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Abstract
The risk for climate change is a growing concern for the global society. According to what is known
as the Kyoto Protocol, developed countries have committed themselves to reduce their greenhouse
gas (GHG) emissions. The purpose of this thesis has been to analyse opportunities for CO2

reductions in Swedish pulp and paper mills. The pulp and paper industry accounts for significant
shares of the Swedish utilisation of both electricity and, in particular, biomass fuels. In this thesis, it
has been a goal to focus not only on the technical potential of alternatives for CO2 reductions in the
energy systems of pulp and paper mills, but also on analysing the cost-effectiveness of the studied
measures. Moreover, the analysis has covered questions concerning the capacity and willingness
among the actors involved with the pulp and paper mills’ energy systems to realise CO2 reduction
potentials.
A broad techno-economical evaluation of available technologies for increased power production as
well as more efficient energy utilisation is carried out. Furthermore, a more in-depth analysis of
pulp mill-based biomass energy with CO2 removal and permanent sequestration (BECS) is
presented. An evaluation is made of the potential for pulp and paper production with a negative CO2

balance through the implementation of BECS.
In recent years outside suppliers, mainly energy service companies (ESCOs), have begun to operate
energy facilities in some Swedish pulp and paper mills. Based on interviews with managers from
pulp and paper companies and ESCOs, the main driving forces behind the increasing co-operation
as well as the opportunities and risks with energy related co-operation are presented.

Furthermore, the technical possibility of carbon-negativity through the implementation of BECS
is discussed in relation to carbon management on both corporate and global levels.
The extent to which CO2-reducing measures in pulp and paper mills are realised will have an impact
on Sweden’s capacity to reach CO2 reduction targets. Whether or not technologies for CO2 capture
and sequestration are developed and implemented in Swedish pulp mills has a very large impact on
the size of Sweden’s long-term CO2 reduction potential. Moreover, the development of business and
competence focus in pulp and paper companies and ESCOs suggests that co-operation will become
of increasing importance for future sustainable industrial energy management.

Language: English
Keywords: CO2 reduction, pulp and paper industry, energy system, biomass, CO2 capture and
sequestration, black liquor, gasification, power production, outsourcing, sustainable energy
management
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1 Outline of the Thesis

This thesis is comprised of a summary and eight research papers. The composition of the
summary is outlined below.

The introduction of the thesis (chapter 2) presents the objective of the work, outlines the research
context, defines the scope of the study, and reviews previous related research. A discussion
concerning methodologies used in the research concludes the introduction.

The presentation of the results is divided into three parts (chapters 4 – 6):
Chapter 4 addresses techno-economical potentials for CO2 reductions through energy measures in
Swedish pulp and paper mills. A broad evaluation of available technologies for increased power
production as well as more efficient energy utilisation is included. Furthermore, a more in-depth
analysis of pulp mill-based biomass energy with CO2 removal and permanent sequestration is
presented.
Chapter 5 discusses the potential for carbon-negative pulp and paper production through the
implementation of biomass-based combined heat and power (CHP) production with CO2 capture
and permanent sequestration.
Chapter 6 deals with energy-related partnership-based co-operation between Swedish pulp and
paper manufacturers and external providers, such as energy service companies. It explores
different forms of co-operation, the underlying driving forces behind the co-operation, and
addresses the implications for sustainable industrial energy management.

In chapter 7, wider perspectives on energy systems with implementation of biomass energy with
CO2 capture and permanent sequestration are discussed. The previously relatively unexplored
technical possibility of carbon-negative energy systems is discussed in relation to carbon
management on both corporate and global levels.

