was covered by these voluntary agreements. A typical Danish
agreement then had the following three facets:

• the energy use of each participating company must be assessed by
an external consultant, who is paid by the company (but at a
subsidized rate).

• the identification of profitable energy saving investments—i.e.,
those with a payback time of 4–6 years—which have to be pursued
by the company. The companies are entitled to the carbon tax
reduction even if no profitable energy savings investments can be
identified.

• a requirement that the company has to implement an energy
management system.

This Danish system has in part been quite cost-ineffective,
primarily due to the administrative costs involved in financing the
energy use assessment process, but these costs are also substantially
lower for the collective agreements (Johannsen, 2002).

Moreover, there arises quite often a problem of asymmetric
information (see also Section 3). Specifically, the external consultants
tend to have a rather generic knowledge about energy efficiency
improvements, while the company representatives know much more
about the specific production process of the company. For this reason
it has been difficult to induce investments involving alterations of the
production process through the agreements, and the consultants have
“only” been able to identify measures such as the substitution of new
pumps, fans and ventilation systems for old ones (Ibid.). Johannsen
(2002) stresses also that this limited knowledge among the
consultants leads to high search costs:

“On the impact side, numerous case studies […] show that, due to
the consultants' lack of knowledge about specific production
technologies used in the plants, many of the audits (in particular
the second or third audit in the same production plant) only lead
to the identification and implementation of few and relatively
small investment projects, i.e., the additional CO2 emission
reduction directly derived from the audit is limited.” (p. 136)

This illustrates that the marginal cost of carbon dioxide reduction
increases quickly with the number of consultancy hours used to
analyze the companies' energy use patterns. Krarup and Ramesohl
(2002) confirm that the voluntary agreements used in Holland and
Denmark have led to significant reductions in energy use and carbon
dioxide emissions but at a comparatively high cost.

The Swedish program for improving energy efficiency in
energy-intensive industries (PFE)

On 1 July 2004, due to the adoption of the EU's Energy Tax
Directive, a tax of 0.005 SEK per kWh on industrial process-related
electricity was introduced.1 The Directive gives, however, the energy-

1 Manufacturing companies in the metallurgy, electrolysis and chemical reduction
sectors are exempted from the tax.
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intensive companies that are subject to the tax, the opportunity of
reduced taxation on their electricity consumption if they take action
to improve their energy efficiency. As an instrument to promote this,
the program for improving energy efficiency (PFE) came into force in
January 2005. The aim of the program is partly to increase the
efficiency of energy use among companies that consume large
amounts of electricity. Participation is voluntary and companies
which applied before 31 March 2005 were entitled to a tax reduction
backdated to 1 July 2004 (Swedish Energy Agency, 2005).

The Swedish Energy Agency is the supervising authority, and
decides thus whether a company may participate in PFE. Most
notably, only energy-intensive companies can participate and a
company is defined as energy intensive if it meets at least one of
the following criteria: (a) the cost of energy in the company amounts
to at least 3 percent of the value of the output: and (b) the company's
energy, carbon dioxide and sulphur taxes amount to at least 0.5
percent of the added value.

The program period starts on the date at which the company is
accepted for participation and lasts for five years. During the first two
years the company has to introduce and obtain certification for a
standardized energy management system (EMS), and carry out an
energy audit and analysis in greater depth than the one described in
the EMS. In addition, the audit and analysis within the PFE-program
must be carried out from a system perspective and must cover both
the short and the long term. It must also include measures to improve
electricity efficiency. The purpose of the energy audit and analysis is to
enable the company to monitor its energy consumption and identify
measures to improve the efficiency of its electricity consumption. The
company will prepare a list of the measures to be implemented in
subsequent years, and these should have a pay-back time of less than
three years. The list is to be submitted to the Swedish Energy Agency.
During the first two years the company also has to introduce standard
procedures for the procurement of high-consumption electrical
equipment. As a consequence, as new equipment is being bought,
the companywill give greater preference to energy-efficient products.
Finally, the company has to introduce procedures for project planning.

When a company has participated in PFE for two years, it must
submit its first report to the Swedish Energy Agency to demonstrate
how the program requirements have been met. During the following
three years the company should implement the identified measures
and continue to apply the energy management system, as well as the
procedures for purchasing and project planning. They also have to
demonstrate the effect of the purchasing procedures on the company
and assess the effects of the project planning procedures. In the end of
the program period the company must submit its final report. In this
report the company should analyze its actual electricity consumption
during the period and the actual impacts of the measures. If the
company has achieved an improvement in electricity efficiency which
broadly speaking is equivalent to the improvements that would have
been achieved if the tax had been imposed, then the company will
have fulfilled its obligations under the program.

About 1150–1300 companies have had the opportunity to
participate in PFE, and they represent a total electricity consumption
of about 42 TWh (2002). In the beginning of 2007, 117 companies
participated in the program, together consuming roughly 30 TWh,
and 98 of these have sent in their first report to the Energy Agency.
According to the reports they are planning to carry out almost 900
different measures to reduce their electricity consumption and these
actions shall be carried out during the following three years at an
estimated cost of SEK 1 billion. The measures planned by the
participants are estimated altogether to reduce electricity consump-
tion by at least 1 TWh per year.2 At an average price of electricity of

0.50 SEK per kWh this corresponds to yearly cost reductions of about
SEK 500 million. In addition, the companies are granted a yearly tax
relief of about SEK 150 million (Swedish Energy Agency, 2007).

Summarizing comments

The above experiences of voluntary agreements in Europe—
including the ongoing Swedish program—raise a number of questions
related to the cost-effectiveness of the policy. Cost-effectiveness implies
that the policy objective is met at minimum costs to society, and this
requires both a proper assessment of the actual objective to be met as
well as of how efforts are allocated across firms and sectors. The next
section provides a conceptual discussion of the evaluation of the cost-
effectiveness of these types of programs, and highlights the question of
which policy objective (e.g., energy efficiency, carbon reduction) the
assessment should rest on. We also pay attention to potential market
imperfections and to the voluntary aspects of the program, which will
tend to influence the allocation of policy-induced energy efficiency and/
or carbon dioxide reduction efforts across different firms and sectors. In
Section 4 we revert to the Swedish PFE program, and illustrate how the
theoretical insights can be used to shed some light on the potential cost-
effectiveness of this program.

The economics of voluntary energy efficiency programs

The case for market failures in industrial energy use

From a policy point-of-view energy efficiency is often promoted
for several reasons, including security-of-supply and not the least
greenhouse gas reductions. In its Green Paper on Energy Efficiency the
European Commission (2005) concludes that:

“Energy saving is without doubt the quickest, most effective, and
most cost-effective manner for reducing greenhouse gas emis-
sions, as well as improving air quality, in particular in densely
populated areas. It will therefore help Member States in meeting
their Kyoto commitments.” (p. 5)

This is very unlikely to be generally true, primarily since
promoting energy efficiency will only provide incentives for reduced
energy use and not, for instance, for fuel substitution. In other words,
such policy instruments will deny market actors the flexibility to
choose the cheapest climate policy compliance measures available.
Newell (2000) provides support for this view:

“Energy-efficiency improvements certainly can be relevant for
climate policy; however, it is also important to remember that
primary fuels differ substantially in terms of their GHG emissions
per unit of energy consumed. Policies focused on energy use
rather than GHG emissions run the risk of orienting incentives and
efforts in a direction that is not cost-effective. In particular,
policies focused on energy efficiency ignore the other important
way in which GHG emissions can be reduced—namely by reducing
the carbon content of energy. […] Economists generally prefer to
focus policy instruments directly at the source of a market failure.
Policies focused on carbon emissions—such as tradable carbon
permits or carbon fees—will provide incentives for conserving
particular fuels in proportion to the fuels' GHG content.” (p. 17)

As will be stressed below, the interaction between energy
efficiency measures and explicit carbon policies—such as the
European Emissions Trading System (EU ETS)—will limit the
effectiveness of policies targeting energy efficiency per se. For this
reason it is useful to identify those market failures that motivate
policy intervention targeting increased energy efficiency per se, thus
beyond those measures already taking place in the private market.
Jaffe and Stavins (1994) identify a number of such market failures.

2 Approximately half of the efficiency improvements arise from production-related
processes while the other half arises from auxiliary systems within the companies
(Swedish Energy Agency, 2007).
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First, new information often possesses substantial public good
characteristics and therefore leads to important positive spillover
effects. This means that a single firm cannot generally reap the entire
benefits of its investment in new knowledge, and it does therefore not
have enough incentives to undertake such activities. An important
policy lesson from this is that even if policies to correct for
environmental externalities are in place, the level of investment in
new knowledgemay be suboptimal (and too low). However, although
the social benefits of such information activities are higher than the
private ones, it must be acknowledged that this is the case for many
such activities throughout the entire economy (including many
energy projects). Moreover, for different reasons the presence of
asymmetric information, implying that one actor holds information but
faces too few incentives to transfer this to other actors although this
would increase overall economic efficiency. One example is the
principal–agent problem where the principal (e.g., the CEO) is unable
to perfectly monitor the agents' (e.g., the engineers) performance and
introduce enough incentives for the agent to pursue all profitable
energy saving projects.

While the above assumes perfectly rational (i.e., profit-maximiz-
ing) firms, we need also to pay attention to the potential bounded
rationality of firms. The latter implies that individuals within firms
will economize on scarce cognitive resources by utilizing routines and
rules of thumb and will tend to make satisfactory decisions rather
than expend time and effort searching for the optimum decision
(Simon, 1959; Foss, 2003). According to the organization and
management literature, this leads to path dependent behaviour. The
notion of path dependencies recognizes that “history matters”. Thus a
firm's previous investments and its repertoire of routines constrain its
future behaviour (Teece et al., 1997). In otherwords, firms continue to
perform business as usual. This can be because of sunk costs or
technical interrelatedness, i.e., whole systems are seldom replaced at
once which raises the probability of continue doing the same
(Lambert and Tikkanen, 2006). Organizations develop patterns of
behaviour, often referred to as routines or set of rules, to respond to
problems as they arise. Once a set of rules is developed it is reinforced
by, for instance, in-house training and incentive structures. Thus,
bounded rationality can induce rules following behaviour which can
lead to path dependence (Heffernan, 2003). According to this strand
of literature a set of rules or problem solving techniques within the
firm will persist not only since they are costly to change but also
because the system itself is not questioned. This may motivate the use
of policy instruments that raise attention to energy use issues.

Voluntary energy efficiency agreements may involve, as illustrated
above, the substitution of energy management systems for conven-
tional taxes on energy use, and for this reason it is important to
analyze if such a switch improves the possibility to internalize
information asymmetries and raise companies' attention towards
energy efficiency measures. As explained below, the choice between
these two types of policy instruments is likely to influence the cost-
effectiveness of the overall policy.

The cost-effectiveness of voluntary agreements

Voluntary agreements—in which a company commits to under-
taking certain measures to reduce, for instance, energy use in return
for tax rebates—are often claimed to constitute cost-effective policy
instruments (e.g., European Commission, 1996). One reason is that
such agreements, it is argued, permit substantial flexibility in
compliance strategies, and often the administrative costs can be
kept low (e.g., Segerson and Miceli, 1998). It is difficult to identify
previous studies that empirically test these claims, but there exist a
number of theoretical studies that discuss the potential cost-
effectiveness of voluntary agreements and possible sources of
ineffectiveness. A majority of these studies focus on collective
(sector-based) agreements, but they still contain arguments that

apply equally well to agreements between individual firms and the
government.

Golombek and Moen (1999) focus on a situation where an
industry organization acts on behalf of all firms in the industry and
enters an agreement with the government to achieve certain emission
reductions. In return, the government promises not to implement any
new environmental taxes and/or regulations. The authors assume
that the organization decides upon an internal allocation of emission
reduction measures across individual firms, but it cannot perfectly
monitor the performance of each firm. The results of their analysis
show that there is a clear risk that the emission reduction will not be
performed cost-effectively (and that thus a uniform emissions tax had
been better). The reason for this is that the larger companies typically
stand more to gain from the promised tax rebate, and will therefore
have a stronger incentive to reduce emissions compared to the
smaller firms. The small firms can free-ride on the measures
undertaken by the larger firms, and the marginal cost of emission
reduction will be likely to differ across these two groups of firms.

Glachant (1999) concludes that the presence of firm-government
asymmetric information tends to reduce the cost-effectiveness of
voluntary agreements and instead strengthens the case for using
market-based instruments. He claims that:

“[Voluntary agreements] are cost efficient in the following
context: very large shared uncertainty, concentrated industrial
sectors in which the heterogeneity in pollution abatement
activities is low. In this respect, voluntary approaches which have
been used to promote a move of traditional waste management
scheme towards recycling (packaging recycling, car recycling)
seem well suited. Indeed, this policy area is characterised by
important changes in pollution abatement activities and thus
gives birth to large uncertainties. Concerning CO2 reduction
agreements in high energy consuming industries, we can be
more suspicious about the cost efficiency of voluntary approaches.
As a matter of fact, in these sectors, given the weight of energy
cost in total production costs, firms have paid much attention to
energy saving activities for a long time. It can be assumed that the
nature and the cost of energy saving techniques are well known
by each firm and that the informational context is asymmetric.”

In other words, if firms possess more knowledge about their
abatement costs and/or potential for energy efficiency improvements
than does the government representatives, market-based instru-
ments are likely to be more cost-effective. Through their optimizing
(cost-minimizing) behaviour firms reveal their true abatement costs
when exposed to, for instance, a tax on emissions. In this way the
problem of asymmetric information can be solved, but in the case of
voluntary agreements these information gaps persist and firms lack
an incentive to reveal their real costs and opportunities.3 Still, the
importance of this problem will depend on the specific design of the
policy, and here EMS programs play an important role as they
introduce away for firms to systematically integrate energy-efficiency
activities in the daily operations. Thus, voluntary agreements with
EMS (such as the Swedish PFE-program) differ somewhat from the
typical policy designs often discussed in the literature.

As was noted above, many analysts stress the fact that voluntary
agreements permit a large degree of flexibility in terms of compliance
strategies and in this way they induce cost-effective solutions. Bizer
(1999) points out, however, that one ought not to exaggerate the
importance of this argument, and he notes that even traditional
command-and-control regulations often involve a considerable amount

3 This may also have unfavourable long-term consequences for the implementation
of energy policy measures. In the presence of information asymmetries the firm will
have an incentive to signal high compliance costs to avoid the likelihood of stringent
future regulations. In the economics literature this is sometimes referred to as the
ratchet effect (e.g., Kolstad, 2000).

238 E. Henriksson, P. Söderholm / Energy for Sustainable Development 13 (2009) 235–243



of negotiations about the technical and economic potential for, say,
emissions reductions at the firm level. Bizer (1999) also questions—in
part on empirical grounds—the ability of voluntary agreements to
stimulate technological progress and long-term cost reductions.

An important aspect of voluntary agreements between individual
firms and the government concerns the voluntary features of the
instrument. Only thosefirms that consider it worthwhile to participate
will choose to do so. This self-selectionmayhave important impacts on
the cost-effectiveness of the agreements, and Fig. 1 provides an
attempt to illustrate possible outcomes. In this example we assume
that initially each firm pays a unit tax on its electricity consumption,
but the government commits to abandoning the tax if the firm
voluntarily chooses to implement an energy management system and
strive to identify and pursue reasonably profitable energy efficiency
improvements. The upper half of Fig. 1 illustrates for an entire industry
sector the (net) costs of different measures to improve energy
efficiency, and the horizontal distance indicates the energy saving
potential of eachmeasure. According to Fig. 1 somemeasureswould be
profitable even in the absence of the electricity tax (i.e., their net cost is
negative). With the imposition of the electricity tax all firms are
provided an incentive to undertake otherwise unprofitable invest-
ments in energy efficiency, and if all firms face the same unit tax and
possess perfect information about all possible measures and their
costs, the cheapest optionswill be pursuedfirst and the taxwill tend to
promote a cost-effective increase in energy efficiency.

However, as discussed above due to information inefficiencies and
bounded rationality reasons not all these measures will necessarily be
identified. In Fig. 1 these latter (hidden) projects are highlighted using
shaded areas. The lower half of Fig. 1 shows two companies, A and B,
which differ in terms of energy intensity and thus also in terms of
prior experience of paying attention to energy efficiency improve-
ments. Firm A has a low electricity cost share and thus a limited total
potential for reduction in electricity use, but the firm's past incentives
to attend to its electricity use have been limited. For these reasons it is
plausible to assume that relatively low-cost measures but with a
limited overall potential have been neglected by this firm. Firm B, in
contrast, has a higher electricity cost share and it has therefore paid
more attention to reducing its electricity use in the past. This means

that the amount of previously unattended measures may be fewer
(the right shaded area in Fig. 1) but their overall energy saving
potential may also be higher. In the presence of a uniform electricity
tax all measures below the electricity tax line—except those with
shaded areas—will be pursued.

Let us now consider the case where the two firms are offered a tax
rebate if they implement an energymanagement system. For simplicity
we assume that the energy management systemwill help both firms to
identify all possible measures (i.e., even the shaded ones) and that the
requiredhurdle rate for energy efficiency investmentswould induce the
same economic incentive as would the electricity tax. A reasonable
outcome is that only firm B will choose to enter the agreement, since it
has relatively much to gain from the tax rebate in terms of reduced
expenses. In our example this has the advantage that this firm will be
“forced” to pay more attention to its electricity use and adapt its
corporate organizational structure accordingly, and it will thus be able
to identify and ultimately pursue all profitable investments.

Firm A, the one with a low electricity cost share and thus the least
prior experience of attending to electricity use, will however have
fewer incentives to join the system, and this implies that there is a risk
that the previously unattended—and comparatively cheap—energy
efficiency improvements remain unattended. Furthermore, these
companies are often unlikely to implement these measures as a
response to the remaining energy tax. As their energy cost share is low,
also the economic effects of the tax on these companieswill be limited.
Furthermore, due to the limited prior experience in energy efficiency
work, these less energy-intensive firmwould probably lack the know-
how to identify and implement energy-saving measures, unless
offered some technical assistance, implementing an EMS, etc. This
reduces the cost-effectiveness of the voluntary agreement scheme.

In sum, our simplified example illustrates a number of important
factors determining the cost-effectiveness of voluntary agreements on
energy efficiency improvements between the industry and the
government:

• Compared to a uniform unit electricity tax, a necessary (but not a
sufficient) condition for a voluntary agreement scheme performing
better from a cost-effectiveness point-of-view is that there is
evidence of information efficiencies in the tax case leading the
relevant firms to forego otherwise profitable investments. The larger
the degree of shared uncertainty (among firms and the government),
the stronger is the case to substitute voluntary programs for taxes.

• The voluntary component of the programs implies that only those
with high energy cost shares and thus plenty of prior experience of
energy efficiency improvements will join, and as a consequence
cheap measures in less energy-intensive firms risk remaining
unattended. The remaining tax faced by non-participating firms
may have only modest effects on these.4

• A uniform hurdle rate across all participating firms will promote a
cost-effective allocation of investments but only across these firms,
not the least since it provides flexibility on the part of firms to
undertake only those investments that are “profitable”.

• However, if the hurdle rate provides very different economic
conditions compared to the electricity tax still paid by the non-
participating firms it will lead to a situation where the marginal
cost of energy savings differ across different groups of firms.

In the next section we make use of the above theoretical
arguments to briefly comment on the potential cost-effectiveness of
the still ongoing Swedish PFE program, taking also into account the

Fig. 1. The self-selection mechanism in voluntary energy efficiency programs.

4 Clearly, this does not preclude the possibility that the EMS does a good job in
promoting energy efficiency activities in the participating firms (e.g., in highlighting
previously overlooked energy efficiency measures), but the point is that the non-
participating firms could well be those that would benefit the most from implement-
ing EMS.
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specific characteristics of the Swedish case (compared to the
theoretical arguments posed above).

The cost-effectiveness of the Swedish program for energy
efficiency (PFE)

Since the Swedish PFE system is still ongoing we focus our
attention in this section on the design of this system, and how this can
affect the adoption of cost-effective energy efficiency investment. We
need first to comment on the relevant objectives and potential market
failures associated with PFE. As was noted in Section 2, PFE originates
from the desire to compensate the companies that were subjected to
the new process-related electricity tax. This explains the program's
focus on energy intensive companies only, and its main objective is to
promote the implementation of investments in more efficient use of
electricity.