Finally, general conclusions from the research as a whole are drawn, and some recommendations
for future studies are given (chapter 8).
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2 Introduction

2.1 Objective
The risk for climate change is a growing concern for the global society. The third assessment
report of the Intergovernmental Panel on Climate Change (IPCC) provides the strongest evidence
so far that the global warming of the last 50 years is due largely to human activity, especially the
carbon dioxide (CO2) emissions that arise when fossil fuels are burned (IPCC, 2001a). According
to what is known as the Kyoto Protocol, the Conference of the Parties (COP) have agreed by
consensus that, by the first ‘commitment period’ 2008-2012, developed countries shall be legally
committed to reduce their collective greenhouse gas (GHG) emissions by at least 5 % compared
to 1990 levels. The most recent IPCC scenarios call for substantially deeper reductions in the long
run if radiative forcing is going to be stabilised (IPCC, 2001a). Under the EU “burden sharing”
agreement for the Kyoto Protocol, the Swedish CO2 emissions can grow by 4 % relative to the
1990 emission level of 56 Mt/CO2 (Swedish Energy Agency, 2001; Swedish Environmental
Protection Agency, 2002). In the light of recent IPCC analyses it is reasonable to assume that
substantial reductions in CO2 emissions will eventually be necessary also in Sweden.

The purpose of this thesis has been to analyse opportunities for CO2 reductions in Swedish
pulp and paper mills. The selection of the pulp and paper industry as subject for this analysis is
motivated by the important role that this branch plays in the Swedish energy system. The pulp
and paper industry accounts for significant shares of the Swedish utilisation of both electricity
and, in particular, biomass fuels. Moreover, pulp and paper mills in Sweden are large units with
long annual operating hours and are normally situated by harbours. Thus, some fundamental
requirements for efficient large-scale handling of biomass fuels and CO2 are fulfilled. In this
thesis, it has been a goal to focus not only on the technical potential of alternatives for CO2

reductions in the energy systems of pulp and paper mills, but also on analysing the cost-
effectiveness of the studied measures. Moreover, the analysis has covered questions concerning
the capacity and willingness among the actors involved with the pulp and paper mills’ energy
systems to realise CO2 reduction potentials. To some extent, thus, the energy systems of pulp and
paper mills have been analysed as socio-technical systems, i.e. systems that are shaped by
technological, economical, social, and institutional factors.

It should be pointed out that the focus in this thesis on CO2 mitigation in the pulp and paper
industry does not in any way imply that it should not be important to analyse others sectors too.
The limitation of the analysis to pulp and paper mills was necessary due to the complexity of the
system. Other sectors that should be analysed include, among others, the housing and
transportation sectors, other industrial branches etc.

2.2 Research Context

2.2.1 The Significant Role of the Pulp and Paper Industry in the Swedish Energy
System

The Swedish pulp and paper sector produces around 11 Mt pulp and 10.5 Mt paper annually.
Chemical pulp (70 %) and mechanical pulp (28 %) dominate the pulp production. Pulp and paper
production accounts for approximately 45 % of industrial energy utilisation in Sweden and 15 %
of the total Swedish electricity consumption. The largest consumers of electricity are paper
production and production of mechanical pulp.

Fig. 1 shows the energy supply in Swedish pulp and paper production in the year 2001. The
fuel consumption was dominated by biomass fuels (black liquor and bark). The Swedish pulp and
paper industry contributed to over 45 % of the Swedish biomass fuel consumption. Fossil fuels
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were used mainly for combined heat and power production (CHP), lime kilns, and generation of
steam for paper production. 80 % of electricity consumed was purchased and the remaining 20 %
were generated with internal CHP. (Swedish Forest Industries Federation, 2002; Byman and
Sjödin, 1999; STFI, 2000).

Black liquor
50%

Bark
10%

Electricity
30%

Fossil fuels
10%

Fig. 1. Energy supply (TWh/yr) in Swedish pulp and paper production in 2001.1

While recovering process chemicals by burning lignin-rich black liquor in chemical pulping,
steam and power are produced at the same time. Today, black liquor is combusted in Tomlinson
recovery boilers and bark is combusted in bark boilers. In existing systems, both technologies
result in rather low electrical efficiencies2. Future developments of the pulp and paper process,
such as an increased closure of the process, are expected to result in a reduction of the specific
process steam demand, thus providing an incentive to achieve higher electrical efficiencies in
CHP systems or, alternatively, to extract refined biomass-based fuels from bark or black liquor
(STFI, 2000). Thus, pulp and paper mills can become even less dependent on fossil fuels and
externally produced electricity.

A simplified description of material and energy flows in the pulp and paper manufacturing
process is shown in Fig. 2. The net (fossil) CO2 emissions come from the following three sources:
• on-site use of fossil fuels
• the use of purchased electricity generated from fossil fuels
• fossil fuels used for the extraction, manufacturing and transportation of raw materials

                                                  
1 In this thesis fuel consumption is given in Lower Heating Value (LHV) of non-dried biofuels.
2 The average electrical efficiency in systems for cogeneration of heat and power in Swedish pulp and
paper mills is around 10 % (Wiberg, 1995).
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Wood and bark
Pulp and paper

Waste heat
in effluent

Electricity to
grid

Fossil fuels

Electricity
from grid

Waste heat
to the air

Residuals

Other raw
materials

Fuels

Recycled paper

Fig. 2. Energy and material flows in pulp and paper production.

According to Byman and Sjödin (1999), the 1997 CO2 emissions from fossil fuel combustion
in Swedish pulp and paper mills amounted to 2.4 Mt, contributing to approximately 4 % of the
Swedish net CO2 emissions. In addition, large quantities of CO2 are emitted due to the
combustion of biomass fuels. However, since the growing stock in Swedish forests has increased
steadily (by over 60 %) since the 1920's, thus absorbing large quantities of CO2, it is reasonable
to regard the Swedish pulp and paper industry’s combustion of biomass fuels as CO2-neutral. The
current gross annual growth is around 100 Mm3o.b. while the gross annual felling is around 76
Mm3o.b. (National Board of Forestry, 2002).3 Furthermore, the gross annual growth has been
predicted to reach 115 Mm3o.b. by the end of this century (National Board of Forestry, 2001).
The Swedish net annual felling is approximately 63 Mm3u.b. of which around 24 Mm3u.b. was
used for pulping.4 The raw material supply to the Swedish forest industries in the year 2000 is
illustrated in Fig. 3.

                                                  
3 m3 o.b. includes bark but excludes branches and tops. The gross annual felling includes stems that were
felled but not extracted from the forest.
4 m3 u.b. excludes bark and logging residues. The net annual felling accounts for stems extracted from the
forest.
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Fig. 3. Supply of raw materials to the Swedish forest industries (Source: Swedish Forest
Industries Federation, 2002).

2.2.2 Growing Environmental Requirements on Energy Supply

The availability of affordable energy is essential for the prosperity and security of Sweden and
the world in the 21st century. However, to varying degrees all energy production alternatives give
rise to resource depletion and emissions that are causing changes to some of the earth’s vital
systems. Global climate change, which is closely connected to the anthropogenic emissions of
GHGs, is often considered as one of the most serious environmental problems facing the global
society. It is reasonable to assume that substantial reductions in CO2 emissions will eventually be
necessary. A portion of the reductions may be achieved through fixation of carbon in standing
biomass, but terrestrial sinks are limited by saturation and concerns about permanence limit their
attractiveness (Schlamadinger and Marland, 2000). Moreover, the use of carbon sinks is restricted
by the Kyoto Protocol.5 Moreover, terrestrial sinks alone cannot be used to offset sufficient CO2

emissions from fossil fuels. In addition, for the Swedish case it is important to note that nuclear
power stations are being considered for closure in Sweden, which may lead to increased demand
for CO2-emitting electricity production.

In a climate-constrained economy, industrial companies will face new environmental
requirements that are imposed by both regulatory bodies and the environmentally aware
consumers. Newman (1998) writes “As we move toward the new millennium, there is one
certainty: global warming agreements and the resultant greenhouse gas management will have a
direct impact on how the countries of the world conduct business”. We can conclude that, in order
to stay competitive in such an environment, companies must consider the development of
effective carbon strategies. This view is supported by Galeano and Nicholson (1998) who call for
“…deliberate, prompt designing of a strategic plan for the forest industry … … if potential threats
are to be dwarfed and hidden assets realized” in a paper exploring the major threats and
opportunities that the Kyoto Protocol and other climate change agreements may bring to the
forest industry. In several policy papers by representatives of the pulp and paper sector,