The experiences from other countries (Section 2) show that often
carbon dioxide reduction remains an important objective for these
types of programs. However, since a large share of the companies that
participate in PFE (see below) also are part of the European emissions
trading system for carbon dioxide (EU ETS) no such additional net
reductions will be achieved by PFE. Specifically, any sector-specific
carbon reductions achieved due to PFE will simply imply that the
relevant sectors either bank or sell surplus emission allowances or use
them to increase their use of fossil fuels (e.g., Carlén, 2004; Söderholm
and Pettersson, 2008). In other words, the total emissions of carbon
dioxide will remain the same, and are given by the caps under the
National Allocation Plans. Any attempt to use PFE in the allowance
trading sector to achieve global carbon dioxide reductions will
therefore be futile.

According to the Swedish Energy Agency, the investments planned
by the participating firms are estimated to reduce overall electricity

Fig. 2. Eligible and participating companies in PFE categorized by total electricity costs. Source: Söderholm and Hammar (2005).
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consumption by at least 1 TWh per year. In Section 3 we discussed a
number of potential market failures explaining why profitable energy
efficiency investments in industrial firms are not pursued. It should be
noted however that the more energy-intensive companies that we
consider the less likely we are to identify substantial information
asymmetries and evidence of bounded rationality. High electricity
cost shares provide a strong incentive to pay attention to different
ways of reducing these costs. Nevertheless, even energy intensive
companies may not pursue all cost-effective options. Due to the public
good character of new knowledge the private rate of return on energy
efficiency investments may be lower than the corresponding rate of
return, thus motivating the use of lower hurdle rates than the ones
typically applied by the private companies.

Moreover, an additional reason lies in the fact that these
companies often are large and then problems of asymmetric
information (principal–agent problems) arise at the firm level. The
engineers that have the best knowledge about the production process
may not face enough incentives to search for efficiency improvements
although the board of directors and the CEO prioritizes such
behaviour. On the other hand, asymmetric information between the
firms and the government may also be present, not the least in
energy-intensive industries such as those participating in PFE, and
this reduces the likelihood that a large number of profitable energy
efficiency projects will result following this type of government
intervention. In sum, the substitution of an energy management
system for a regular tax may raise the firm-internal awareness of
energy saving opportunities but at the same time it reduces the
incentive to reveal more costly measures to increase energy efficiency
as would a tax. Thus, the voluntary agreement and tax instruments
tend to address different types of information failures and it is
therefore important to assess the relative importance of each of these
inefficiencies.

Early experiences from the Swedish case confirm that PFE has led
to increased knowledge about energy use even in the energy-
intensive companies. The energy management systems that form
part of PFE should include the company's energy policy, quantifiable
targets as well as an action plan outlining how the targets are to be

met. Accordingly, these systems may be perceived as one way of
closing information gaps and raising firm-level attention towards
energy use issues. Interviews with the companies participating in PFE
show that the program has induced these to allocate a large share of
their investment funds on energy efficiency improvements, and the
companies confirm that the program has raised overall competence
levels with respect to energy use and savings (Hammes, 2006). This
has led companies to in part question its existing repertoire of
routines and “rules of thumb”. Thus, this indicates the presence of
firm-specific information asymmetries, although it does not tell us
whether addressing these is overall economically efficient.5 The
degree of shared uncertainty about investment possibilities and costs
between the regulator and the firm is likely to be limited among the
energy-intensive companies and the regulatory authorities, thus
generally speaking in favour of a tax solution. Still, it should be clear
that additional in-depth empirical studies are needed before more
elaborate conclusions can be drawn.

Since the PFE program applies a uniform hurdle rate for energy
efficiency investments a cost-effective allocation of energy savings
measures across the participating companies will be promoted, but
this is only true if the problem of firm-government information
asymmetries is limited. Moreover, there is a clear risk this hurdle rate
will induce measures with marginal costs substantially different from
those undertaken in the non-participating group of companies. The
issue of self-selection may also have a negative impact on the cost-
effectiveness. In Fig. 2 we show the number of companies eligible for
participation in PFE grouped by total electricity costs (lower half) as
well as the number of participating companies categorized in the
same manner (upper half). Fig. 2 shows that from the total group of
1277 companies as much as 83 percent had a total annual electricity
cost of less than SEK 50,000. From this low energy-intensive group
only about 1 percent ultimately chose to join PFE, but 31 out of a total
38 companies (83 percent) with an annual electricity cost exceeding
SEK 1 million did join PFE. This provides evidence of a self-selection

5 One reason for this is that the re-allocation of investments towards increased
energy efficiency may crowd out other productive investments.

Fig. 3. Participating industry sector and their PFE-relevant electricity consumption. Source: Söderholm and Hammar (2005).
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process that may influence the cost-effectiveness of the program;
companies with high electricity costs are strongly overrepresented
among the PFE participants.

This conclusion is reinforced in Fig. 3, which shows the electricity
consumption levels of the participating companies by sector. The
participating companies, approximately 10 percent of the eligible
ones, consume about 30 TWh of the taxed electricity, i.e., 86 percent of
the total electricity consumption of all eligible companies. Most
participants are found in the pulp and paper industry, which
represents as much as 72 percent of total electricity consumption in
the participating group.

As has been indicated above, this process of self-selection leads to
two important effects. First, the presence of firm-government
information asymmetries imply that electricity taxes could do a
better job in energy-intensive companies while an energy manage-
ment system could bemore effective in companies with a low energy-
intensive production process due to the lack of prior experience of
energy efficiency measures. However, the current set-up of PFE
induces the reverse situation. Second, although firm-internal infor-
mation asymmetries may well exist in the participating energy-
intensive companies—implying that energy management systems
could do a good job in detecting cost-effective measures—this is likely
to be even more true for the non-participating companies (again due
to their comparatively low accumulated knowledge stock in the
energy efficiency field). These latter companies continue to pay the
tax, which however may have only limited impacts.

Any discussion on the cost-effectiveness of different policy
instruments must include comments on the costs of administering
these instruments. It is too early to provide an overall assessment of
these costs in the case of PFE, but it should be clear that its
administration costs are likely to be higher than those related to the
electricity tax. In the former case costs arise both at the Swedish
Energy Agency but also at the Swedish National Tax Board, which
administers the tax reduction. The administrative costs include, not
the least, efforts to assess baseline assessments of the energy
efficiency measures that would have occurred in the absence of PFE.

Finally, an alternative to the current design of the Swedish PFE
policy would be to enter into voluntary agreements with essentially
all industrial sectors, but—like in the Dutch case—use different
schemes for different types of sectors (e.g., with similar energy
consumption characteristics). Potentially this could address some of
the problems associated with the voluntary aspects of the programs,
and thus be able to provide more tailor-made solutions across
different sectors.6

Concluding remarks and implications

The paper has discussed a broad theoretical framework within
which one can critically assess the impacts and the cost-effectiveness
of voluntary energy efficiency programs, and it illustrates in part how
this framework could be employed in practice. The results presented
are therefore of particular use in policy evaluation studies. The results
show that the presence of information inefficiencies and asymmetries
represent one of the major motives for policy intervention in the
industrial energy efficiency field, but the substitution of energy
management systems (as part of a voluntary agreement) for
electricity taxes do not appear to address these asymmetries cost-
effectively. In part this conclusion arises from the fact that the set-up
of many voluntary programs offering tax rebates only induces energy-
intensive companies to participate in the programs, and these
companies generally have paid relatively lot of attention to energy
efficiency measures in the past. In addition, for these companies the
presence of firm-government asymmetries is likely to be significant.

While this paper has only focused on the general issues that need to
be raised in addressing the cost-effectiveness of voluntary energy
efficiency agreements, future research efforts also need to establish
the empirical significance of the trade-off between the negative
effects of the information asymmetries on the one hand and the
advantages of an EMS (in identifying previously overlooked energy
saving opportunities) on the other.

While the above provides, we argue, a critical analysis of the static
cost-effectiveness of many voluntary energy efficiency programs, one
should however be careful in using this as a general critique of these
types of programs. There are several reasons for this, andwe choose to
stress three here. First, cost-effectiveness represents only one out of
many policy criteria affecting the choice of instrument, including, for
instance, goal fulfillment, distributional impacts and legitimacy. Se-
cond, the Swedish PFE system represents a way of securing the
industry's international competitiveness while maintaining the goal
of increased energy efficiency. With this dual objective, PFE may well
constitute a second-best option. Related to this is also the fact that
environmental taxation (including carbon pricing) is often lax in
energy-intensive industries for competitiveness and carbon leakage
reasons, and this means that these companies may face artificially low
energy prices and thus too low incentives to undertake investments in
energy efficiency. Again, since taxation is difficult voluntary agree-
ments may represent second-best solutions (e.g., Ankarhem and
Brännlund, 2006). Finally, the analysis in this paper has primarily
focused on the static cost-effectiveness of voluntary programs, but in
the end the long-term impacts of these types of systems must also be
acknowledged. The Swedish PFE system introduces a systematic way
of organizing energy use in the company and thus raises the attention
towards efforts that may generate future cost savings in the energy
field. In the long-run this may lead to significant learning impacts
similar to those experienced in energy supply technologies (Neij,
2008) and—given the public good characteristics of this new
knowledge—to substantial spillover effects. This shows the need for
elaborate ex post evaluations of these types of programs, as well as
future research efforts on the presence of market failures, policy, and
technological development in the process industries.
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Abstract 

The paper provides an empirical assessment of the electricity efficiency improvement poten-
tial in the Swedish pulp and paper industry by employing data envelopment analysis (DEA) 
and mill-specific input and output data for the years 1995, 2000 and 2005. The empirical 
results are discussed in relation to the reported outcomes of the Swedish voluntary energy 
efficiency program PFE. The estimated electricity efficiency gap is relatively stable over the 
time period; it equals roughly 1 TWh for the sample mills and this is three times higher than 
the corresponding self-reported electricity savings in PFE. This result is largely a reflection of 
the fact that in the pulp and paper industry electricity efficiency improvements are typically 
embodied in the diffusion of new capital equipment, and there is a risk that some of the 
reported measures in PFE simply constitute an inefficient speed-up of capital turnover. The 
above does not preclude, though, that many other measures in PFE may have addressed some 
relevant market failures and barriers in the energy efficiency market. Overall the analysis sug-
gests that future energy efficiency programs could be better targeted at explicitly promoting 
technological progress as well as at addressing the most important information and behaviour-
related failures. 
 
Keywords: Data envelopment analysis; energy efficiency; pulp and paper industry; electricity 
use; Sweden. 
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1. Introduction 
In 2007 EU Member States endorsed an integrated approach to climate and energy policy 
with the purpose of mitigating climate change, increase energy security and strengthen the 
competitiveness of the European economies. This effort resulted in three climate and energy 
targets to be met by the year 2020: (a) a reduction of greenhouse gases within the EU of at 
least 20 percent below the 1990 level; (b) a 20 percent share of renewable energy in the 
energy mix and; (c) a 20 percent reduction in primary energy use compared to projected levels 
to be achieved by improving energy efficiency. Collectively, these targets are known as the 
20-20-20 targets. In January 2008 the European Commission proposed binding legislation to 
implement the 20-20-20 targets, which were agreed by the European Parliament and Council 
in December 2008 and became law in June 2009. 

In this paper we address the third target, i.e., that of improving energy efficiency. A 
primary concern in any analysis of energy efficiency is to define what to measure. The 
scientific literature suggests several different definitions of energy efficiency (Patterson, 
1996; Ang, 2006). The definition provided in the EU Directive 2006/32/EC on energy end-use 
efficiency and energy services is formulated in general terms and states that energy efficiency 
is a ratio between an output performance, service, goods or energy, and an input of energy. In 
Sweden the energy efficiency target has been implemented through the integrated energy and 
climate bill (Prop. 2008/09:163 and Prop. 2008/09:162). In the bill, the target is defined as a 
reduction in the energy intensity by 20 percent between 2008 and 2020. In other words, 
primary energy usage per unit of GDP (in fixed prices) shall be reduced by 20 percent. It is 
important to point out that different definitions of energy efficiency would lead to the use of 
different indicators to monitor changes, something which in turn can generate different 
implications for the implementation of policy measures.  

The purpose is to provide an empirical assessment of the electricity efficiency 
improvement potential in the Swedish pulp and paper industry. This is done by employing a 
data envelopment analysis (DEA) and mill-specific data for the years 1995, 2000 and 2005. 
The choice of the Swedish pulp and paper industry is motivated for a number of reasons. In 
Sweden, the pulp and paper industry accounts for almost 50 percent of the energy use of the 
manufacturing sector and it is the largest user of electricity. In 2008, total electricity use in 
Sweden was 144 TWh out of which 55.5 TWh was used in the industry sector. Out of this the 
pulp and paper industry accounted for 41 percent (Swedish Energy Agency, 2009b), 
something which in turn implies that this sector will be an important target for the implement-
tation of energy efficiency policies. In the paper we discuss the results of the DEA modelling 
exercise in the light of the self-reported outcomes of the Swedish program for improving 
energy efficiency in energy-intensive industries (PFE). 

Since 2005 PFE has provided energy-intensive companies the opportunity of a reduced 
tax on electricity use.1 In return the companies have had to introduce and obtain certification 
for a standardised energy management system and carry out an energy audit. The latter has 
been done to identify specific energy efficiency measures to be implemented in subsequent 
years if these have a pay-back time of less than three years (e.g., Henriksson and Söderholm, 
                                                      
1 Specifically, on 1 July 2004, due to the adoption of the EU Energy Tax Directive, a tax of SEK 5 per MWh 
(EUR 0.5 per MWh) on industrial process-related electricity was introduced. The Directive gives, however, the 
energy-intensive companies that are subject to the tax, the opportunity of a tax exemption if they take action to 
improve their energy efficiency. PFE represents an instrument to achieve exactly this in Sweden.  
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2009; Stenqvist et al., 2009). Participation in PFE is voluntary, approximately 1,200 compa-
nies have had the opportunity to participate representing a total electricity use of about 40-45 
TWh. In 2007, 117 companies participated in the program, together using about 30 TWh, and 
most participants are found in the pulp and paper industry (with an electricity use of almost 22 
TWh). According to the report from the first program period, presented in December 2009, 
the PFE participants have carried out almost 1 100 energy efficiency measures at an aggregate 
cost of SEK 636 million (about USD 80 million). These measures have resulted in self-
reported electricity efficiency improvements totalling about 1.4 TWh. The pulp and paper 
industry accounts for 0.67 TWh of this total, something which in turn corresponds to 2.9 
percent of the industry’s electricity use (Swedish Energy Agency, 2009a). The measures 
undertaken in pulp and paper mills typically concern the optimisation of the production pro-
cessses, as well as alterations of pumping systems.  

In the paper the DEA approach is employed to estimate the electricity use impacts of a 
(hypothetical) situation where all pulp and paper mills in the sample operate as efficiently as 
the best-practice mill(s). In the discussion we highlight a number of important implications of 
these results in the light of the outcomes of the first PFE period. It should be noted, though, 
that the estimates of the ‘electricity efficiency gap’ presented here are not directly comparable 
to the types of electricity saving estimates reported in PFE, but they are useful for raising a 
number of important issues about the potential effectiveness of voluntary energy efficiency 
programs. For instance, while some of the measures reported in PFE may represent an impro-
vement of the best-practice technology and/or a way of addressing behavioural inefficiencies 
(see below), it is equally important to recognise that other measures could simply constitute a 
(potentially inefficient) increase in capital turnover. The latter implies that parts of PFE may 
induce a temporary catch-up effect in that inefficient mills move closer to best-practice, but 
over time the aggregate energy efficiency gap will persist with the diffusion of new techno-
logy and capital turnover.  

The paper proceeds as follows. Section 2 provides a brief reflection on the existing 
literature on measuring energy efficiency performance at the industry level. In section 3 we 
outline the DEA approach employed in the paper, while section 4 presents the data used. 
Section 5 displays the empirical results and discusses some implications for energy efficiency 
policies such as PFE. Finally, section 6 provides some concluding remarks.  

 

2. Measuring Energy Efficiency: A Brief Overview of the Literature 
Economics is not the only field of research that has an interest in measuring energy efficiency. 
Depending on research field (e.g., engineering, operations research, economics, ecology, etc.) 
different types of methods are used. Greening et al. (2007) categorise the various techniques 
of analyses into four types. Firstly, energy trend decomposition methods analyse the impacts 
of structural changes and energy efficiency on a country’s aggregate energy use (e.g., Ang 
and Zhang, 2000; Alcantara and Duarte, 2004; Unander, 2007). Secondly, econometric 
methods are typically used to evaluate the effects of prices or emission taxes on energy de-
mand (e.g., Sorrell and Dimitropoulos, 2008; Lescaroux, 2008; Lee and Oh, 2006). Thirdly, 
top-down and bottom–up models are useful for analysing the relationship between technology 
diffusion and energy consumption through optimisation and simulation tools (e.g., Frei et al., 
2003; Berglund and Söderholm, 2006; Böhringer and Rutherford, 2008). Finally, industry or 
process specific microeconomic analyses using simulation models as well as statistical and 
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optimisation techniques have been used (e.g., Babusiaux and Pierru, 2007; Lund, 2007; 
Henning and Trygg, 2008). 

In addition, non-parametric approaches such as DEA, as described by Charnes et al. 
(1978), can be used to evaluate the relative energy efficiency of a set of comparable decision-
making units (DMU:s). This approach has increased in popularity in the scientific literature 
and not the least in the field of energy and environmental analyses (Zhou et al., 2008). The 
increasing popularity can partly be ascribed to the flexibility and the ability of the method to 
address varying situations. For instance, Zhou and Ang (2008) apply DEA models to analyse 
CO2 emissions in Latin American and OECD countries. Sar ca and Or (2007) assess the 
efficiency of Turkish electric power plants while Mukherjee (2008a, 2008b) present several 
DEA models to analyse energy use efficiency in the US manufacturing sector as well as an 
inter-state analysis of Indian manufacturing firms. Moreover, Färe et al. (2004) construct an 
environmental performance index using DEA in which energy represents one important input. 
The electric power industry in Europe and northern Europe is benchmarked in two DEA 
studies by Edvardsen and Førsund (2003) and Jamasb and Pollitt (2003). The relationship 
between productivity and energy efficiency is examined by Boyd and Pang (2000), and 
Ramanathan (2000) uses DEA to compare the energy efficiencies of different transport 
modes. Hu and Wang (2006) as well as Hu and Kao (2007) develop an energy efficiency 
index by using DEA. Azadeh et al. (2007) develop an integrated DEA approach to assessing 
the energy efficiency of energy-intensive manufacturing sectors. Wei et al. (2007) investigate 
the energy efficiency change of China’s iron and steel sector by using a DEA approach. Lee 
(2008) combines regression analysis with DEA to study the energy efficiency of government 
buildings. Finally, Blomberg and Jonsson (2007) also employ DEA techniques to study the 
efficiency of the global primary aluminium industry, and calculate potential reductions in, for 
instance, electricity use at the smelter stage.  

A few studies on the pulp and paper industry have also been published. Lee (2005) uses 
DEA to measure the relative efficiency of 97 global forest and paper companies in 2001. The 
average technical efficiency score (see section 3) of the companies was estimated at 0.75. The 
highest average relative score was found in Latin America; the lowest was reported for 
Canada. Globally, relatively inefficient companies could (on average) reduce total operating 
costs and expenses by about 12 percent, and interest expenses by 13 percent to achieve the 
efficient production frontier. In addition, Yin (2000) uses data for 70 mills producing market 
pulp in 10 countries and finds that overall pulp mills perform well technically but not equally 
well in allocative terms. In his data set mills in British Columbia have the highest cost 
efficiency, while mills operating in Asia and Oceania have the lowest.  