                                                  
5 For example, Sweden can receive a credit for carbon absorbed by sinks which is limited to 2.1 MtCO2/yr
for the first ‘commitment period’ 2008-2012 (UNFCCC, 2002).
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possibilities that are emphasised as vital components to consider in such strategies include
reducing the overall energy consumption, shifting from fossil-based energy to renewable energy
(especially biomass energy), forest management schemes targeted at maximising the carbon
stored in standing biomass and soils, and the trading of emission quotas (e.g., Galeano and
Nicholson, 1998; Newman, 1998; Swedish Forest Industries Federation, 2001; Webb, 2001).

It must be emphasised that the relation between anthropogenic GHG emissions and the effects
on the global climate system are highly complex and uncertain. Physical effects known as
“feedbacks”6 can either magnify or lessen global warming. Connected to these scientific
uncertainties there are uncertainties as to what future direction global warming policy will take
(subject to future climate change signals), and what future markets can be expected to regard as
environmentally acceptable products. Consequently, at the company level the problem at hand is
much one of risk management. In addressing the impact of global climate change agreements on
the forest industry sector Galeano and Nicholson (1998) argue that the companies must consider
carbon-related business risks: “At the company and industry level, risk managers must decide on
policy strategies that will position the company and industry in a most favourable situation
according to the plausible outcome of different scenarios”.

2.2.3 Sustainable Energy Management and Energy Investments

Meeting strict environmental requirements will put demands on successful sustainable industrial
energy management. Issues surrounding sustainable industrial energy management have been
widely discussed in literature and a large number of barriers against sustainable energy
management have been identified. Some of the most important barriers include (Sonderhousen,
1993; Farla, 1995; IPCC, 2001b; Schleich, 2001):
• lack of capital and personnel resources dedicated to energy
• the use of capital for competing investment priorities
• capital is subject to high hurdle rates for energy efficiency improvements
• lack of information and high transaction costs for obtaining reliable information
• difficulty of quantifying energy savings
• lack of acceptance
• long lifetime of equipment7

• fear of decreased product quality
• prioritising reliability over lower energy costs
• doubt about the technical feasibility of measures
• underinvestment in research and development (R&D)

There is intensive internal competition for capital between projects in capital-intensive
manufacturing industries8. For capital-intensive projects it does not matter if they are funded with
cash or debt, if the company’s balance sheet is impacted there will be competition for funding
(Haggart, 2000). In principal, projects are ranked by (i) financial return and (ii) if they make the
mill more competitive, and then funded from best to worst. This situation promotes products-
related investments and leads to many technically and economically sound energy projects simply

                                                  
6 Feedbacks involve processes fundamental to the earth’s vital systems, such as the formation of ice,
clouds, the circulation of the oceans, and biological activity (Falkowski et al., 2000; Clark et al., 1999).
7 Energy efficiency improvements are usually achieved when old equipment is replaced by modern
equipment. Thus, long-lived equipment can delay energy-efficiency improvements.
8 When the energy costs of industrial production constitute a significant part of the total production costs,
the industry is commonly referred to as energy intensive industry. The pulp and paper industry, with energy
costs around 16 % of the added value (Swedish Governmental Energy Commission, 1995) belongs to this
group.
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not getting done (Nilsson et al., 1995; Haggart, 2000). Franck and Berntsson (2000) report that
the pulp and paper industry in Sweden often demands payback times under 2 years for energy
projects. Longer payback times can be accepted for strategic investments.