In order to assess the electricity saving potential in the Swedish pulp and paper industry 
prior to the implementation of the PFE-program, a DEA approach will be employed in this 
paper. As noted above, unlike many previous studies we devote more attention to the policy 
implications of the estimated energy efficiency scores, not the least in the light of the present 
interest in voluntary energy efficiency programs for energy-intensive industry sectors.  
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3. Data Envelopment Analysis (DEA) 
DEA is a technique that allows for the measurement of relative efficiency for a set of DMU:s 
that use a range of inputs, including energy, in production of their products. Specifically, it is 
a non-stochastic, non-parametric linear programming technique for evaluating the performan-
ce of DMU:s here taken to signify individual pulp and paper mills. The methodology is based 
on Farrel’s (1957) seminal work in which efficiency is measured as the deviation of the 
observed output from a production frontier enveloping a production possibility set. The DEA 
method was later developed and popularised by Charnes et al. (1978).2 

For our purposes the level of efficiency can be calculated by using observations on 
input-output relations from the population of individual pulp and paper mills, and then 
optimising each such observation with the objective to calculate a discrete piecewise linear 
production frontier determined by the set of Pareto efficient mills.3 Thus, the performance of 
each individual mill will be calculated as the radial distance from its most efficient peer on the 
production frontier, with the restriction that all mills in the sample are on or below the frontier 
(e.g., Charnes et al., 1994; Thanassoulis, 2001). The definition of efficiency in DEA can be 
decomposed into three types of efficiencies, which combined provide a total measure of 
economic efficiency (Farrel, 1957; Coelli, 1996; Coelli et al., 2005):  

Technical efficiency measures a mill’s capability to obtain maximum output from a 
given set of inputs;  
Allocative efficiency implies a mill’s capability to use its inputs in an optimal proportion 
given the prevailing input prices; and 
Scale efficiency measures the productivity of a mill with respect to what it could 
accomplish if it operated at the most productive scale. 

One advantage of the DEA methodology is that no a priori assumptions must be made about 
the functional form relating the independent variables to the dependent variable.4 Also, since 
the frontier in DEA is formed by the best-practice mills in the industry, it sets a clear 
benchmarking target for inefficient plants, and consequently it reveals how much electricity 
that can be saved if all pulp and paper mills behaved as their most efficient peers.  

Figure 1 summarises the gist of the DEA methodology and illustrates the efficiency 
measures used with two inputs (x1 and x2). The solid line represents the efficient frontier 
derived from a sample of pulp and paper mills (labelled D and E). Each mill uses different 
quantities of inputs to produce various amounts of the output Q (here normalised to 1). The 
frontier itself represents best practice given the sample data. However, mills on the frontier 
could, hypothetically, still improve their energy efficiency by applying technologies not 
currently in use. In Figure 1 mills D and E are both technically efficient, i.e., given the sample 
they use the minimum observed amount of factors to produce one unit of output. Mill C uses 
more of input x1 and less of x2 compared to mill E and the reverse is the case if compared to 
                                                      
2 For an introduction to the DEA methodology and its different varieties, see, for example, Thanassoulis (2001). 
For an overview of the pros and cons of the DEA approach and its main “rival”, the stochastic frontier analysis 
method (SFA), see Murillo-Zamorano (2001, 2004), Yin (2000), Cubbin (1998), and Hjalmarson et al. (1996). 
3 Pareto efficiency could, using an input oriented approach, be defined as follows: a given production is Pareto-
efficient if it is not possible to decrease the use of any of the inputs used without increasing at least one of its 
inputs and/or without decreasing the level of at least one of its outputs (Thanassoulis, 2001). 
4 However, this proposition has been challenged by, for example, Førsund and Hjalmarsson (2004). 
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mill D. Mill C is inefficient in one input factor compared to the two efficient mills D and E. A 
radial contraction of mill C’s input use along a ray from the origin would increase the 
efficiency up until point which is on the efficient frontier. The technical efficiency of mill C 
is consequently calculated as the ratio 0 /0C.  

 

 
Figure 1: Conceptualisation of the DEA Approach to Measure Energy Efficiency 

 

The dotted line (w1x1+w2x2), which passes through C, represents the cost at prevailing factor 
prices of making one unit of output using mill C:s combination of inputs. However, it is clear 
that mill C can lower the cost of production by a radial decrease of inputs and thereby a move 
to a point such as D. At the intersection between the Cost min line and the ray from origin 
point  represents a ‘virtual’ mill. Using this virtual mill , we define allocative efficiency by 
the ratio 0 /0 . The distance between the two points  and  indicates how much the 
technically efficient input mix  falls short of the allocative efficiency mix . Finally, the 
ratio 0 /0C demonstrates how far from total efficiency mill C is. Formally, the technical 
efficiency (TE) score, , can be calculated by solving the following linear programming 
problem; 
 

ixmin           10     [1] 
 

0         subject to x Xi     [2] 
iyY     [3] 

0      [4] 
 1e      [5] 

 
where yi represents the output of pulp and paper mill i and x is a vector of inputs, including 
electricity. The scalar  is the radial or proportional reduction in all inputs in order to make 
the mill efficient. The vector  represents the amount that each input and output should be 
multiplied with to create the “virtual” efficient mill (i.e., point in Figure 1 Constraints [2] 
and [3] denote input excesses and output shortfalls, respectively. A mill with a score =1 is 
defined as technically efficient and on the frontier. All plants with scores <1 use more 
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inputs then the corresponding best-practice technology to produce a given amount of output. 
In the row vector e in condition [5], all elements are equal to or greater than one (1). Together 
with the condition  in [4], [5] shows convexity conditions on allowable ways in which 
the mills in the sample may be combined, i.e., increasing returns to scale (IRS) is imposed. 
The interpretation of these conditions is that the scale of a pulp and paper mill cannot be 
reduced but it is possible to extend the scale to infinity, or in other words, a proportional 
increase in output is always at least as great as the related proportional increase in input. The 
limiting factor to size is thus the demand for the output. Imposing the IRS constraint is 
motivated by the capital-intensive nature of the pulp and paper industry. This is basically an 
extension of the model developed by Banker et al. (1984).

0 

5 In the model the constructed hull 
embraces the data tightly and captures only the technical inefficiencies given the scale of a 
particular mill.6 Since it is reasonable to assume that the output of a mill is exogenously 
determined, an input-oriented approach will be applied. Pulp and paper mills are accordingly 
assumed to minimise their use of input factors subject to an output level determined primarily 
by market forces.7 

While the above focuses on the technical aspects of efficiency, we now turn to the fact 
that given information on input and output prices allocative efficiency can also be calculated. 
Pulp and paper mills may be efficient from a strict technological perspective but may still fail 
to allocate inputs optimally according to the prevailing input prices. For allocative efficiency 
mills are assumed to minimise the production cost. Evaluating whether mills minimise their 
costs is done by measuring by how much the technically efficient input mix falls short of 
minimising the cost of production, that is: 
  

iixcmin          [6] 
 

0        subject to x Xi     [7] 
     [8] iyY 

UL     [9] 
0      [10] 

 
where ci is a vector of input costs for mill i and these may vary from one mill to another. 
Given the optimal solution of the above problem (x*, *), the allocation efficiency (AE) under 
variable returns to scale allocative efficiency is measured as the maximum ratio between 
actual observed costs at mill i to the calculated optimal cost. We have thus:  
 

ii

iAE
xc
xc *

     [11]

  

                                                      
5 See Cooper et al. (2000) for further discussion and for proofs of the constraints.  
6 Using the original constant return to scale (CRS) model proposed by Charnes (1978) may, if mills operate at 
the optimal scale (which might be the case due to financial constraints, imperfect competition etc.), lead to tech-
nical efficiency measures confounded by scale inefficiencies. Imposing variable, or as in this paper increasing, 
returns to scale will result in efficiency scores devoid of such scale efficiencies (Coelli, 1996). 
7 The alternative would be to apply an output-oriented approach where output is maximised given exogenously 
determined inputs. Usually, there is little difference in efficiency scores, albeit the interpretation is different. 
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In the linear programming model, L=U=1 corresponds to variable returns to scale or the 
technical efficiency measure used in Banker et al. (1984). Thus, the AE score obtained should 
be interpreted as the possible deviation from the best-practice, given the scale of the particular 
mill in question. The difference between the TE score and the AE score in equation [11] can 
be refereed to as suboptimal input use, which can be both positive, i.e., the mill uses too little 
of an input, or negative, i.e., too much of a certain input is used. Suboptimality is caused by 
allocative inefficiency and mathematically it can be expressed as:  
 

i

ii
i x

xxS
*

     [12] 

 
where the ratio Si represents a vector of factor input reductions or increases at mill i, which 
should be undertaken by that particular mill to realise allocative efficiency. It should be noted 
that for such a measure to be meaningful, and hence the energy efficiency policy viable, the 
technology cannot exhibit clear putty-clay characteristics, i.e., short-run substitution of input 
factors must be possible. 

Finally, in Figure 1 the TE measures refer to the ratio 0 /0C, and the AE measure in [11] 
refers to the distance 0 /0 . However, a plant operating at A would still not be efficient in an 
overall meaning. A measure of overall or total efficiency under variable returns to scale (OE) 
is needed. In Figure 1, the total efficiency refers to the ratio 0 /0C. Given that we have 
calculated the TE and the AE scores, the OE measure is simply their product: 
 

AETEOE      [13]
   
The above three efficiency measures will be calculated for a sample of mills representing the 
entire pulp and paper industry. In addition, different sub-samples representing kraft- and 
wellpaper, printing paper, chemical pulp and mechanical pulp mills will also be modelled. 
The necessary factor changes (S) to establish efficiency for each part of the pulp and paper 
industry will be established. 

4. Data 

A data set covering Swedish paper mills for three years, 1995, 2000, and 2005 is used. The 
data have been drawn from Statistics Sweden’s industrial statistics and include mills 
producing mechanical pulp, chemical pulp, printing paper and kraft and wellpaper.8 The data 
set contains data on outputs and inputs, i.e., on the quantity and the value of labour, electricity 
and oil inputs. Output is measured in tonne while the labour input is measured in terms of the 
number of employees. Both electricity and oil inputs are measured in MWh.  

Figure 2 presents descriptive statistics for electricity use by year and output category. 
The spread of electricity use across mills is large and tends to change over time. This can 
partly be explained by: (a) our level of aggregation of output categories; (b) the grouping of 
mills of different sizes in the same output category; as well as (c) statistical problems when 
reporting internally generated electricity. However, over time the median values within each 
output category are relatively stable. 

                                                      
8 SNI code (2002) 211 and 212. 
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Figure 2: Sample Variation of Electricity Use per Unit of Output for Different Categories of 
Pulp and Paper Mills, 1995, 2000 and 2005 

Source: Statistics Sweden, Industrial Statistics. 
 
 
While Figure 2 highlights the patterns of electricity use for the sample of mills, Table 1 
presents the corresponding descriptive statistics for the remaining inputs and output variables 
by year and output category. This table shows, for instance, that the average employment of 
labour exhibits a decreasing trend over time except in the case of mechanical pulp. In 
addition, the data also display an overall increasing trend in the use of oil for all output 
categories except chemical pulp. In terms of output, only the printing paper industry shows a 
decreasing trend.  
 
 

Table 1: Descriptive Statistics by Year and Output Category 
  Labour (# employees) Oil (MWh) Output (ton) 
  Mean Min Max S.D. Mean Min Max S.D. Mean Min Max S.D. 

            Kraft & Well 
2005 286 31 1 147 281 64 309 59 268 180 92 456 273 305 3 068 1 260 033 362 951  
2000 298 39 1 180 282 74 441 0 257 009 89 986 231 574 2 800 1 115 530 320 651  
1995 325 26 1 300 322 57 539 0 269 241 74 376 258 227 2 352 1 075 104 359 673  

            Chemical pulp 
2005 359 193 491 119 86 332 100 196 263 67 389 431 653 173 560 659 325 187 455  
2000 350 189 492 133 113 444 40 885 241 454 69 936 335 120 141 850 533 664 154 445  
1995 375 204 535 136 100 218 9 037 307 537 93 205 246 894 134 364 375 584 86 626  

            Mechanical pulp 
2005 111 46 166 53 32 953 717 79 867 33 059 104 759 62 240 145 227 30 331  
2000 90 46 161 51 31 366 0 88 738 40 627 87 460 51 121 142 065 39 310  
1995 94 43 165 52 29 421 110 79 550 35 616 79 718 49 338 136 510 40 190  

            Printing paper 
2005 651 266 968 265 72 054 6 977 280 150 96 522 435 671 48 660 984 462 345 754  
2000 749 272 1 112 322 52 438 996 151 189 54 061 419 542 51 726 880 288 313 278  
1995 816 322 1 268 348 71 428 279 199 744 69 976 556 637 96 348 1 461 716 484 083  

Source: Statistics Sweden, Industrial Statistics.  
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5. Empirical Results 
In this section we present the empirical estimates of technical and allocative efficiency; we 
have however not estimated the scale efficiency score. The technical efficiency improvement 
potential is presented in Figure 3, while the allocative efficiency improvement potential is 
presented in Table 2. The technical efficiency improvement potentials are based on the 
assumption of increasing returns to scale, while the allocative efficiency improvement poten-
tial allows for variable returns to scale.9 Moreover, the results are based on the current level 
of technological know-how, i.e., the best-practice frontier is not allowed to move and the 
output of the mills is exogenously determined. This is well in line with the definition of 
energy efficiency in that it measures the energy consumption per unit of output. Thus, a 
reduction in electricity use due to a reduced level of output is thus not considered in the 
estimated electri-city efficiency potentials. 

                                                     

In Appendix A the estimated technical, allocative and overall efficiency scores for each 
mill (numbered 1 to 30) are presented for each of the four sectors of the industry. Under the 
assumption of increasing returns to scale, the average technical efficiency for mills within the 
kraft and wellpaper sector was 0.78 in 1995, indicating a potential general input reduction by 
22 percent without affecting output. The technical efficiency of this sector seems to have 
increased over the period, and the corresponding score for 2005 is estimated at 0.85. It is 
noteworthy that in 2005 the score for the least technically efficient mill in the kraft and 
wallpaper sample is only 0.39; consequently that specific mill can reduce inputs by a full 61 
percent if it applied the same procedures as its efficient peers in the sample. Such large 
reductions should however be viewed with much caution as they may: (a) be overstated by the 
estimation method and/or deficiencies in the data material; and (b) in any case be reached 
only at an unviable economic cost. For the other sectors, overall high scores are estimated for 
2005. The high scores can to some extent be explained by the assumption of increasing 
returns to scale. There are several other studies of capital intensive process industries showing 
similar high technical efficiency scores (e.g., Yin, 2000; Lee, 2005). One tentative explana-
tion is that production processes and technical standards are largely uniform across the indu-
stry, and also that process industries often have high levels of capacity utilisation. 

Allocative efficiency can to a considerable extent be influenced by factors such as the 
institutional environment facing the mill, as well as the ability and the experience of the mill 
management to adapt to changing market conditions (e.g., Blomberg and Jonsson, 2007). As 
shown in Appendix A, the allocative efficiency scores for all sectors and years are lower than 
their technical equivalents. For instance, mills in the kraft and wellpaper sector could have 
achieved cost reductions by 40 percent on average in 2005 if they had been able to allocate 
inputs properly according to the factor prices. It can also be noted that low technical 
efficiency at a mill often corresponds to a similar low allocative efficiency. In the short-run, 
substitution prospects, and hence improved input allocation, may however be limited due to 
the technical characteristics of the industry (e.g., Lundmark and Söderholm, 2003; Henriksson 
et al., 2010).  

 
9 We also allowed for variable returns to scale when estimating the technical efficiency scores but the results 
showed very similar outcomes. For instance, in 2005 the electricity efficiency gap was 1.03 TWh under variable 
returns to scale compared to 1.09 TWh under the assumption of increasing returns to scale. 
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Figure 3: Estimated Electricity Efficiency Gaps in Swedish Pulp and Paper Mills 

(1995, 2000 and 2005) 
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Based on the estimated electricity (power) efficiency scores the energy efficiency gaps for 
each year are calculated and presented in Figure 3. In this figure cumulative electricity use is 
illustrated horizontally, i.e., total electricity use by all mills in the sample. Each box represents 
a mill and the width of the box its electricity use. The mills are arranged according to their 
respective electricity efficiency; the mills with the most inefficient use of electricity are 
located to the left in Figure 3. The three diagrams are truncated and do not show all the mills 
that are estimated to have efficient electricity uses. The total areas above the inefficient mills 
represent the electricity efficiency gap, and illustrate the electricity efficiency improvement 
potential in the (hypothetical) case where all mills use best-practice technology.  

The estimated electricity efficiency gap is relatively stable over the time period 1995-
2005, and amounts to roughly 1 TWh. Given the fact that electricity use is strongly embodied 
in new technology, this result should come as no surprise. As some mills invest in new (and 
less electricity-using) technology the best-practice frontier in Figure 1 will move downwards 
with the direct effect of an increase in the industry-wide efficiency gap. Eventually, as the 
other mills also introduce more energy efficient technology (as their existing equipment 
becomes out of date), the gap becomes smaller due to this catch-up effect. The above indica-
tes that it would be economically inefficient to remove the electricity efficiency gap entirely 
since this cannot be achieved without a very rapid capital turnover and thus a pre-mature 
removal of for instance, well-functioning energy using equipment.  

By employing mill-specific electricity prices it is possible to calculate the potential 
monetary savings inefficient mills can (hypothetically) achieve if they reduce their electricity 
usage and thus become more efficient. In Table 2 the average allocative efficiency improve-
ment potential is presented for each year. On average the actual cost of the purchased 
electricity by the pulp and paper mills in the sample has increased over time from around SEK 
8.2 billion in 1995 to 9.6 billion in 2005 (USD 1 billion and USD 1.2 billion, respectively). 
The increased costs reflect a combination of changing electricity prices and the amount 
purchased. Our results indicate that if all mills are able to increase their allocative efficiency 
according to best-practice they would collectively be able to reduce their electricity costs by 
approximately SEK 1.5 billion (about USD 200 million). In percentage terms this corresponds 
to an electricity cost reduction by 20 percent. Based on the number of mills in the sample, the 
per mill electricity cost savings can be estimated at roughly SEK 50 million (USD 6 million).    

 
Table 2: Average Allocative Efficiency for Electricity Use 

Year # mills Actual cost 
(kSEK) 

Projection 
(kSEK) 

Electricity cost 
reduction (kSEK) 

Electricity cost 
reduction (%) 

Per mill savings 
(MSEK) 

1995 32 8 281 637 6 655 465 -1 626 172 24% -50.8 
2000 31 9 487 356 8 144 771 -1 342 583 16% -43.3 
2005 30 9 647 088 8 142 122 -1 504 966 18% -50.2 

Average  9 138 694 7 647 453 -1 491 240 20% -48.6 

 

While the presence of, for instance, different capital vintages will explain the presence of a 
sustained electricity efficiency gap it should be clear that such a gap could also exist due to 
different market failures. For instance, the presence of asymmetric information, implying that 

11  



 

one actor holds information but faces too few incentives to transfer this to other actors 
although this would increase overall economic efficiency, may lead to inefficient (and too 
high) electricity use levels. One example is the principal-agent problem where the principal 
(e.g., the CEO) is unable to perfectly monitor the agents’ (e.g., the engineers’) performance 
and introduce enough incentives for the agent to pursue all profitable energy saving projects 
(e.g., Jaffe and Stavins, 1994). One needs also to pay attention to the potential bounded 
rationality of firms. The latter implies that individuals within firms will economise on scarce 
cognitive resources by utilising routines and rules of thumb and will tend to make satisfactory 
decisions rather than expend time and effort searching for the optimum decision (Simon, 
1959; Foss, 2003). According to this strand of literature a set of rules or problem-solving 
techniques within the firm will persist since they are costly to change but also because the 
system itself is not questioned (Heffernan, 2003). This may potentially motivate the use of po-
licy instruments, such as PFE, which aim at raising companies’ attention to energy use issues.  

For the above reasons it is useful to compare the outcomes of our estimations with the 
electricity savings reported during the first program period of PFE, and elaborate on how any 
differences can be understood. The reported electricity savings obtained in PFE equals 0.67 
TWh for the pulp and paper industry (Swedish Energy Agency, 2009a). However, due to data 
limitations the sample used in the present paper does not include the entire Swedish pulp and 
paper industry. In order to obtain comparable numbers we have calculated the fraction of 
electricity use of those mills that are included in our sample out of total electricity use in the 
pulp and paper industry. Total electricity use in our sample is 9.65 TWh for the year 2005 (see 
Figure 3), while total electricity use for the entire Swedish pulp and paper industry was 22 
TWh in the same year (Swedish Energy Agency, 2009a). This indicates that our sample 
includes 43.9 percent out of the industry’s total electricity use. Thus, the corresponding PFE-
induced electricity savings of our sample is 0.29 TWh (43.9 percent out of 0.67 TWh). This 
can be compared to the estimated electricity efficiency improvement potential of 1.09 TWh 
for the year 2005, the year of the start of PFE.  

At first glance this suggests that PFE has implied far from insignificant electricity 
savings compared to our estimate of the total electricity efficiency gap in the industry. Still, as 
was noted above, a non-insignificant share of this gap may represent the fact that different 
mills have different technologies (and associated electricity use), and it may make little eco-
nomic sense to increase the speed of capital turnover to attain an essentially temporary de-
crease in this gap. It is plausible to assert that some of the measures reported in PFE achieve 
only this, such as investments in less electricity using machines. While our paper cannot 
resolve this question in any detail it does suggest that voluntary energy efficiency programs 
such as PFE could be better targeted at explicitly promoting technological progress (i.e., on 
moving the frontier) rather than on technological diffusion (i.e., moving mills closer to the 
frontier).  

Still, this does not preclude the fact that PFE in Sweden may also have addressed some 
relevant market failures and barriers in the energy efficiency market. It is worth noting that 
according to our estimates the smaller mills are generally over-represented among the more 
inefficient units. This may be a reflection of the fact that smaller mills could be serving niche 
markets. This makes them more limited in their choice of technology, and they may therefore 
find it infeasible to cost-effectively improve their electricity use per unit of output due to 
issues related to scale. However, previous research also suggests that even medium-sized 
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firms may face difficulties in obtaining strategic information on new and already existing 
equipment, and at the same time the priority given to energy efficiency issues is relatively low 
(Thollander et al., 2007). Even bigger companies in already electricity-intensive industries 
may face significant barriers to improving energy efficiency. For instance, Thollander and 
Ottosson (2008) show that the most significant barriers to reducing the energy efficiency gap 
in the Swedish pulp and paper industry have been technical risks, e.g., production disruptions 
and its associated costs. While these barriers may simply reflect the presence of transaction 
costs, they also tend to involve the fact that new information (about production processes) 
may possess substantial public good characteristics and it therefore implies important positive 
spillover effects. This means that a single firm cannot generally reap the entire benefits of its 
investment in new knowledge and experimentation activities, and it therefore does not face 
strong incentives to undertake such activities in the first place (Gillingham et al., 2009).  

6. Concluding Remarks 
This paper provides empirical evidence on the electricity efficiency improvement potential in 
the Swedish pulp and paper industry using DEA techniques, and particularly the technical 
efficiency scores are discussed in relation to the self-reported electricity savings in the volun-
tary energy efficiency program PFE. An important finding is that the estimated efficiency gap 
has been more or less unaltered during the period 1995-2005, and this is largely a reflection of 
the fact that in the pulp and paper industry electricity efficiency improvements are typically 
embodied in the diffusion of new capital equipment. A fraction of the energy efficiency 
measures that have been induced by PFE may thus represent economically inefficient 
increases in capital turnover. In other words, the program contributes to a catch-up effect in 
that inefficient mills are encouraged to move closer to the frontier but with the introduction of 
new best-practice technology the gap will persist in the longer run. One relevant example is 
the change of motors with higher efficiency levels, a measure which has been undertaken at 
least in 85 cases during the first program period of PFE (Stenqvist et al., 2009). While this 
paper cannot resolve the extent to which these concerns matter a lot for the effectiveness of 
the program, the results indicate, though, that PFE could benefit from a stronger emphasis on 
measures that spur technological progress (and thus move the frontier).  

The conclusion for the allocative efficiency scores is that most of the cost inefficiencies 
are caused by inappropriate input mixes rather than the way with which inputs are converted 
into outputs. However, a mill’s potential electricity cost savings are determined by the 
relevant input and output market structures. We have also emphasised that this does not 
preclude the presence of market and behavioural failures that motivate the use of policy 
instruments to make industrial electricity use more efficient. The presence of information 
inefficiencies and asymmetries represent one of the major motives for policy intervention in 
the industrial energy efficiency field, but it should also be noted that the substitution of energy 
management systems for electricity taxes will not necessarily address these asymmetries cost-
effectively (see also Henriksson and Söderholm, 2009). Other policy combinations to address 
energy efficiency in the industrial sectors may be more efficient, not the least those that could 
offer strong price signals while at the same time providing the necessary information to 
identify the most important measures at the mill level. These policy challenges constitute an 
important area for future research, and motivate not the least studies that address the sources 
of any energy inefficiencies at the mill level.  
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Appendix A: The Estimated Technical, Allocative and Overall Efficiency 
Scores by Pulp and Paper Mill 

  2005 2000 1995 

  DMU TEIRS AEVRS OE DMU TEIRS AEVRS OE DMU TEIRS AEVRS OE 

1 0.85 0.76 0.65 1 0.91 0.64 0.59 1 1.00 0.88 0.88Kraft & wellpaper 
  2 1.00 1.00 1.00 2 1.00 1.00 1.00 2 1.00 1.00 1.00
  3 0.39 0.39 0.15 3 0.51 0.42 0.22 3 1.00 0.76 0.76
  4 1.00 0.68 0.68 4 0.64 0.62 0.40 4 0.74 0.72 0.53
  5 0.43 0.38 0.16 5 0.46 0.39 0.18 5 0.47 0.43 0.20
  6 0.93 0.74 0.69 6 0.93 0.87 0.81 6 1.00 0.92 0.92
  7 0.53 0.36 0.19 7 0.40 0.05 0.02 7 0.21 0.09 0.02
  8 0.93 0.88 0.81 8 0.89 0.61 0.55 8 0.67 0.68 0.46
  9 0.88 0.29 0.25 9 1.00 1.00 1.00 9 0.80 0.94 0.75
  10 1.00 0.27 0.27 10 1.00 0.43 0.43 10 1.00 0.97 0.97
  11 0.93 0.20 0.19 11 0.97 0.60 0.58 11 0.64 0.67 0.43
  12 1.00 1.00 1.00 12 0.96 0.43 0.41 12 0.83 1.00 0.83
  13 1.00 1.00 1.00 13 1.00 1.00 1.00 13 1.00 1.00 1.00
  14 1.00 0.45 0.45 14 1.00 0.11 0.11 14 1.00 0.84 0.84
      15 0.46 0.44 0.20 15 0.41 0.30 0.12

Average  0.85 0.60 0.51  0.81 0.57 0.46  0.78 0.75 0.59 
Min  0.39 0.20   0.40 0.05  0.21 0.09  
Max  1.00 1.00   1.00 1.00  1.00 1.00  

15 1.00 0.46 0.46 16 1.00 1.00 1.00 16 0.88 0.83 0.73Chemical pulp 
  16 1.00 1.00 1.00 17 1.00 1.00 1.00 17 0.80 1.00 0.80
  17 1.00 0.81 0.81 18 1.00 0.81 0.81 18 1.00 1.00 1.00
  18 1.00 1.00 1.00 19 1.00 1.00 1.00 19 0.99 0.37 0.37
  19 1.00 0.44 0.44 20 0.87 0.63 0.55 20 0.93 1.00 0.93
  20 1.00 1.00 1.00 21 1.00 1.00 1.00 21 1.00 0.87 0.87
      22 1.00 0.47 0.47 22 1.00 0.17 0.17

Average  1.00 0.78 0.78  0.98 0.84 0.83  0.94 0.75 0.71 
Min  1.00 0.44   0.87 0.47  0.80 0.17  
Max  1.00 1.00   1.00 1.00  1.00 1.00  

21 0.86 1.00 0.86 23 1.00 1.00 1.00 23 1.00 1.00 1.00Mechanical pulp 
  22 0.66 0.72 0.47 24 1.00 1.00 1.00 24 1.00 1.00 1.00
  23 1.00 1.00 1.00 25 1.00 0.95 0.95 25 1.00 0.84 0.84
  24 1.00 1.00 1.00    

Average  0.88 0.93 0.82  1.00 0.98 0.98  1.00 0.95 0.95 
Min  0.66 0.72   1.00 0.95  1.00 0.84  
Max  1.00 1.00   1.00 1.00  1.00 1.00  

25 1.00 1.00 1.00 26 1.00 1.00 1.00 26 0.73 0.58 0.42Printing paper 
  26 1.00 1.00 1.00 27 1.00 1.00 1.00 27 1.00 1.00 1.00
  27 1.00 1.00 1.00 28 1.00 1.00 1.00 28 1.00 0.68 0.68
  28 1.00 0.48 0.48 29 1.00 0.62 0.62 29 1.00 0.98 0.98
  29 1.00 1.00 1.00 30 1.00 1.00 1.00 30 0.78 0.49 0.38
  30 1.00 0.54 0.54 31 1.00 0.76 0.76 31 1.00 1.00 1.00
       32 1.00 1.00 1.00

Average  1.00 0.84 0.84  1.00 0.90 0.90  0.93 0.82 0.76 
Min  1.00 0.48   1.00 0.62  0.73 0.49   
Max  1.00 1.00   1.00 1.00  1.00 1.00   
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The overall objective of this paper is to analyze electricity demand behaviour in the Swedish 
pulp and paper industry. An important context for the study is the increased interest in so-
called voluntary energy efficiency programs in which different types of tax exemptions are 
granted if the participating firms carry out energy efficiency measures following an energy 
audit. We employ a Translog factor demand model and a panel data set of 19 pulp and paper 
firms, and estimate both the own- and cross-price elasticities of electricity demand as well as 
the impact of knowledge accumulation following private R&D on electricity use. The empi-
rical results show that electricity use in the Swedish pulp and paper industry is relatively own-
price insensitive, but they also display that already in a baseline setting pulp and paper firms 
tend to invest in private R&D that have electricity saving impacts. The above implies that 
while voluntary energy efficiency programs may provide additional incentives to undertake 
energy saving measures, future evaluations of these programs must also recognize the already 
existing incentives to improve energy efficiency in electricity-intensive industries. 
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1. Introduction 
The challenge of climate change in combination with security of supply concerns have 
spurred an increased interest in how different industrial sectors can reduce their electricity 
consumption while at the same time remaining competitive in the international market place. 
Since the industry often receives substantial reductions in electricity and carbon taxes due to 
competitive and carbon leakage concerns, the use of voluntary energy efficiency programs 
have become increasingly common. In these types of programs industrial firms typically get 
tax cuts if they pursue given measures to improve their energy efficiency; examples of 
voluntary energy efficiency programs can be found in, for instance, Denmark, Sweden and the 
United Kingdom (e.g., Krarup and Ramesohl, 2002). The Swedish program (PFE) has 
provided energy-intensive companies the opportunity of a reduced tax on electricity use.1 In 
return they have had to introduce and obtain certification for a standardized energy manage-
ment system and carry out an energy audit. The latter has been done to identify specific ener-
gy efficiency measures to be implemented in subsequent years if these have a pay-back time 
of less than three years (e.g., Henriksson and Söderholm, 2009; Stenqvist et al., 2009).

The net effect on electricity use of these types of programs is often uncertain. Economic 
theory suggests that the decrease in the electricity price following the tax exemption will 
(ceteris paribus) lead to increased electricity use. On the other hand, different market failures 
that motivate policy intervention targeting increased energy efficiency could exist, thus 
stimulating measures beyond those already taking place in the market. Jaffe and Stavins 
(1994) identify a number of such failures. For instance, for different reasons the presence of 
asymmetric information, implying that one actor holds information but faces too few 
incentives to transfer this to other actors although this would increase overall economic 
efficiency, may lead to an inefficient (and too high) electricity use. One example is the 
principal-agent problem where the principal (e.g., the CEO) is unable to perfectly monitor the 
agents’ (e.g., the engineers’) performance and introduce enough incentives for these to pursue 
all profitable energy saving projects. Moreover, organizations develop patterns of behaviour, 
often referred to as routines or set of rules, to respond to different problems as they arise 
(Teece et al., 1997). Once a set of rules is developed it is reinforced by, for instance, in-house 
training and incentive structures. Thus, bounded rationality can imply that a set of rules or 
problem solving techniques within the firm will persist since they are costly to change but 
also because the system itself is not questioned. This may potentially motivate the use of 
policy instruments such as PFE that raise firms’ attention to energy use issues.

The above implies that compared to a unit electricity tax, an important condition for a 
voluntary agreement scheme inducing overall lower electricity use is that there is evidence of 
information or behavioural inefficiencies in the tax case leading the relevant firms to forego 
otherwise profitable investments. The energy management systems, which are essential 
components of the voluntary programs, provide ways of implementing firm-internal strategies 
to systematically identify – i.e., search for – cost-effective energy efficiency measures. Still, 
any reductions in electricity use following such measures come at the cost of a lower price of 
electricity (and thus higher electricity use in other ends of the firm). In this paper we therefore 

1 Specifically, on 1 July 2004, due to the adoption of the EU Energy Tax Directive, a tax of SEK 0.005 per kWh 
(EUR 0.5 per MWh) on industrial process-related electricity was introduced. The Directive gives, however, the 
energy-intensive companies that are subject to the tax, the opportunity of a tax exemption if they take action to 
improve their energy efficiency. PFE represents an instrument to achieve exactly this in Sweden.  
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recognize that the assessment of the net impact of voluntary energy efficiency programs 
requires an increased understanding of industrial electricity demand behaviour, and not the 
least the incentives facing firms to lower electricity use in a baseline scenario setting.

The overall objective of this paper is to analyze electricity demand behaviour in the 
Swedish pulp and paper industry. This is done within a Translog cost function framework 
using an unbalanced panel data set of 19 pulp and paper mills over the time period 1985-1999, 
i.e., prior to the introduction of PFE in January 2005. The analysis permits an assessment of 
the own- and cross-price impacts of electricity demand in the industry. Moreover, unlike 
previous economic studies of factor demand and electricity use in industrial sectors in Sweden 
and elsewhere (e.g., Adeyemi and Hunt, 2007; Bjorner et al., 2001; Ilmakunnas and Törmä, 
1989, Lundmark and Söderholm, 2004; Samakovlis, 2003), we also investigate the electricity 
use impacts of firms’ own investments in research and development activities (private R&D). 
Similar to the energy management systems, which are essential components of PFE, private 
R&D can also represent a firm-initiated activity generating new knowledge that result in 
increased efficiency in input factor use. Even though the impact of private R&D efforts on 
electricity use does not in itself indicate whether voluntary energy efficiency program will be 
efficient or not, any investigation of the latter program must rely on a realistic baseline 
assessment of firm’s knowledge accumulation processes and their outcomes. The private 
R&D impact on electricity use indicates, for instance, the extent to which the outcomes of 
firm-internal search processes have been biased towards specific input factors in the past. In 
this way the paper also complements previous studies that have addressed: (a) firms’ adoption 
decisions in the presence of public energy audit programs (e.g., Anderson and Newell, 2004; 
Reiss and White, 2008); and (b) the different barriers and market failures that hamper energy 
efficiency in various sectors (e.g., Schleich, 2009; Thollander and Ottosson, 2008).

The choice of the pulp and paper industry as the empirical case is motivated for a 
number of reasons. First, in Sweden this sector is responsible for a significant share of total 
industrial environmental protection investments (Hammar and Löfgren, 2006). It is reasonable 
to also assume that in an electricity-intensive industry with a high share of environmental 
protection investments, R&D activities have in part been directed towards different energy 
efficiency solutions. Moreover, the pulp and paper industry is an important participant in PFE 
due to its high electricity consumption levels. PFE came into force in 2005; it targets only the 
energy-intensive industries and the firms who choose to participate will be exempt from the 
above-mentioned electricity tax (Swedish Energy Agency, 2005). Firms with high electricity 
costs will therefore be overrepresented in the program. Figure 1 shows that the participating 
firms, which represent approximately 10 percent of all the eligible firms, consume almost 30 
TWh of the taxed electricity. This amounts to 86 percent of the eligible firms’ total electricity 
consumption. Most PFE participants are found in the pulp and paper industry, and these firms 
in turn account for almost 75 percent of all the participating firms’ electricity use. 

Under PFE the firms have had to introduce and obtain certification for a standardized 
energy management system (EMS), and carry out an energy audit and analysis. The purpose 
of the energy audit and analysis has been to enable the firms to identify measures to improve 
the efficiency of its electricity use. These measures should have a pay-back time of less than 
three years. If the firms have achieved an improvement in electricity efficiency which, 
broadly speaking, is equivalent to the improvement which would have been achieved if the 
tax had been imposed, then the firms will have fulfilled its obligations under the program 
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(Swedish Energy Agency, 2005). In other words, PFE builds on the presumption that the 
attention-raising effect of the program on electricity use will (at least) overweigh the positive 
impacts on electricity use following the electricity tax exemption. In December 2009 the 
results from the first program period of PFE were presented, and they indicated that the 
measures implemented as a result of the program implied self-reported electricity savings of 
0.67 TWh for the Swedish pulp and paper industry (equivalent to an almost 3 percent 
reduction in electricity use) (Swedish Energy Agency, 2009). It should be clear from the 
above that the real success of this program will be contingent both on the price sensitivity of 
electricity demand in the industrial sectors, as well as on the assessment of a relevant baseline 
scenario. Stenqvist et al. (2009) point out that the present program design lacks a well-defined 
interpretation of the baseline scenario, implying also that the policy target (which should 
guide all future evaluations of the program) also is unclear. It is particularly worth noting that 
the way in which the participating companies have interpreted the program requirement, i.e., 
that the proposed electricity-saving measures should (at the least) be equivalent to the amount 
of savings that would have been achieved if the EU minimum tax had instead been applied 
during the program period, has varied widely. This paper attempts to shed some additional 
light on these baseline issues, and thus addresses the industry’s incentives to undertake 
electricity saving measures in a non-policy setting.  

Pulp and Paper Industry: 
21.8 TWh, 47 firms

Others: 
0.9 TWh, 10 firms

Iron, steel and metal works: 
1.2 TWh, 9 firms

Chemical industry: 
2.4 TWh, 19 firms

Mineral extraction: 
2.2 TWh, 7 firms

Wood board and sawmill 
industry: 0.8 TWh, 28 firms

Food and beverage: 
0.5 TWh, 11 firms

Figure 1: Participating Industry Sectors and their PFE-relevant Electricity Consumption 
Source: Swedish Energy Agency (2007a). 

The paper proceeds as follows. Section 2 presents the theoretical structure of the factor de-
mand model employed in the paper. In Section 3 we discuss model estimation and data issues, 
while the empirical results are reported and analyzed in section 4. Finally, section 5 provides 
some concluding remarks and implications.  
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2. A Translog Cost Function Approach 
In this study we examine factor demand decisions in an industry with high electricity con-
sumption levels, and we are primarily interested in the impacts of price changes and private 
R&D on electricity use. By assuming that firms minimize production costs, electricity de-
mand can be derived from a neoclassical cost function (e.g., Chambers, 1988; Varian, 1992). 
In this study we employ the flexible so-called Translog cost function; flexibility implies here 
that the cost function and its associated factor demand equations are specified and estimated 
without placing any restrictions on the factor substitution elasticities. The Translog specifi-
cation was first introduced by the agricultural economists Heady and Dillon (1961). Since 
then it has been further developed by Christensen et al. (1971, 1973), and has also been used 
extensively within the energy economics field (e.g., Berndt and Wood, 1975; Griffin, 1977). 
The Translog cost function is obtained by a second-order Taylor expansion of the logarithm 
of an arbitrary twice-differentiable cost function and for our purposes it can be written as;
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where C represents the production cost for a representative firm, Q is the production level, the 
Pi’s represent the input prices, and  denotes firm-specific dummy variables (n=1,…,N)
(see section 3 for further discussion). In this representation we consider three variable input 
factors, electricity, oil and labour (i,j=L, E, O). Electricity and oil have been included since 
they represent the two most important energy inputs for this industry, while, for instance, coal 
and natural gas are only used in negligible amounts. Wood pulp and wastepaper are also 
important inputs in the industry, but due to data limitations it was not possible to include these 
adequately in the empirical analysis. Thus, we essentially assume that the energy inputs are 
weakly separable from material inputs, implying that the mix of energy inputs is assumed to 
be independent of the choice of material inputs. A similar approach is adopted by Brännlund 
and Lundgren (2007), who investigate the impacts of the European emissions trading system 
for carbon dioxide (EU ETS) on the Swedish base industry.

nD

In the cost function in [1] advances in the state of knowledge are addressed in two ways. 
First, a time trend t is included to represent the impact of exogenous technological progress, 
which thus is assumed to increase linearly over time. Second, we also include a firm-specific 
knowledge stock, KS, which is a function of the firm’s own investment in R&D. As was noted 
above, PFE (including the associated tax relief) builds on the idea that the attention-raising
effect of the energy management system will (at the least) offset the impacts of the reduced 
tax on electricity. Empirically it is very difficult to test this notion, not the least because of the 
difficulties in identifying a relevant baseline scenario and the necessary data. Moreover, our 
data on private R&D expenses do not permit an assessment of towards which specific 
activities these have been allocated. Still, we know from other studies that the pulp and paper 
industry has devoted a lot of attention to energy efficiency measures (Hammar and Löfgren, 
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2006), and the historical R&D activities differ a lot across these firms. In sum, our analysis 
addresses the distinction between the electricity use impacts of: (a) changes in the own-price 
of electricity; and (b) investments in new firm-specific knowledge through R&D. Such 
assessments are useful for defining relevant baseline scenarios in industrial electricity demand 
behaviour. In order to address the impact of firm-specific knowledge we assume that private 
R&D adds to a R&D-based knowledge stock, which can be defined as: 

)()1()1( xtntnnt RDKSKS     [2] 

where  is the R&D-based knowledge stock of firm n and time period t,  is the 
corresponding knowledge stock in time period t-1,  are the annual R&D expenditures, 

ntKS 1tnKS
ntRD x

the number of years it takes before R&D expenditures add to the knowledge stock, and  is 
the annual depreciation rate of the knowledge stock.2 This specification implies thus that 
investments in new knowledge does not have an immediate effect on production processes, 
and also that the acquired knowledge gradually depreciates over time (Griliches, 1995).  

For estimation purposes we are interested in the cost-minimizing factor cost shares. 
These can be derived by differentiating [1] logarithmically with respect to the variable input 
factors, and by applying Shephard’s lemma. This yields the following cost share equations for 
labour, electricity and oil, respectively: 
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where Si represent the cost minimizing input cost shares. Several restrictions must however be 
satisfied in order for this specification to represent a well-behaved demand system. The 
following parameter restrictions are imposed since the factor cost shares must add to one and 
the cost function should be homogenous of degree one in input prices:
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The symmetry restriction according to Young’s theorem, i.e., for all i,j is also im-
posed on the model. Uzawa (1962) and Berndt and Wood (1975) show that for the Translog 
function the Allen partial elasticties of substitution are given by:  
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2 Similar specifications can be found in the recent learning curve literature in which the cost reductions of, for 
instance, new energy technology are analyzed (e.g., Klaassen et al., 2005; Söderholm och Klaassen, 2007).  
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These substitution elasticities will differ at every data point and normally they are computed 
at the means of the sample (Berndt, 1991). From these we can also obtain the own- and cross-
price elasticities of demand for the respective factor inputs so that:

iiiii S    and jijij S     [6] 

It is important to note that the own- and cross-price elasticities in equation [6] are only partial, 
i.e., they account for the substitution between the variable input factors under the constraint 
that the aggregate quantity of output (Q) remains constant.  

Finally, in order to investigate how private R&D influences the electricity demand, we 
are also interested in analysing the knowledge stock coefficients in equation [3]. Specifically, 
the signs of the KSi  coefficients indicate whether advances in firm-internal knowledge 
following investments in private R&D have had ith fuel using or saving impacts. It should be 
noted that the restrictions in equation [4] implies that not all of these three coefficients can 
have the same (positive or negative) sign.  

3. Data Sources and Model Estimation Issues 
In this paper we employ an unbalanced panel data set covering 19 Swedish pulp and paper 
firms over the time period 1985-1999. Only firms that produce printing paper, soft paper and 
kraft paper are included in the analysis.3 The data have been drawn from Statistics Sweden’s 
industrial statistics, and they include information on, most notably, the quantity and the value 
of labour, electricity and fuel inputs. The respective inputs prices have been calculated based 
on the quantities and values reported, implying that all input prices are firm-specific. In this 
investigation we focus on oil as the main fuel, this since the use of coal and natural gas were 
negligible among the firms investigated. Electricity prices are measured in kSEK per MWh, 
oil in kSEK per m3 and labour in kSEK per employee. Table 1 provides some descriptive 
statistics of the variables used in the empirical investigation.  

Table 1: Descriptive Statistics 

Variable Definition Mean Std.dev. Max Min
L Labor (number of employees) 563 392 2 184 124 
E Electricity (MWh) 346 021 464 208 2 384 915 6 707 

Oil (m3) 11 384 10 982 69 658 20 O

Q Output (kton) 224 264 202 602 755 741 4 060 

Labor wage (kSEK/employee) 206.5 52.1 331.9 33.3 LP
Price of electricity (kSEK/MWh) 0.228 0.076 0.802 0.112 EP
Price of oil (kSEK/m3) 1.56 0.69 5.13 0.004 OP

RD Research and development (kSEK) 4 306 8 651 85 000 0

KS Knowledge stock (kSEK) 17 020 17 856 131 656 342 

N = 197 

                                                
3 Industry branch code classification according to Statistics Sweden: SNI 2112. 
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In order to measure how investments in knowledge influence electricity demand, we 
only included firms that have provided data on their private R&D expenses (including also 
zero observations). This left us with a total number of 19 firms. For these firms equation [2] 
was used to construct the R&D-based knowledge stock, and based on earlier work (e.g., 
Griliches, 1995) we assume a time lag of 2 years and a depreciation rate of 3 percent. The 
data for 1985 represent our initial conditions when constructing the knowledge stock. For 
instance, the knowledge stock reported in 1990 for a specific firm is a function of the annual 
R&D expenses during the time period 1985-1988, and with the above depreciation rate 
attached to the stock. This implies thus that our econometric estimations rely on data with 
1987 as the first year.

The estimation of the cost share equation system requires that a stochastic framework is 
specified. The econometric specification must account for the notion that variables not 
included in the estimation still enter the different firms’ cost minimization activities. 
Accordingly, we append an additive disturbance term itn  to each cost share equation in [3], 
where t and n represent an index over the firm-time observations. These error terms can be 
decomposed into three elements so that (e.g., Friedlander et al., 1993; Berndt et al., 1993):

itnitinitn  [7] 

where in  represent the firm-specific error, it  represents intra-equation inter-temporal 
effects by following a first order autoregressive processes (but no error autocorrelation across 
equations). Finally, itn  is the normally distributed error term that may be contemporaneously 
correlated across equations. We can interpret the firm-specific errors, in , as unobserved 
fundamental differences across firms (e.g., the use of different technologies or management 
strategies). By assuming that these dissimilarities are fixed over time, we can eliminate the 
disturbance term by invoking a firm-specific dummy variable . For each cost share equa-
tion, the following terms are therefore added (see equation [3]): 

nD

 where  for firm n and 0 otherwise [8]n

N

n
inD

1

1
1nD

The necessary cross-equation restrictions are also imposed on the fixed effect parameters. The 
firm dummy procedure implies that all cross-firm variance in the cost share equations is 
removed and we rely solely on within-firm variations. The estimated price elasticities are 
therefore best interpreted as measuring short-run price responses (Baltagi, 1995).

Since cross-equation contemporaneous correlation of the itn  terms is expected we 
assume that the resulting disturbance vector is multivariate normally distributed with mean 
zero and a constant (non-singular) covariance matrix tn . Finally, to avoid singularity in the 
disturbance covariance matrix when we estimate the full system of cost share equations in [3], 
we drop the labour cost share equation, thus estimating only the cost share equations for 
electricity and oil. The labour cost share can be obtained by using the adding-up constraints in 
[4]. Since the system of equations is estimated by the method of maximum likelihood (using 
the TSP software) the results are invariant to the choice of equation to be dropped. 
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4. Empirical Results 
The resulting coefficients and the corresponding t-statistics (in absolute values) from the esti-
mated cost share equations are presented in Table 2. The R-squares for the estimated equa-
tions range between 0.87 and 0.88, thus indicating a relatively large degree of explanation. 
Before proceeding with the analysis it is in order to check if the underlying Translog cost 
function is well-behaved or not. A well-behaved cost function is concave in input prices, and 
the fitted cost shares should be strictly positive, implying monotonicity of costs with respect 
to input prices (Chambers, 1988). A necessary and a sufficient condition for concavity is a 
negative semi-definite Hessian matrix. Hence, concavity is tested by examining the signs of 
the principal minors at each observation. The results show that apart from 29 observations 
(out of a total of 197) the principal minors have a negative sign. The fitted cost shares show 
that out of 591 observations only 4 observations do not exhibit a positive share. The above 
indicates that overall our model appears to be relatively well-behaved in terms of monoto-
nicity and concavity conditions. 

Table 2: Parameter Estimates for the Translog Cost Function 

Parameter t-statistics Parameter  t-statistics 
18 DV*

LQ
-0.022 1.712 

L
18 DV*

EQ
0.093 6.661 

E
18 DV*

OQ
-0.072 6.496 

O
0.143 10.524 

LKS
0.033 4.861 

LL
-0.116 9.273 

EKS
-0.032 4.156 

LE
-0.026 5.315 

OKS
-0.002 0.251 

LO
0.118 8.913 

Lt
-0.012 6.159 

EE
-0.002 0.296 

Et
0.009 4.501 

EO
0.028 6.107 

Ot
0.003 1.597 

OO

* 18 DV indicates the use of separate dummy intercept variables for each firm. 
Specifically, in the cost share equations in [3] there is a value i  for a base firm 
and then an additional in  for the remaining N-1 firms.  

The results in Table 2 show that the accumulation of firm knowledge following private 
investments in R&D has had electricity saving impacts on the pulp and paper industry’s factor 
demand patterns and thus on electricity use per output generated. The relevant coefficient is 
statistically significant at the 1 percent level. This result is consistent with the notion that 
electricity-intensive industries have an incentive – not only to substitute away from electricity 
in the presence of electricity price increases – but also to engage in private R&D activities 
that make the pulp and paper production process less electricity intensive.4 The presence of 
these R&D incentives is important to consider in establishing baseline scenarios when 

                                                
4 It should be noted that the knowledge stock (KS) is not endogenous from a statistical point of view. One reason 
for this is that firms’ decisions to undertake private R&D are likely to be largely determined by expectations 
about future prices, which are not explicitly modeled in our paper.  
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evaluating the impacts of different types of voluntary energy efficiency programs (see also 
below).

As was noted above, our model specification distinguishes between knowledge accumu-
lated through firms’ internal decisions to engage in R&D on the one hand and exogenous 
technical change on the other. The latter is represented by a simple time trend, t. The impacts 
of the time trend on relative factor demand in the pulp and paper industry indicate an 
electricity using impact, and the corresponding coefficient is also statistically significant at the 
one percent level. It can be noted that the time trend coefficient also shows a significant 
labour saving impact of exogenous technical change. This could be an indication of the fact 
that as the technology has become less labour-intensive over time it has also become more 
capital-intensive, something that tends to correspond with higher electricity consumption 
(which is thus embodied in the new capital).  

The estimated own- and cross-price elasticities of factor demand in the pulp and paper 
industry are presented in Table 3. This table also presents the estimated cost shares for labour, 
electricity and oil, and these show that electricity represents almost a third of the costs 
considered here. The estimated cost shares are well in line with those reported in Brännlund 
and Lundgren (2007). The price elasticities presented in Table 3 are based on the fitted mean 
values. The standard errors of these elasticities were calculated using the ANALYZ command 
and the option NDRAW in the TSP software; this command computes asymmetric confidence 
intervals for non-linear functions by drawing n parameter vectors. All own-price elasticities 
have the expected negative signs. The results indicate that if the own-price increases with one 
percent the demand for labour, electricity and oil will decrease by 0.14, 0.24, and 0.40 per-
cent, respectively. The estimated cross-price elasticities indicate that labour, electricity, and 
oil are substitutes in the production process given the positive signs of the cross-price effects. 
For instance, if the price of electricity increases by one percent the demand for labour and oil 
increases by 0.09 and 0.26 percent, respectively. This shows that it is easier to substitute from 
electricity to oil than to labour, a result which should be expected in this industry. Since the 
oil crises in the 1970s there has been a steady substitution away from oil in Swedish industry 
(Swedish Energy Agency, 2007b).

Table 3: Estimated Price Elasticities for the Translog Factor Demand Model 

iS LP EP OP
Labour 0.63 -0.14* 0.09* 0.04* 
Electricity 0.28 0.16* -0.24* 0.08* 

Oil 0.09 0.15* 0.26* -0.40* 

* indicates statistical significance at the one percent level using a two-tailed test. 

Overall Table 3 shows clear evidence of fairly low factor demand responses to relative 
price changes. An important reason for this is that the price elasticities are best interpreted as 
short-run or intermediate-run price responses, given the reliance on within-firm variations. On 
the contrary, the use of cross-firm data can be assumed to reflect long-run adjustments since 
the price differences in this case exhibit a wide range of variation and tend to be the result of, 
for instance, long-standing managements practices and technology choices (e.g., Atkinson and 
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Manning, 1995). For electricity our results indicate that an own-price elasticity of -0.24. Pre-
vious studies of the Swedish pulp and paper industry also show own-price inelastic responses 
in electricity use, but overall our estimates are lower than those reported elsewhere. For 
instance, Lundmark and Söderholm (2003) find own-price elasticities of electricity demand of 
around -0.40, while the corresponding estimate reported in the Brännlund and Lundgren 
(2007) study is -0.43. Samakovlis (2003) presents short-run own-price elasticities of electri-
city demand that are as high as -0.70. It is difficult to disentangle the above differences in any 
detail. One can note, though, that all of the studies cited above employ pooled plant- (or firm-) 
level and time-series data, but since the cross-section variance is not always entirely removed 
with, for instance, a fixed effects procedure it may be hard to determine whether the estima-
tes will reflect short- or long-run (or intermediate-run) behaviour (e.g., Stapleton, 1981).

It should be noted that similar to Brännlund and Lundgren (2007) our estimations build 
on the assumption that the reported price responses are equal across the different paper 
outputs included in Q (i.e., printing paper, soft paper, and kraft paper). However, Samakovlis 
(2003) as well as Lundmark and Söderholm (2003), studies that both run separate estimations 
for these paper qualities without however acknowledging the impact of private R&D, con-
clude, for instance, that the estimated own-price elasticities of electricity demand are very 
similar across these three outputs. In Samakovlis (2003) this elasticity ranges between -0.72 
and -0.73, while in Lundmark and Söderholm (2003) the corresponding estimates are -0.31 
and -0.39. Thus, while limited data availability in the case of private R&D expenses has 
necessitated an aggregate representation of the pulp and paper industry, these previous studies 
suggest that this should not have greatly influenced the size of the estimated price elasticities.  

The estimated electricity elasticities indicate relatively small electricity using impacts 
following the removal of the EU minimum tax. The results of the first program period of PFE 
indicate a self-reported reduction in the pulp and paper industry’s electricity demand of 
almost 3 percent (corresponding to about 0.67 TWh). Our empirical results indicate that (with 
the year 1999 used as baseline) the associated tax relief would only induce a corresponding 
increase in electricity use by 0.3 percent. Taken at face value this comparison may suggest 
that the attention-raising effect of PFE with respect to previously unattended energy 
efficiency measures will dominate over the price effect following the tax relief.5 However, the 
empirical findings of this paper also suggest that the baseline scenarios (explicitly or impli-
citly) adopted by the participating companies in their PFE reports may not correspond well 
with that proposed by our results. Previous investments in knowledge in the Swedish pulp and 
paper industry through private R&D have (directly or indirectly) involved the search for more 
energy-efficient production methods. Interviews with participating firms in PFE confirm that 
joining the program has led to more attention given to energy efficiency activities, and that 
the accumulated knowledge about energy-saving measures have increased (Hammes, 2006; 
Stenqvist et al., 2009). Still, although the program has implied intensified firm attention to 
energy efficiency issues, these activities are in many ways prevalent already in a baseline 
scenario, and it is not clear whether this is acknowledged by firms when reporting about the 
outcomes of the program.  

                                                
5 Another reason for the difference may also reflect the fact that the payback time used in PFE (three years) can 
be higher than that typically employed by industrial firms. Still, previous research suggests that larger companies 
often consider three-year paybacks to be acceptable (e.g., Anderson and Newell, 2004; Lefley, 1996).  
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5. Concluding Remarks 
The overall purpose of this paper has been to analyze electricity demand behaviour in the 
Swedish pulp and paper industry. An important context for the study is the increased interest 
in so-called voluntary energy efficiency programs in which different types of tax relieves and 
exemptions are granted if the participating firms comply with the programs’ requirements. 
Typically voluntary energy efficiency agreements involve the substitution of energy manage-
ment systems for conventional taxes on energy use, and for this reason it is important to 
analyze if such a switch improves the possibility to internalize information asymmetries and 
raise companies’ attention towards energy efficiency measures to the extent that this 
overweighs the electricity using impacts of the tax relief. While this paper does not explicitly 
answer this question it sheds some light on the electricity demand responses of the pulp and 
paper industry to price changes, and it also highlights other important baseline issues such as 
firms’ incentives to direct their private R&D efforts towards energy saving measures. Such 
baseline issues appear to be largely ignored in, for instance, PFE where firms self-report the 
net effect of program activities.  

The empirical results show that electricity use in the Swedish pulp and paper industry is 
relatively own-price insensitive, implying that the electricity-increasing impacts of the tax 
exemption in PFE would be small. Although this paper has not explicitly addressed the 
presence of, for instance, information failures in the industry’s use of electricity, these results 
suggest that the energy management systems implemented as part of PFE could induce 
electricity saving measures that go well beyond the corresponding increase in use following 
the tax relief. Based on the self-reported savings from the first program period this conclusion 
appears to be valid. However, a number of complications make this assessment less certain. 

First, the presence of, for instance, information asymmetries imply that energy manage-
ment system could be more effective in companies with a less energy-intensive production 
process due to the lack of prior experience of energy efficiency measures in these firms. How-
ever, the current set-up of PFE induces the reverse situation, thus stimulating participation 
mainly among companies that have a high electricity cost share and therefore have faced 
considerable incentives in the past to lower electricity use (see also Henriksson och 
Söderholm, 2009). Second, the estimated price elasticities that are presented in this paper are 
probably best interpreted as representing short-run price responses, and from a policy perspec-
tive the long-run responses are probably of greater concern. The long-run impacts of price 
changes on electricity use are likely to be considerably higher than the short-run impacts. 
Third and finally, our results also show that already prior to the implementation of PFE Swe-
dish pulp and paper firms have invested in private R&D, and have in this way accumulated 
knowledge that have had electricity saving impacts. In other words, already in a baseline 
setting industry strategies include search processes that tend to result in lower electricity use 
per output generated. While PFE and similar voluntary energy efficiency programs may add 
to these types of activities future evaluations of the outcomes of such programs must increa-
singly recognize the already existing incentives to improve energy efficiency in electricity-
intensive industries.  
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Abstract 

The objectives of this paper are to: (a) analyze long-run electricity demand behaviour in the 
Swedish mining industry; and (b) contrast this to the reported outcomes of a recent voluntary 
energy efficiency program (PFE). In this program a reduced tax on electricity use has been 
granted if the participating firms carry out energy efficiency measures following an energy 
audit. Methodologically, we estimate a Generalized Leontief variable cost function using a 
panel data set of nine mining operations over the time period 1990-2005. Since the lower 
boundary of a set of short-run cost functions confines the long-run cost function, we can 
compute the long-run own- and cross-price elasticities of electricity, oil and labour demand. 
The empirical results indicate that electricity demand in the mining industry is sensitive to 
changes in the own-price, but the estimated electricity use increases following the tax 
reduction in PFE does not overweigh the self-reported electricity savings of the program. 
Still, the results indicate that already in a baseline setting Swedish mining companies tend to 
allocate substantial efforts towards energy efficiency measures, some through private R&D.  

Key words: electricity demand; voluntary energy efficiency programs; Generalized Leontief 
model; long-run price elasticities; mining industry.  
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1. Introduction  
The implementation of climate and energy policy measures typically involves difficult trade-
offs and compromises. An important example concerns the industrial sector; the industry 
typically employs energy-intensive production processes and is responsible for a significant 
share of total emissions of carbon dioxide. However, the energy-intensive industry also 
competes in a global market, and for this reason policy-makers are often reluctant to impose 
substantial energy and carbon taxes on industrial firms. Instead the interest in other types of 
policy instruments has grown during recent years, and one important example is the use of 
voluntary energy efficiency programs. In these programs industrial firms typically get tax cuts 
if they pursue given measures to improve their energy efficiency; examples of voluntary 
energy efficiency programs can be found in, for instance, Denmark, Sweden and the United 
Kingdom (e.g., Krarup and Ramesohl, 2002).  

In this paper we analyze electricity demand in the Swedish mining industry, and an 
important context for the investigation is the voluntary energy efficiency program PFE. This 
program was introduced in Sweden in 2005 and has provided energy-intensive companies the 
opportunity of a reduced tax on electricity use.1 Specifically, on 1 July 2004, due to the adop-
tion of the EU Energy Tax Directive, a tax of SEK 0.005 per kWh (about EUR 0.5 per MWh) 
on industrial process-related electricity was introduced. The Directive gives, however, the 
energy-intensive companies that are subject to the tax, the opportunity of a tax exemption if 
they take other action to improve energy efficiency. PFE represents an instrument to achieve 
this in Sweden. In return for the tax cut the participating companies have had to introduce and 
obtain certification for a standardized energy management system and carry out an energy 
audit. The latter has been done to identify energy efficiency measures to be implemented in 
subsequent years if these have a pay-back time of less than three years (e.g., Henriksson and 
Söderholm, 2009; Stenqvist et al., 2009).  

The net effect on electricity use of PFE is deemed to be uncertain, and it useful to dis-
cuss the separate impacts of the tax reduction and the energy audit and management system, 
respectively. The introduction of energy management systems in PFE could potentially 
address a number of market and organizational failures that hamper the economic efficiency 
of industrial electricity use (Sorrell et al., 2004). For instance, situations characterized by 
asymmetric information, implying that one actor holds information but faces too few 
incentives to transfer this to other actors although this would increase overall economic 
efficiency, may lead to an inefficient (and too high) electricity use. One example is the 
principal-agent problem where the principal (e.g., the CEO) is unable to perfectly monitor the 
agents’ (e.g., the engineers’) performance and introduce enough incentives for these to pursue 
all profitable energy saving projects. Moreover, organizations tend to develop patterns of 
behaviour, often referred to as routines or set of rules, to respond to different problems as they 
arise (Teece et al., 1997). Once a set of rules is developed it is reinforced by, for instance, in-
house training and incentive structures. Thus, bounded rationality can imply that a set of rules 
or problem solving techniques within the firm will persist since they are costly to change but 
also because the system itself is not questioned.  

The energy management systems thus provide ways of implementing firm-internal stra-
tegies to systematically identify – i.e., search for – cost-effective energy efficiency measures. 
However, any reductions in electricity use following such measures come at the cost of a 
lower price of electricity (and thus higher electricity use in other ends of the firm). In addres-
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sing this trade-off, we argue, it is necessary to estimate the long-run price responses following 
the tax exemption, and to compare these to the outcomes of the voluntary energy efficiency 
program. It can be noted that the attention-raising impacts of these types of programs should 
preferably imply a permanent (long-run) internalization of the most significant information 
failures. Measures that simply constitute a speed-up of capital turnover (e.g., the installation 
of less energy-intensive capital equipment) without addressing the underlying market imper-
fections will generally not achieve this aim (e.g., Blomberg et al., 2010).   

The purpose of this paper is to: (a) analyze long-run electricity demand behaviour in the 
Swedish mining industry; and (b) contrast this to the reported outcomes of the Swedish PFE 
program. This is achieved within a Generalized Leontief variable cost function framework, 
and using an unbalanced data set of nine mining operations over the time period 1990-2005. 
Since the lower boundary of a set of short-run (variable) cost functions confines the long-run 
cost function, we can use the parameter estimates of this cost function to compute the long-
run own- and cross-price elasticities of electricity, oil and labour demand. In addition, unlike 
previous economic studies of factor demand and electricity use in industrial sectors in Sweden 
and elsewhere (e.g., Adeyemi and Hunt, 2007; Bjorner et al., 2001; Lundmark and 
Söderholm, 2004; Samakovlis, 2003), we follow the approach outlined in Henriksson et al. 
(2010) and investigate the electricity use impacts of mining companies’ own investments in 
research and development activities. Similar to the energy management systems private R&D 
also represent a firm-initiated activity generating new knowledge that result in increased 
efficiency in input factor use. Even though the impact of private R&D efforts on electricity 
use does not in itself indicate whether voluntary energy efficiency program will be efficient or 
not, any investigation of the latter program must rely on a realistic baseline assessment of 
firm’s knowledge accumulation processes and their outcomes. The private R&D impact on 
electricity use indicates, for instance, the extent to which the outcomes of firm-internal search 
processes have been biased towards specific input factors in the past. Thus, in this way the 
paper also complements previous studies that have addressed: (a) firms’ adoption decisions in 
the presence of public energy audit programs (e.g., Anderson and Newell, 2004; Reiss and 
White, 2008); and (b) the different barriers and market failures that hamper energy efficiency 
in various sectors (e.g., Schleich, 2009; Thollander and Ottosson, 2008). 

The choice of the Swedish mining industry as the empirical case is motivated for a 
number of reasons. In the mining industry electricity is an important input factor, and in 
Sweden this sector is the second largest industrial user of electricity (following the pulp and 
paper industry). For this reason the industry is also an important participant in PFE, and 
accounts for about 8 percent of all the participating sectors’ electricity use (Swedish Energy 
Agency, 2007). Under PFE the participating mining companies have introduced a standard-
dized energy management system, which should enable them to identify measures to improve 
the efficiency of their use of electricity. The measures should have a pay-back time of less 
than three years. If the firms have achieved an improvement in electricity efficiency which 
broadly speaking is equivalent to the improvement which would have been achieved if the tax 
had been imposed, then the firms will have fulfilled its obligations under the program 
(Swedish Energy Agency, 2005). In other words, PFE builds on the presumption that the 
attention-raising effect of the program on electricity use will (at least) overweigh the positive 
impacts on electricity use following the electricity tax exemption. In December 2009 the 
results from the first program period of PFE were presented, and they indicated that the 
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measures implemented as a result of the program implied self-reported electricity savings of 
about 0.2 TWh for the Swedish mining industry (equivalent to an almost 12 percent reduction 
in electricity use) (Swedish Energy Agency, 2009). It should be clear from the above, though, 
that the real success of this program will be contingent both on the price sensitivity of 
electricity demand in the industrial sectors, as well as on the assessment of a relevant baseline 
scenario.1 This paper attempts to shed some additional light on these baseline issues, and thus 
primarily addresses the industry’s incentives to undertake electricity saving measures in a 
policy-absent setting. 

Furthermore, the long and strong tradition of mining ventures in Sweden has enhanced 
R&D activities in the industry. In spite of this, though, there are indications that the mining 
industry has not been very active in its search for more energy efficient production processes 
(at least if compared to other industrial sectors in Sweden). For instance, Hammar and Löf-
gren (2006) show that in Sweden the share of environmental protection investments is 
comparably low in this sector. One explanation for this can be that the mining industry over a 
long time period (1985-2002) experienced depressed output prices and small corporate profit 
margins, something which led to decreased funding for mining R&D (Hitzman, 2002). In this 
paper we investigate the impact of private R&D on electricity use in the mining industry.  

The paper proceeds as follows. Section 2 presents the theoretical structure of the Genera-
lized Leontief factor demand model employed in the paper. In Section 3 we discuss model 
estimation and data issues, while the empirical results are reported and analyzed in section 4. 
Finally, section 5 provides some concluding remarks and implications.  

 
2. Long-Run Electricity Demand in a Generalized Leontief Framework 
In this paper we make use of the theoretical result that when analyzing a short-run (variable) 
cost function, in which capital is quasi-fixed and at a level not represented by full-equilibrium 
values, the shadow price of capital is endogenously determined (e.g., Berndt and Hesse, 
1986). In other words, a properly estimated variable cost function permits us to derive long-
run behaviour. This argument can easily be verified by noting that for our purposes an 
arbitrary total cost function for mining extraction can be expressed in the following way:  

 
ZPAQZPPPVCTC ZOEL ,,,,,       [1] 

 
where TC represents the total production cost for a representative mining plant, and it equals 
the sum of the variable costs (VC) and the fixed costs ZPZ

OP
. Q is the production level, A 

represents the level of technical knowledge, and  and represent the respective input 
prices. In this representation we consider three variable input factors, electricity, oil and 
labour (E, O, and L). Thus, we essentially assume that the energy inputs are weakly separable 
from material inputs, implying that the mix of energy inputs is assumed to be independent of 

EL PP ,

                                                 
1 Stenqvist et al. (2009) point out that the present program design lacks a well-defined interpretation of the 
baseline scenario, implying also that the policy target (which should guide all future evaluations of the program 
outcomes) also is unclear. It is particularly worth noting that the ways in which the participating companies have 
interpreted the program requirement, i.e., that the proposed electricity-saving measures should (at the least) be 
equivalent to the amount of savings that would have been achieved if the EU minimum tax had instead been 
applied during the program period, have varied widely. 
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the choice of material inputs. A similar approach is adopted by Brännlund and Lundgren 
(2007), who investigate the impacts of the European emissions trading system for carbon 
dioxide (EU ETS) on the Swedish base industry. Moreover, Z denotes the level of the quasi-
fixed capital stock, and Z  is the rental cost of capital. Knowing that in long-run equilibrium 
TC must be mimimized gives us the following first-order condition:  

P

 

ZP
Z

VC          [2] 

Thus, in long-run equilibrium the shadow cost of capital ZVC /  must be equal to the ex 
ante rental cost of capital, . Since it is only at this level of capital services that short- and 
long-run costs coincide, the approach described above permits the derivation of long-run 
demand behavior (under the assumption of long-run cost minimization).

ZP

2 

In order to proceed with the analysis, we need to choose a functional form and prefe-
rably one that places few economic restrictions on the underlying production technology. The 
most frequently used flexible form is the Translog cost function, first put forward by 
Christensen et al. (1971). However, in this paper we specify a Generalized Leontief (GL) 
variable cost function, which originates in the work by Diewert (1971). This function has 
some desirable properties that make it useful for our purposes. First, it makes it possible to 
explicitly test the null hypothesis of zero ex post factor substitution, this since under certain 
parameter restrictions the GL specification collapses into the traditional Leontief cost function 
with a fixed coefficient technology (Chung, 1994). Moreover, the GL cost function permits 
closed-form derivation of the long-run equilibrium levels of the quasi-fixed input.3 

The GL specification employed in this paper builds on Morrison (1988) and allows for 
one quasi-fixed variable, capital Z. Assuming long-run constant returns to scale we can postu-
late the following variable cost (VC) function for mining operations:  
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where  and (see below). This function is homogenous of degree one, 
and continuous. The former means that if output is fixed and all prices P

OELji ,,, KStnm ,,
i increase by , VC 

must also increase by . Flexible forms, as that outlined in equation [3], does however not 
guarantee global concavity in P, but the curvature at each sample point can be examined by 
using the estimated coefficients. Furthermore, ij  are parameters such that the symmetry 
condition jiij holds. 
 
                                                 
2 In other words, equation [2] in fact expresses the familiar tangency condition between short- and long-run cost 
curves (Varian, 1992).  
3 This differs, for instance, from the Translog function for which iterative numerical techniques have to be 
employed. On occasion this has caused practical difficulties (e.g., Berndt and Hesse, 1986).  
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m  refers to advances in the state of knowledge and these are assumed to be a function 
of both time and private R&D efforts. First, a time trend t is included to represent the impact 
of exogenous technological progress, which thus is assumed to increase linearly over time. 
Second, we also include a firm-specific knowledge stock, KS, which is a function of the firm’s 
own investment in R&D. Our analysis thus makes a distinction between the electricity use 
impacts of: (a) exogenous technical change; and (b) investments in firm-specific knowledge 
through R&D. These types of assessments are useful for defining relevant baseline scenarios 
in industrial electricity demand behaviour. In order to address the impact of firm-specific 
knowledge we assume that private R&D adds to a R&D-based knowledge stock,

A

4 which can 
be defined as: 

 
)()1()1( xtntnnt RDKSKS       [4] 

 
where  is the R&D-based knowledge stock of firm n and time period t,  is the 
corresponding knowledge stock in time period t-1,  are the annual R&D expenditures, 

ntKS 1tnKS
ntRD x  

the number of years it takes before R&D expenditures add to the knowledge stock, and  is 
the annual depreciation rate of the knowledge stock.5 This specification implies thus that 
investments in new knowledge does not have an immediate effect on production processes, 
and also that the acquired knowledge gradually depreciates over time (Griliches, 1995).  

The individual factor demand equations can be derived by applying Shephard’s Lemma, 
i.e., by partially differentiating equation [3] with respect to input prices i . In order to reduce 
the problem of heteroskedasticity, the functions are divided by output Q (Parks, 1971). This 
procedure results in the following input-output equations:  
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These input-output equations represent short-run factor demand behaviour and together they 
form the bases of the econometric analysis. As was noted above, by estimating the coeffi-
cients in equation [5], it is possible to test the null hypothesis of zero ex post price-induced 
factor substitution. Specifically, this is achieved by investigating whether 0ij  for all 

jiji ,, .  

By estimating equation [5] it is also straightforward to calculate the short-run (or partial 
equilibrium) own- and cross-price elasticities of factor demand (Morrison, 1988). These 
elasticities will differ at every data point and normally they are computed at the mean or the 
median of the sample (Greene, 1993). We have:  

                                                 
4 It should be noted that our data set includes two firms and nine plants, and the data on private R&D are at the 
firm-level. For this reason we make the (reasonable) assumption that the outcomes of the firms’ investments in 
private R&D immediately spill over to all of the firm’s plants and mining operations.  
5 Similar specifications can be found in the recent learning curve literature in which the cost reductions of, for 
instance, new energy technology are analyzed (e.g., Klaassen et al., 2005; Söderholm och Klaassen, 2007).  
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Moreover, these price elasticities are only valid for the levels of the capital at which they are 
evaluated Z , and they do not reveal any information about the substitution between capital 
and the other factor inputs. However, as has been discussed above, having a model of short-
run demand behaviour permits us to induce long-run behaviour. Specifically, by using the 
short-run cost function we are able to compute the shadow cost of the quasi-fixed input Z. The 
shadow cost of capital, ZVCRZ / , is the reduction in variable costs from having one 
additional unit of Z. Thus, using equation [3] can be expressed as:  ZR

 

ZZ
i

i
i i m

mmZiiiZZ PAPPZQ
Z

VC
R

3

1

3

1

3

1

3

1

2121215.0   [8] 

 
This shows that since firms are assumed to minimize production costs given a fixed capital 
constraint, the shadow value is endogenously determined. By employing equation [8] and 
the result that in long-run equilibrium the ex ante rental cost of capital must equal the shadow 
cost of capital, i.e., , we can solve for the full adjustment level of capital, 

ZR

ZZ RP Z . In our 
case this results in:  
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Also the firms’ demand for desired capital, Z , is homogenous of degree one in input prices. 
In order to compute long-run demand the factor demand equations are simply evaluated at Z  
at each observation. The long-run own- and cross-price elasticities of factor demand can in 
turn be derived by adding the short-run adjustments to the associated long-run changes. These 
elasticities can therefore generally be expressed as:  
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where *ZZ  (Morrison, 1988). While the GL cost function in [3] permits us to analytically 
compute the full equilibrium price responses, an important theoretical caveat is however in 
order. Knowing the short-run and the long-run elasticities does not provide us with any 
information about the adjustment path towards equilibrium.  

Finally, as has been noted above, empirically we are also interested in the way in which 
advances in the state of knowledge, not the least advances induced through private R&D, 
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have influenced factor use in general and electricity use in particular. For this purpose the 
input-output equations in [4] can be used to compute, for instance, the knowledge stock 
elasticity of factor demand. These elasticities can be written as:  
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i
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E 21212121 5.05.0  [11] 

 
These elasticities indicate the percentage change in factor input demand as a result of a one-
percentage change in the R&D-based knowledge stock. The corresponding time trend 
elasticities, it , can be computed in a similar manner.  
 

3. Data Sources and Model Estimation Issues 
We employ an unbalanced panel data set covering nine Swedish mining operations (plants) 
over the time period 1990-2005, resulting in a total of 128 observations. The data have been 
drawn from Statistics Sweden’s industrial statistics (SNI 131, 132), and they include informa-
tion on the quantity and the value of labour, electricity and oil inputs. The respective input 
prices have been calculated based on the quantities and values reported, implying that all 
input prices are firm-specific. In this investigation we focus on oil as the main fuel, this since 
the use of coal and natural gas have been negligible among the firms investigated. Electricity 
and oil prices are measured in kSEK per MWh, and labour in kSEK per employee. Table 1 
provides some descriptive statistics of the variables used in the empirical investigation. 
 

Table 1: Descriptive Statistics 

Variable Definition Mean Std.dev. Max Min 
L Labor (number of employees) 414 509 1 837 21 
E Electricity (MWh) 229 125 249 291 790 443  8 010 

O Oil (MWh) 56 239 74 851 259 008 30 

Q Output (kton) 2 366 4 174 14 211 6 

Labor wage (kSEK/employee) 379 88 683 212 LP  
Price of electricity (kSEK/MWh) 0.22 0.04 0.41 0.06 EP  
Price of oil (kSEK/MWh) 0.24 0.12 1.07 0.10 OP  

Z Capital stock (kSEK) 847 1563 7 285 0.02 

PZ Price of capital (index) 1.33 0.20 1.98 1.11 

KS R&D knowledge stock (MSEK) 371 505 2 214 11 

N = 128      

 
In order to measure how investments in knowledge influence factor demand, we employ pri-
vate firm-specific R&D expenses (including also zero observations). All R&D efforts at the 
firm-level are assumed to spill over to the respective plants and mine operations. For these 
plants equation [4] was used to construct the R&D-based knowledge stock, and based on 
earlier work (e.g., Griliches, 1995) we assume a time lag of 2 years and a depreciation rate of 
the knowledge stock of 3 percent. 
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The capital stock has been estimated based on data on plant-specific investments in the 
industrial statistics. Specifically, we employ the perpetual inventory model, which for our 
purposes can be specified as follows:  

 
 11 ttt ZIZ         [12] 

 
where  is the capital stock in time period t, is investments at the plant level in the same 
time period, and 

tZ tI
is the capital depreciation rate. The capital stock for the initial year, i.e., 

1990, was constructed using data on the industry-wide capital stock from Statistics Sweden 
and by allocating this to the respective plants (by using output values as weights). The capital 
depreciation rate is assumed to be constant over time and following Lundmark and Söderholm 
(2004) it is set at 7 percent. The (ex ante) price of capital is estimated using the following 
widely accepted formula:  

 
 rPP ItZ         [13] 

 
where is the price index for investment goods in time period t, and r is the interest rate (an 
ex ante cost of capital). The average yields on two-year government bonds, deflated by the 
producer price index, have been used as the interest rate.  is thus assumed to be the same 
for all nine plants. The data on these financial indicators have been drawn from the Central 
Bank of Sweden and Statistics Sweden, respectively.  

ItP

ZP

The estimation of the input-output equation system requires that a stochastic framework 
is specified, and the econometric specification must account for the notion that variables not 
included in the estimation still enter the different firms’ cost minimization activities. We 
append an additive disturbance term to each input-output equation in [5]. These error terms 
can be decomposed into two elements so that the first element represents intra-equation inter-
temporal effects by following a first order autoregressive processes (but no error auto-
correlation across equations). The second element is a normally distributed error term that 
may be contemporaneously correlated across equations (e.g., Friedlander et al., 1993; Berndt 
et al., 1993). In addition, we also test two different model specifications to account for the 
possible impact of firm characteristics.  

First, we follow Brännlund and Lundgren (2007) and introduce size-specific error terms, 
which can be interpreted as unobserved differences in factor demand patterns due to the 
various ways in which plants of different sizes organize their production. The nine plants were 
therefore divided into small, medium and large based on the number of employees. The size-
specific error terms are assumed to be fixed over time and can therefore be eliminated by 
appending plant-size dummy variables to the input-output equations, thus allowing for 
separate intercept terms for each size category. In this way the potential bias that can occur if 
the unobserved size effects are correlated with the regressors can be removed.6 Second, we 

                                                 
6 We also tested one specification with plant-specific dummy variables, but this violated many of the regularity 
conditions and was therefore not well-behaved. Moreover, a plant dummy procedure implies that all cross-plant 
variance in the input-output equations is removed and the estimations would be based solely on within-firm 
variations. The estimated price elasticities would in this case therefore best be interpreted as measuring short-run 
price responses (Baltagi, 1995). 
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also present a model estimation in which no fixed effects are imposed. The input-output 
equations in [5] were estimated using the full information Maximum Likelihood method and 
the TSP software.  

 
4. Empirical Results 
Before proceeding with the empirical analysis it is in order to check if the underlying GL cost 
function is well-behaved or not. A well-behaved cost function is concave in input prices, and 
the fitted cost shares should be strictly positive, implying monotonicity of costs with respect 
to input prices (Varian, 1992). A necessary and a sufficient condition for concavity is a 
negative semi-definite Hessian matrix. Hence, concavity is tested by examining the signs of 
the principal minors at each observation. The results show that apart from 4 observations (out 
of a total of 128) the principal minors have a negative sign. The fitted cost shares show that 
out of 384 observations 35 observations do not exhibit a positive share. The above indicates 
that overall our model appears to be relatively well-behaved in terms of monotonicity and 
concavity conditions, and the underlying GL cost function is thus reasonably consistent with 
its theoretical foundations.  

As was noted above the GL specification permits a test of the extreme situation in which 
the input-output coefficients are independent of input prices, indicating that the short-run 
elasticities of substitution between factor inputs are all zero. We thus test the three restrict-
tions: 0EOELLO . Specifically, this restricted version (RR) of the model is tested 
against the unrestricted one (UR) by means of a likelihood ratio (LR) test. The LR test 
statistics are computed as )ln(ln2 URRR LL , where L is the log-likelihood value (calculated 
from the residual covariance matrix). The LR test statistic is distributed asymptotically as a 
chi-squared ( 2) random variable with degrees of freedom equal to the number of restrictions 
being tested (Berndt, 1991). The results from this test are presented in Table 2, and indicate an 
overall rejection of the null hypothesis of zero ex post factor substitution. Only in the case of 
the plant-size dummy model, we find that the null hypothesis cannot be rejected at the one 
percent significance level. Thus, once the plant’s design is fixed in terms of a specific capital 
equipment, the scope for substitution is substantially reduced but it is not insignificant.  

 

Table 2: Likelihood Ratio Test for Leontief Technology 

Null hypothesis (H0): 

0EOELLO  
Degrees 

of freedom 
Test statistics 

for LR test 
Critical value 

2 (0.05) 
Critical value  

2 (0.01) 

 
    

Model 1: Plant-size dummies 3 8.62 7.81 11.34 
Model 2: No plant-size dummies 3 15.24 7.81 11.34 

     

 

 
The estimated long-run partial factor demand elasticities are presented in Table 3, and 

they are based on the fitted mean values. The standard errors for these elasticities were 
calculated using the ANALYZ command and the option NDRAW in the TSP software; this 
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command computes asymmetric confidence intervals for non-linear functions by drawing n 
parameter vectors. The elasticity estimates differ slightly across the two model specifications, 
but over-all the results do not vary much depending on whether plant-size dummies have been 
imposed on the model or not.  

 
Table 3: Estimated Long-run Price Elasticities for the GL Factor Demand Model 

Model 1: Plant-size dummies  
 ZP  LP  EP  OP  
Capital **-0.217 **1.130 **-0.892 **0.191 

Labour 0.002 **-0.177 **0.184 *-0.013 

Electricity -0.012 **1.283 **-1.907 **0.605 

Oil 0.023 *-1.157 **9.544 **-8.136 

Model 2: No plant-size dummies  

 ZP  LP  EP  OP  
Capital **-0.149 **2.072 **-1.795 **-0.068 

Labour 0.004 **-0.218 **0.229 *-0.020 

Electricity -0.025 **1.467 **-2.002 **0.588 

Oil -0.007 *-1.932 **9.310 **-6.786 

** and * indicates statistical significance at the one and five percent levels using a two-tailed test. 

 

Economic theory stipulates that the own-price elasticities should be negative, and this is the 
case for all four factor inputs, thus including capital which is variable in the long-run. The 
own-price elasticity of electricity demand is estimated at about -1.90, thus indicating that a 
one-percent increase in the price of electricity implies a long-run reduction in electricity 
demand of almost 2 percent. The estimated cross-price elasticities indicate that labour, 
electricity, and oil are substitutes in the production process given the positive signs of the 
cross-price elasticities. Overall it is easier to substitute from electricity to oil than to labour 
(and vice versa), a result which should be expected in this industry. Since the oil crises in the 
1970s there has been a steady substitution away from oil in Swedish industry. The results also 
show that capital and electricity are complements, while however capital and labour as well as 
capital and oil are substitutes.  

Furthermore, the knowledge stock elasticities of demand, iKS , and the corresponding 
time trend elasticities, it , are displayed in Table 4 (reported as mean estimates over all 
observations). The results show that the accumulation of firm knowledge following private 
investments in R&D has had electricity saving impacts on the mining industry’s factor 
demand patterns and thus on electricity use per output generated (this effect only being 
statistically significant in the second model specification). This result is consistent with the 
notion that electricity-intensive industries have an incentive – not only to substitute away 
from electricity in the presence of electricity price increases – but also to engage in private 
R&D activities that make the production of mining products less electricity-intensive. 
Previous research (e.g., Hitzman, 2002) indicates, though, that overall R&D activities are 
relatively sparse in this sector. Still, the presence of these R&D incentives is important to 
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consider in establishing baseline scenarios when evaluating the impacts of different types of 
voluntary energy efficiency programs.  

 
Table 4: R&D Knowledge Stock and Time Trend Elasticities of Factor Demand 

Elasticities Electricity demand Oil demand Labor demand

R&D knowledge stock elasticities:   
Model 1: Plant-size dummies -0.282 -0.619 ***-0.401
Model 2: No plant-size dummies ***-0.425 -1.776 ***-0.422
Time trend elasticities:  
Model 1: Plant-size dummies 0.658 1.056 *0.701
Model 2: No plant-size dummies 0.693 2.314 ***0.783

***, **, * indicate statistical significance at the one, five and ten percent levels, respectively, using a two-tailed 
test.  

 

The results in Table 4 also show that private R&D efforts have had strong – and statistically 
significant – labour saving impacts. Figure 1 provides a historical perspective on these results. 
It displays total production and the number of employees in the Swedish mining sector, and 
shows that since the beginning of the 1980s mine production in the country has increased 
consistently but at the same time staff requirements have become lower and lower, Our results 
suggest that firm-internal R&D has played an important role for this development, while, 
notably, exogenous technical progress instead appears to have had (ceteris paribus) labour 
using impacts on the industry.  
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Figure 1: Production and Number of Employees in the Swedish Mining Industry, 1950-2008 

Source: Geological Survey of Sweden.  
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Finally, it is useful to comment briefly on the relevance of these results for our understanding 
of the effect of PFE. First, the estimated electricity elasticities indicate relatively significant 
electricity using impacts following the removal of the EU minimum tax. The results of the 
first program period of PFE indicate a self-reported reduction in the pulp and paper industry’s 
electricity demand of almost 12 percent (corresponding to about 0.2 TWh). Our empirical 
results indicate that (with the year 2005 used as baseline) the associated tax relief would only 
induce a corresponding increase in electricity use by 3.8 percent. Taken at face value this 
comparison suggest that the attention-raising effect of PFE with respect to previously 
unattended energy efficiency measures will dominate over the long-run price effect following 
the tax relief.7 However, the empirical findings of this paper also suggest that the baseline 
scenarios (explicitly or implicitly) adopted by the participating companies in their PFE reports 
may not correspond well with that proposed by our results. Previous investments in know-
ledge in the Swedish mining industry through private R&D have (directly or indirectly) invol-
ved the search for more energy-efficient production methods. Interviews with participating 
firms in PFE confirm that joining the program has led to more attention given to energy 
efficiency activities, and that the accumulated knowledge about energy-saving measures have 
increased (Hammes, 2006; Stenqvist et al., 2009). Still, although the program has implied 
intensified firm attention to energy efficiency issues, these activities are in many ways 
prevalent already in a baseline scenario, and it is not clear whether – and to what extent – this 
is acknowledged by firms when reporting about the outcomes of the program.  

 
5. Concluding Remarks 
The purpose of this paper has been to: (a) analyze long-run electricity demand behaviour in 
the Swedish mining industry; and (b) contrast this to the reported outcomes of the Swedish 
PFE program. An important context for the study is the increased interest in so-called 
voluntary energy efficiency programs in which different types of tax relieves and exemptions 
are granted if the participating firms comply with the programs’ requirements. Typically these 
programs involve the substitution of energy management systems for conventional taxes on 
energy use, and for this reason it is important to analyze if such a switch improves the 
possibility to internalize information asymmetries and raise companies’ attention towards 
energy efficiency measures to the extent that this overweighs the electricity using impacts of 
the tax relief. While this paper does not explicitly answer this question it sheds some light on 
the electricity demand responses of the mining industry to price changes, and it highlights 
other important baseline issues such as the companies’ incentives to direct their private R&D 
efforts towards energy saving measures. In particular we argue that the above assessment 
needs to rely on the explicit estimation of long-run electricity demand elasticities.  

The empirical results show that long-run electricity use in the Swedish mining industry 
is relatively own-price sensitive, implying that the electricity-increasing impacts of the tax 
exemption in PFE would be significant. In spite of this, though, the self-reported electricity 
savings from the first program period indicate that the energy management systems 
implemented as part of PFE have induced electricity use reductions that go well beyond the 
contrafactual increase following the tax relief. However, a number of complications make this 
                                                 
7 Another reason for the difference may also reflect the fact that the payback time used in PFE (three years) can 
be higher than that typically employed by industrial firms. Still, previous research suggests that larger companies 
often consider three-year paybacks to be acceptable (e.g., Anderson and Newell, 2004; Lefley, 1996).  

 12



assessment less certain. In this paper we have shown that already prior to the implementation 
of PFE Swedish mining companies have invested in private R&D, and have in this way 
accumulated knowledge that have had electricity saving impacts. In other words, already in a 
baseline setting industry strategies include search processes that tend to result in lower 
electricity use per output generated. Future evaluations of the outcomes of these types of 
programs must increasingly recognize the already existing incentives to improve energy 
efficiency in electricity-intensive industries. The mining sector in general has not been active 
in the R&D sector due to depressed prices and low profit margins, thus suggesting that future 
investments in new knowledge may have a high rate-of-return. Such activities may material-
lize even in the absence of voluntary energy efficiency programs.  
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The purpose of this paper is to analyse the presence of structural changes in the Swedish pulp 
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1. Introduction
The Swedish pulp and paper industry has in many respects experienced a new policy and 
business environment during the last decades. During the 1990s, and in part even earlier, the 
trend was to concentrate on the core business of pulp and paper production and many of the 
industry-owned electric power sources, such as hydro- and nuclear power, where divested. 
However, in recent years there has been an increased interest in electricity-related investments 
within the industry. Investments have been made in process-integrated electricity production 
and there are plans for investments in wind power (Ericsson et al., 2010). The development of 
forest-based biorefineries (e.g., Söderholm and Lundmark, 2009), and new policy instruments 
– such as voluntary energy efficiency programs – have also spurred an increased interest in 
reducing electricity use. In addition, the industry has also undergone some important organi-
sational changes. For instance, until the late 1990s energy issues was mainly handled at the 
individual pulp and paper mills, but have since then become more and more centralised and 
are today a concern of the top management. Not the least changes in the policy-related 
conditions have affected the pulp and paper industry in Sweden. For instance, the carbon 
dioxide tax introduced in 1991 and the Swedish electricity market reform in 1996 are 
examples of policies that have, directly and indirectly, affected electricity use in the Swedish 
pulp and paper industry. Given that the industry is relatively energy intensive and thus use a 
lot of electricity there are reasons to believe that these events have created organisational as 
well as a strategic reorientation within the industry. 

The combined effects of the energy and climate policies on the Swedish pulp and paper 
industry are complex and not completely understood. For instance, some of the policies are 
seen as a threat to the competitiveness of the industry while other policies open up for new 
business opportunities for the companies. However, these policies have one thing in common 
and that is the fact that they create different incentives for the industry to alter its production 
technology and its energy use. An important question becomes whether the above policy 
developments have affected technological change and thus also the input substitution possi-
bilities over time. Increased knowledge about the effects of these policies on the pulp and 
paper industry should be important for future policy-making. 

The purpose of this paper is to analyse the presence of structural changes in the Swedish 
pulp and paper industry, and we pay particular attention to altering energy demand patterns 
and substitution possibilities. The investigation employs a flexible Translog cost function, and 
an unbalanced panel data set covering 32 pulp and paper mills over the time period 1974-
2005. The analysis permits an assessment of the own- and cross-price impacts on electricity 
and fossil fuel demand, and by dividing the sample into two different periods the presence of 
structural changes can be analysed.

Previous studies have performed similar analyses of factor demand in the Swedish pulp 
and paper industry, and these include, for instance, Henriksson et al. (2010), Brännlund and 
Lundgren (2005), Samakovlis (2003) and Lundmark and Söderholm (2003). However, only 
Lundmark and Söderholm (2003) analyse the presence of structural change in factor demand 
(in their case over the time period 1974-1994). However, their focus was mainly on changes 
in the industry’s wastepaper demand, while this paper mainly addresses energy use patterns 
over time. Moreover, the extended data set, covering a more than thirty-year long time period, 
permits an assessment of any structural changes following the new policy and market 
developments during the first half of the 1990s.  
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The industry of choice is motivated for a number of reasons. First, the pulp and paper 
industry has played, and still plays, an important role in the Swedish economy. The industry 
employs about 25 000 people at roughly 50 separate mills. About 85 percent of the production 
is exported and Sweden is one of the world’s largest overall exporters of pulp and paper 
(SFIF, 2007). The industry also accounts for about 50 percent of Sweden’s annual industrial 
energy use and about 6 percent of total Swedish production value (Swedish Energy Agency, 
2008).

Second, improved energy efficiency is one of three climate and energy targets agreed 
upon between the EU Member States in 2007. These targets are to be met by the year 2020 
and have the purpose of mitigating climate change, increasing energy security and strengthe-
ning the competitiveness of the European economies. The use of voluntary energy efficiency 
programs has become a popular policy instrument to induce the industry to reduce its 
electricity use while at the same time avoiding negative impacts on its competitive strength. In 
Sweden the program for improving energy efficiency (PFE) has provided energy-intensive 
firms the opportunity of a reduced tax on electricity consumption if they take action to 
improve their energy efficiency (e.g., Henriksson and Söderholm, 2009; Stenqvist et al., 2009; 
Swedish Energy Agency, 2005). The pulp and paper industry is by far the most significant 
participant in PFE, both in terms of the number of firms and in electricity use. In December 
2009 the results from the first program period of PFE were presented, and these indicate that 
the energy efficiency measures implemented in the industry have led to a (self-reported) 
reduction in electricity use by almost 3 percent (Swedish Energy Agency, 2009). In order to 
evaluate programs such as PFE, though, it is vital to have a base-line understanding regarding 
the industry’s electricity demand behaviour, including the role of existing policies and market 
signals. Hopefully this study should shed some light on this issue.   

Third, the Swedish industry remains one of the most competitive industries in the inter-
national market for pulp and paper products and it has a reputation as being one of the most 
energy efficient in the world. This development would not have been possible in the absence 
of significant technical progress that has occurred within the pulp and paper industry during 
the last decades. This technical progress is regarded as one of the reasons behind the relative 
ease of substitution between different input factors during the last three decades (Zavatta, 
1993). On the other hand, pulp and paper production is capital-intensive and the capital stock 
usually has a long lifetime. Many capital-intensive process industries are characterized by 
limited ex post factor substitution possibilities i.e., the electricity requirements are more or 
less embodied in the capital equipment. Still, earlier studies (e.g., Henriksson et al., 2010, 
Lundmark and Söderholm, 2003; Samakovlis, 2003) confirm that the industry exhibits at least 
some possibilities to substitute between various input factors even in the short-run. This paper 
provides a quantitative test of whether these substitution possibilities have altered over time.  

Finally, since about 85 percent of the production is exported the Swedish pulp and paper 
industry is heavily affected by the economic conditions in the international market for pulp 
and paper. The present is characterized by a market in which: (a) most firms are adjusting to 
the new business environment; (b) there is excess capacity; (c) output prices are falling; and 
(d) energy costs are increasing. In addition, currency fluctuations add to the uncertainties. 
This global overcapacity and the increased competition result in shrinking profit margins and 
for this reason cost cutting is of great importance. The present study adds to our understand-
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ding of how the industry has responded to some of the new policy challenges facing the 
industry.

In the empirical investigation we test whether factor demand patterns in the industry in 
the time period 1974-1990 differ from those during the latter period, 1991-2005. The choice 
to divide the total data sample in this way is motivated for two main reasons. First, according 
to Ericsson et al. (2010) the strategic reorientation in the pulp and paper industry has to a 
large extent been driven by the Swedish electricity market reform in 1996. However the insti-
tutional and organisational reorientation of the Swedish electricity market was up on the 
political agenda already in the beginning of the 1990s, in part due to the insecure economic 
development in Sweden at the time (Högselius and Kaijser, 2007). Therefore it is reasonable 
to assume that the industry already ahead of 1996 had begun to prepare for the advent of an 
electricity market reform. This notion is supported by the fact that in the beginning of the 
1990s, the governments in Norway and Great Britain had begun to reform their electricity 
markets and at the same time the question emerged at the agenda of the EU Commission. 
Second, in 1991 the Swedish carbon dioxide tax was introduced and this also affected the pulp 
and paper industry, and (perhaps equally important) climate change began to emerge as an 
important policy issue.  

The remainder of this study is organised as follows. In section 2 the flexible Translog 
cost function model is presented. Section 3 describes the data set used and the associated 
model estimation issues. In section 4, the empirical results are presented and analysed, while 
section 5 provides some concluding remarks and implications. 

2. A Translog Cost Function Approach 
In this paper we are primarily interested in the presence of structural change in the Swedish 
pulp and paper industry’s factor demand patters, and in order to study this we calculate own- 
and cross-price elasticities of factor demand for two different time periods. For this a relevant 
theoretical framework and empirical specification need to be outlined. A general production 
function for the pulp and paper industry can be characterized by the following representation; 

),,,,,( tMFELKfQ     [1] 

where K, L, E, F and M represent the capital, labour, electricity, fuel and material 
requirements that are necessary to produce a given quantity Q. In our representation the fuel 
variable includes all fuel types used (see more below). The variable t represents a time trend, 
which is assumed to capture exogenous technological change. The materials used in the 
industry include mainly wood pulp and wastepaper. However, due to limited data availability 
it was not possible to include these inputs adequately in the empirical analysis. Thus, we 
essentially assume that the energy inputs are weakly separable from material inputs, implying 
that the mix of energy inputs is assumed to be independent of the choice of material inputs. A 
similar approach is adopted by Brännlund and Lundgren (2007), who investigate the impacts 
of the European emissions trading system for carbon dioxide on the Swedish base industry.

According to microeconomic theory, assuming that the firm’s minimize costs duality 
implies that a firm’s production function also can be expressed in terms of a cost function 
(e.g., Chambers, 1988; Varian, 1992). In this paper we follow the Marshallian tradition and 
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assume the existence of a variable cost function (VC) in which the capital stock is quasi-fixed 
(at some other level than its full-equilibrium level). Given this approach and the above weak 
separability assumption we obtain the following general variable cost function.

),,,,,( tKQPPPVCVC FEL     [2] 

where VC represents the variable cost for a representative mill producing a certain level of 
quantity Q per year, and the Pi’s represent the input prices. In this representation we consider 
three variable input factors, labour, electricity, and fuel (L, E, and F).

In this paper we specify a flexible Translog cost function. Flexibility implies that the cost 
function and its associated factor demand equations are specified and estimated without 
placing any restrictions on the factor substitution elasticities. The Translog specification was 
first introduced by Heady and Dillon (1961) and further developed by Christensen et al., 
(1971, 1973). It has also been used extensively in the field of energy economics (e.g., Berndt 
and Wood, 1975; Griffin, 1977). Assuming that firms minimize costs implies that factor de-
mand can be derived from a second-order Taylor expansion of the logarithm of an arbitrary 
twice-differentiable cost function. For the purpose of this paper the Translog variable cost 
function for a representative pulp and paper mill can be written as:  
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where  denotes mill-specific dummy intercept variables (n=1,…,N) (see section 3 for 
further discussion). The corresponding cost share equations for labour, electricity and fuel are 
found by differentiating equation [3] logarithmically with respect to the variable input factors 
and by applying Shephard’s lemma. This results in the following cost share equations for 
labour, electricity and fuel, respectively: 
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for i,j = L, E, F 

where Si represent the cost minimizing input cost shares. Several restrictions must however be 
satisfied in order for the underlying Translog function to represent a well-behaved demand 
system. The following parameter restrictions are imposed since the factor cost shares must 
add to one and the cost function must be homogenous of degree one in input prices:  
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The symmetry restriction according to Young’s theorem, jiij for all i,j is also imposed on 
the model. Uzawa (1962) and Berndt and Wood (1975) show that for the Translog function 
the Allen partial elasticties of substitution are given by:
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These substitution elasticities will differ at every data point (Greene, 1993), and they are 
typically computed at the mean or the median of the data sample. From these substitution 
elasticities we can also obtain the own- and cross-price elasticities of demand for the input 
factors. We have:  

iiiii S    and jijij S     [7] 

It is important to note that the own- and cross-price elasticities in equation [7] are only partial, 
i.e., they account for the substitution between the variable input factors under the constraint 
that the aggregate quantity of output (Q) remains constant. Moreover, they are only valid for 
the level of capital stock at which they are evaluated. They do not therefore provide any 
information about the substitution possibilities between capital and any of the other (variable) 
inputs.

3. Data Sources and Model Specifications 
In this paper we use an unbalanced panel data set covering 32 Swedish pulp and paper mills 
over the time period 1974-2005. Only mills producing mechanical and chemical pulp, printing 
paper and kraft and wellpaper are represented in this analysis. The data have been drawn from 
Statistics Sweden’s industrial statistics, and they include information on output and input data, 
on the quantity and the value of labour, electricity, all types of fuels used and capital. Input 
prices are calculated from the existing data on quantity and value for electricity, fuel and 
labour, which implies that these prices are mill-specific. The electricity prices are measured in 
kSEK per MWh, fuel prices in kSEK per MWh and the labour wages in kSEK per employee.  

Given that a logarithmic model is applied, zero quantities cannot be estimated in the 
model. A problem will thus arise if not all mills use all inputs, e.g., not all mills use oil as a 
source of energy. The fuel variable is therefore a composite variable consisting of all fuel 
used. Oil constitutes 73 percent and wood fuel 21 percent of this variable. Other fuels such as 
natural gas, liquefied petroleum gas, hard coal, pine oil and peat contribute the remaining. 
This approach implies that substitution patterns between different fuels will not be recognised 
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in the model estimations.  For some observations, mainly for wood fuel, the value of the input 
was zero or missing and it was therefore not possible to calculate the mill-specific prices of 
this input. This is a potential problem since standard estimation methods, such as the Maxi-
mum Likelihood estimator may yield inconsistent estimates under such circumstances. To 
avoid this problem the approach suggested by Lee and Pitt (1986, 1987) was followed, i.e., an 
average price for the missing observations was used. The value of the capital stock was 
collected from Statistics Sweden but it is only reported at the firm level. For firms operating 
with more than one mill the capital stock at the mill level was constructed by using the firm-
specific capital stock weighted by the value of the respective mill’s production level. 
However, the capital stock was only reported up until 1999 and for the remaining years the 
variable was constructed by employing data on investments levels and by using the perpetual 
inventory method. We have:  

1)1( ttt KIK     [8] 

where  is the capital stock at time period t,  is investment at the firm-level and  is the 
capital depreciation rate. As for the capital data, the investment data were weighted by using 
mill-specific production values. The depreciation rate is assumed to be constant over time as 
well as across mills. Following Lundmark and Söderholm (2003) and Samakovlis (2003),  is 
assumed to be 7 percent. The capital stock was deflated using PPI. Some descriptive statistics 
of the variables that are included in our analysis are presented in Table 1(a-c). It should be 
obvious from these tables that our data set includes mills of varying sizes, indicated by the 
large differences in max and min values.  

tK tI

In order to estimate the cost share equations in equation [4] (with the restrictions in [5] 
imposed) a disturbance term ( itn ) is added to each of the three input cost share equations. 
This disturbance term can further be divided into three components; 

itnitinitn      [9] 

where in  represents a mill-specific error component, it  shows an intra-equation inter-
temporal effect due to a first-order autoregressive process (but without any autocorrelation 
across equations), and itn  represents an error term that possibly can be contemporaneously 
correlated across equations. The mill-specific error terms can be interpreted as unobserved 
differences between the mill’s different ways of organizing their production (e.g., the use of 
different technologies or management strategies). By assuming that these differences are fixed 
over time for a mill, we can eliminate the mill-specific error term by introducing dummy 
variables for each mill, . This implies that a separate intercept term for each mill is 
introduced, a solution, which is typically referred to as the fixed-effects model. The potential 
bias that can occur if the unobserved mill effects correlate with the regressors can therefore be 
avoided (Friedlander et al., 1993; Berndt, et al.,1993). For each cost share equation, the 
following terms are therefore added: 
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Table 1(a): Descriptive Statistics for the Total Sample: 1974-2005 

Variable Definition Mean Std.dev. Max Min
L Labor (number of employees) 451 347 1624 19
E Electricity (MWh) 250 468 317 447 1 925 044 90

F Fuel (MWh) 206 714 253 655 1 304 096 20

Labor wage (kSEK/employee) 252.1 134.8 633 44LP
Price of electricity (kSEK/MWh) 0.215 0.119 2.01 0.022 EP
Price of fuels (kSEK/MWh) 0.133 0.131 1.36 0.001 

FP
K Capital (kSEK) 668 573 766 084 4 407 400 696 

Q Production (kton) 278 544 307 204 1 461 716 1 008 

N = 920 

Table 1(b): Descriptive Statistics for the Sub-sample: 1974-1990 

Variable Definition Mean Std.dev. Max Min
L Labor (number of employees) 505.5 345 1624 19
E Electricity (MWh) 216 017 240 767 1 585 520 90

F Fuel (MWh) 195 759 218 149 878 661 49.8 

Labor wage (kSEK/employee) 135.6 59.5 305.7 44.3 LP
Price of electricity (kSEK/MWh) 0.16 0.08 0.59 0.02 EP
Price of fuels (kSEK/MWh) 0.09 0.123 1.36 0.001 

FP
K Capital (kSEK) 615 157 607 426 3 071 833 696 

Q Production (kton) 269 064 290 030 1 376 042 1 008 

N = 452 

Table 1(c): Descriptive Statistics for the Sub-sample: 1991-2005 

Variable Definition Mean Std.dev. Max Min
L Labor (number of employees) 399.7 341 1 568 24.0 
E Electricity (MWh) 283 740 374 256 1 925 044 200.0 

F Fuel (MWh) 217 294 283 598 1 304 096 20.0 

Labor wage (kSEK/employee) 364.7 80.4 632.5 174.9 LP
Price of electricity (kSEK/MWh) 0.27 0.13 2.0 0.11 EP
Price of fuels (kSEK/MWh) 0.17 0.13 0.84 0.02 

FP
K Capital (kSEK) 720 163 890 598 4 407 400 7 709 

Q Production (kton) 287 670 322 974 1 461 716 1 500 

N = 468 

The necessary cross-equation restrictions are also imposed on the fixed effect parameters (see 
[5]). The mill dummy procedure implies that all cross-mill variance in the data set is removed 
and the estimations rely solely on within-mill variations. Our price elasticities are therefore 
best interpreted as measuring short-run price responses (Baltagi, 1995). Furthermore, since it 
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is expected that the itn  terms are contemporaneously correlated across equations, it can be 
assumed that the resulting error vector is multivariate normally distributed with mean vector 
zero and constant (non-singular) covariance matrix tn .

Finally, it should be noted that not all three cost share equations in [4] can be estimated 
in a system since this would result in a singular disturbance covariance matrix. In order to 
overcome this problem the fuel equation is dropped, and we estimate only the cost share 
equations for labour and electricity. By using the constraints in [5] the fuel cost shares can be 
computed. The cost share equations were estimated by the method of Maximum Likelihood 
(using the TSP software program), and for this reason it should not matter which equation is 
dropped.

4. Empirical Results 
The parameter estimates and the corresponding t-statistics (in absolute values) from the 
estimations are given in Table 2. Overall the results indicate that the fit of the Translog Cost 
factor demand system is relatively good in terms of the t-statistics. Furthermore, the R-squares 
for the estimated equations range between 0.89 and 0.95 indicating also a large degree of 
explanation. A large share of the explanatory effect, though, is due to the use of mill-specific 
intercepts.  

Before proceeding with the analysis it is in order to check if the underlying variable 
Translog cost function is well-behaved or not. A well-behaved cost function is concave in 
input prices, and the fitted cost share equations of the input prices are strictly positive 
implying monotonicity of costs with respect to input prices (Chambers, 1988). A necessary 
and a sufficient condition for concavity is a negative semi-definite Hessian matrix. Hence, 
concavity is determined by examining the signs of the principal minors at each observation. 
The results reveal that apart from 233 observations (out of a total of 920) in the full sample 
estimation, the principal minors have a negative sign. The signs of the principal minors for the 
sub-sample estimations reveal that 202 and 32 observations (out of a total of 452 and 468 
observations, respectively) have negative signs, something which casts some doubt regarding 
concavity for the model employed over the time period 1974-1990. The fitted cost shares for 
the full sample show that out of 2760 observations only 61 observations do not have the 
expected positive sign, while 44 and 28 observations (out of a total of 1356 and 1404 obser-
vations, respectively) violate the monotonicity conditions in the sub-samples. Overall the 
models therefore appear to be relatively well-behaved in terms of monotonicity.

The coefficients representing the time trend show that in the full sample estimation 
exogenous technological progress has had electricity using effects. This coefficient is also 
statistically significant. At the same time, exogenous technological change also shows a 
statistically significant labour saving impact. This could reflect the fact that as the technology 
over time has become less labour intensive; it has also become more capital-intensive, which 
usually corresponds to higher electricity use. These results are in line with the results regar-
ding exogenous technological change found in, for instance, Henriksson et al. (2010). 
Lundmark and Söderholm (2004) also find evidence of increased electricity use as well as 
reduced labour use due to technical improvements between 1974 and 1994. For the sub-
sample estimations the time trend shows a statistically significant electricity using impact 
between 1974 and 1990, while it reveals an electricity saving impact over the latter time 
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period (1991-2005). However, the latter effect is not statistically significant. At the same time 
the exogenous technological change has had labour using impacts in the former time period 
while it (as for the full sample) has had labour saving impacts in the latter time period, and 
both these impacts are statistically significant. This may appear counter intuitive since the 
mean value of the number of employees has decreased over time while the production levels 
have increased (see Table 1).  

Table 2: Parameter Estimates for the Translog Cost Function

Parameter 1974-2005 1974-1990 
      

1991-2005 
      

Estimated 
coefficient

t-statistics Estimated 
coefficient

 t-statistics Estimated 
coefficient

t-statistics 

31 DV* 31 DV* 31 DV* 
L

31 DV* 31 DV* 31 DV* 
E

31 DV* 31 DV* 31 DV* 
F

*** 0.116 20,495 ***0,118 16,132 ***0,076 8,973 
LL

*** -0,084 17,976 ***-0,075 11,622 ***-0,073 10,745 
LE

*** -0.032 10,739 ***-0,043 15,443 -0,002 0,554 
LF

*** 0,098 21,416 ***0,093 15,079 ***0,076 10,882 
EE

*** -0,014 7,323 ***-0,019 9,532 -0,002 0,701 
EF

*** 0.046 15,277 ***0,062 22,776 0,005 1,256 
FF

***-0,030 4,241 ***-0,047 4,546 ***-0,029 3,260 
LQ

*** 0,049 9,895 ***0,059 7,784 ***0,021 2,834 
EQ

** -0,018 2,499 -0,012 1,164 0,009 1,237 
FQ

-0,002 0,732 0,004 1,616 ***-0,022 3,508 
LK

* -0.003 1,830 **-0,004 2,334 ***0,026 4,986 
EK

**-0.006 1,958 0,0002 0,099 -0,003 0,651 
FK

 ***-0,003 8,171 ***0,002 3,674 ***-0,005 8,350 
Lt

*** 0,002 9,777 ***0,003 7,793 -0,0002 0,315 
Et

0,0002 0,865 ***-0,005 9,548 ***0,005 10,916 
Ft

N = 920 
R

2
= 0,89-0,93 

N = 452 
R

2
= 0,93-0,95 

N = 468 
R

2
= 0,94-0,95 

* 31 DV indicates the use of separate dummy intercept variables for each mill. Specifically, in the cost share 
equation in [4] there is a value i for a base mill and then additional in for the remaining N-1 mills. 
***,**,* indicate statistical significance at 1, 5, and 10 percent significance level respectively.

The results also reveal that the exogenous technological change has had fuel saving impacts in 
the former time period while it has had fuel using impacts in the latter time period. Both these 
impacts are statistically significant. This can be explained by the fact that the oil crises in the 
beginning of the 1970s gave rise to an intense work towards decreased reliance on fossil fuels, 
not the least in the energy-intensive industries. As a consequence the main focus of the 
technological development within the pulp and paper industry shifted from fibre shortages 
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towards reduced energy use (Collins, 1994). Areas within the production processes foremost 
associated with intense oil use received a lot of attention, and as a result the fossil fuel use per 
unit of output within the pulp and paper industry also declined dramatically between the early 
1970s until the beginning of the 1990s (Lundmark, 2003). In order to meet the industry’s 
energy needs, electricity and biomass were increasingly used instead (Ibid.).

The estimated cost shares for labour, electricity and fuels are presented in Table 3, while 
the short-run own- and cross-price elasticities of factor demand for the pulp and paper 
industry are presented in Table 4. Regarding the estimated cost shares for the input variables 
in our model we can see that labour comprises the largest cost share of the inputs considered 
in the analysis. This holds for the full sample as well as for the sub-samples. These cost shares 
are similar to the cost shares reported in Brännlund and Lundgren (2007) and in Henriksson et 
al. (2010). The sub-sample results reveal an increase by 1.2 percent for the cost share for 
labour while the cost shares for electricity and fuel have decreased by 0.6 and 0.5 percent, 
respectively, over the two time periods. Still, overall these changes are very marginal.  

Table 3: Estimated Cost Shares (percent) 

Total sample Sub-samples 
Si 1974-2005 Si 1974-1990 Si 1991-2005 

Labour 70.4 % 69.8 % 71.0 % 

Electricity 21.6 % 21.9 % 21.3 % 

Fuel 8.0 % 8.2 % 7.7% 

The elasticities presented in Table 4 are based on the fitted median values. The standard errors 
of these elasticities were calculated using the ANALYZ command and the option NDRAW in 
the TSP software. This command computes asymmetric confidence intervals for non-linear 
functions by drawing n parameter vectors. All own-price elasticities have the expected 
negative signs. The results for the full sample indicate that if the own-prices increase by one 
percent the demand for labour, electricity and fuel will decrease by 0.14, 0.33, and 0.37 
percent, respectively. As expected, the industry is more sensitive to changes in the price of 
electricity and fuel compared to labour. The own-price elasticities for both sub-samples also 
have the expected negative signs but some differences are worth noting. These results indicate 
that the own-price sensitivity has increased between the samples. For instance, if the own-
prices increase by one percent the demand for electricity and fuel will decrease by 0.34 and 
0.16, respectively, in the first sub-sample while the corresponding estimates in the second 
sub-sample are 0.41 and 0.85. However, the increase in the own-price elasticity of electricity 
demand is not statistically significant, and the results only confirm that the demand for fuels 
have become more price sensitive over time. The own-price elasticity of labour demand 
shows a similar change between the two sub-samples, and this elasticity goes from 0.14 to 
0.19 an increase that is statistically significant at the one percent level.  

The cross-price elasticities calculated for the full sample indicate that labour, electricity, 
and fuel are substitutes in the production given the positive signs of the estimates. However, 
the cross-price elasticities calculated for the sub-samples reveal that electricity and fuel are 
regarded as complement between 1974 and 1990 while they become substitutes in the time 
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period 1990-2005. This effect is statistically significant. The results also reveal that it has 
become easier to substitute between labour and fuel in the latter time period compared to the 
first time period while the reported changes in cross-price elasticities between electricity and 
labour are not statistically different from zero.   

Table 4: Estimated Own- and Cross-price Elasticities of Demand  

Elasticities 1974-2005 1974-1990 1991-2005 difference
0,095 0,115 0,105 - 0,010 LE

0,030 0,010 0,075 *0,065 
LF

0,282 0,326 0,311 - 0,015 EL

0,016 -0,019 0,069 *0,088 
EF

0,299 0,148 0,662 *0,514 
FL

0,047 -0,013 0,187 *0,200 
FE

-0,138 -0,135 -0,186 *0,051 LL

-0,329 -0,344 -0,405 0,061 EE

-0,366 -0,160 -0,849 *0,689 
FF

 All the elasticity estimates are statistically significant at 1 percent level. The * 
indicates statistically significant difference between the two time periods. 

Overall the industry shows relative low factor demand responses to relative price changes, 
especially between 1974 and 1990, and this can be explained by the fact that the elasticities 
should be interpreted as short-run price responses since capital adjustments are not allowed in 
the model. However, the price responses increase, with a few exceptions, between 1991 and 
2005 compared to the first time period and several reasons can contribute to our understand-
ding of this development. First, the oil crises in the 1970s are likely to have induced techno-
logical developments, which facilitate the substitution foremost between oil and other input 
factors and mostly for security of supply reasons. In a capital intensive industry such as the 
pulp and paper industry the diffusion of new technologies and capital turnover in general take 
time and as a consequence most of the effects of these developments may become apparent 
many years after the initial market or policy signals are in place.

Second, the environmental concerns have since the beginning of the 1990s become one 
of the most important factors and they have to a large extent dominated the technological 
development in the pulp and paper industry ever since (Collins, 1994). This development has 
been imposed on the industry first and foremost through new types of environmental legi-
slation (e.g., the introduction of the carbon dioxide tax in 1991), but also through changing 
consumer behaviour (e.g., as the consumers become more well- informed they demand 
environmentally friendly products). Even though the results in this study have not revealed 
that the own-price elasticity of electricity demand has increased over time an important notion 
is the fact that the substitution possibilities between electricity and other fuels have increased. 
This may have important policy implications, not the least since it suggests, for instance, that 
higher fuel taxes in the industry (presumably based on the carbon content of the fuels) can 
induce substantial short-run substitution away from fossil fuels to electricity.  
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6. Concluding Remarks 
The overall purpose of this paper has been to analyse the presence of structural changes in the 
Swedish pulp and paper industry, and the analysis has in particular permitted an assessment of 
changes in the own- and cross-price responses of factor demand over an extended time period. 
The empirical results reveal that even though the Swedish pulp and paper industry is 
relatively insensitive to changes in factor input prices in the short-run we find evidence of 
significant changes over time. According to the results the own price sensitivity has increased 
since the 1970s and the 1980s for fuels (mainly oil) and for labour, thus indicating that fuel 
and labour demand overall have become more sensitive to short-run changes in relative 
prices. The estimated cross-price elasticities between electricity and fuel also support the 
hypothesis of increased substitutability over time. The demand for electricity has over time 
become more fuel price sensitive while the demand for fuel has become even more sensitive 
to changes in the price of electricity. These structural changes in demand behaviour are 
explained foremost by technological developments inducing increased substitution possibili-
ties. These technological developments have occurred for security of supply reasons follo-
wing the oil crises in the 1970s, but are also likely to have been induced by new environ-
mental policies and market reforms. For instance, the introduction of the carbon tax in 1991 
and the Swedish electricity market reform in 1996 are likely to having contributed to the 
structural changes revealed in the study.  

The knowledge generated in this paper should be important for future policy-making 
such as policies that affect relative input prices in the industry, but also in order to evaluate 
and understand the effects of existing policies such as the Swedish program for improving 
energy efficiency (PFE). For instance, the results reveal a low own-price elasticity of elec-
tricity demand and there is no evidence which support the fact that the own-price elasticity of 
electricity demand has increased over time. This implies that policy instruments that raise 
electricity prices may have few impacts on electricity use in the short-run, something which 
may motivate the use of alternative policy instruments that promote energy efficiency in the 
pulp and paper industry.
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