Ramesol et al. (1997) argue that, although the need for R&D in the technical field remains
great, the companies’ willingness and capabilities to act are also critical to achieve successful
sustainable energy management. Although energy-intensive industries’ energy costs are high,
energy management may not qualify as a highly prioritised area. For example, Bruce et al. (2001)
and Sonderhousen (1993) discuss the role of energy efficiency improvements in energy-intensive
industry. Bruce et al. observe that taking a comprehensive review of possible opportunities for
energy reductions in pulp and paper mills requires money and the time of mill staff dedicated to
energy, and argue that these production factors have been in shortage in the pulp and paper sector
in the last decade. The reasons given are low priority given to energy matters and energy’s
historically low price. Further explanation for the low priority given to energy management is
provided by Sonderhousen, who claims that energy costs are certainly not unimportant for
energy-intensive manufacturing companies, but to stay competitive the primary focus in the
companies must be on their strategic issues such as raw material purchasing, product
development, and sales. Therefore, according to Sonderhousen, since know-how and capital are
limited resources, from the companies’ perspective it is simply not “rational” to spend
considerable resources on finding energy savings.

2.2.4 Pulp and Paper Mill Utilities: A Case for Increasing Co-operation with
External Partners

Traditionally pulp and paper industries have been responsible for all investments, operation and
maintenance in its own facilities. In recent years, however, new forms of partnership-based
ownership and operation have been introduced in Sweden and elsewhere. Outside suppliers are
now operating facilities such as plants for on-site production of chemicals and oxygen in Swedish
pulp and paper mills. There are indications that the management of energy-intensive
manufacturing industries (as well as other industrial sectors) increasingly turn their focus to “core
business” areas. One consequence of this development could be that less resources are left for
non-core operations such as plant utilities (including energy). Based on experiences from the
North American market, it has been suggested that this ongoing narrowing of focus on core
business areas is a leading driving force behind the development of partnerships with external
suppliers in areas such as maintenance and plant utilities (Hrickiewics, 1999; Greenbaum, 2001).
de Ruvo (1999) reports that today pulp and paper companies are attempting to outsource the
energy-generating systems in the mills and next to follow can be operations that are not crucial to
quality in the eyes of the customer.

Interestingly, Swedish energy service companies (ESCOs) are developing new businesses in
the area of industrial energy supply and management and there has been an increase in
partnership-based collaboration between ESCOs and pulp and paper mills. During recent years
several outsourcing agreements9 have been settled between pulp and paper companies such as
SCA, Stora, and Munksjö and ESCOs such as Vattenfall AB, Sydkraft AB and Birka Energi
(Fortum 1999; Vattenfall, 1999; SCA, 2000; NyTeknik, 2002). A similar development is
occurring in North America, where companies acting on deregulated energy markets are currently
showing interest to enter the market for external supply of energy services (Nilsson et al., 1995;
Maez, 2000).
                                                  
9 Outsourcing can be defined as “the act of transferring some of a company’s recurring internal activities
and decision rights to outside providers, as set forth in a contract”. As a matter of practice, not only the
activities are transferred, but the factors of production such as people, facilities, equipment and other assets
are transferred too (Greaver, 1999).
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The realisation potential for improved sustainable energy management in the pulp and paper
industry may be related to the degree of core business focus in the industry. Furthermore, the
potential may also be linked to ESCOs’ willingness and capabilities to act as external providers of
energy services in the pulp and paper industry. The following statement by a senior manager of a
leading Swedish forest products company relates to the possibilities for increased electricity
production in pulp mill through implementation of gasification technologies:

“The forest products industry has no interest in becoming power producers. There are others
who are better suited for that.” (Ny Teknik, 1996)

 The statement gives some support to the idea that co-operation with external providers may
come to play a significant role if some important potentials for energy improvements in the pulp
and paper industry are going to be realised.

2.3 The Scope of this Work
When this work was initiated, two general research questions were in focus:

Q1: What are the major opportunities for cost-effective CO2 reductions through energy
measures in Swedish pulp and paper mills?

Q2: In what ways, if at all, can partnership-based co-operation with external providers assist in
strengthening sustainable energy management in pulp and paper mills?

It is inherent in the research questions that a broad inter-disciplinary perspective had to be
applied. Given the restrictions in terms of time and resources available for a doctoral thesis, this
has some implications for the scope of the work. First of all, it has been beyond the scope of this
thesis to carry out detailed technical and economic analyses of the energy measures assessed.
Rather, the goal has been to analyse the CO2 reduction potential of the branch as a whole. It must
be emphasised, however, that more detailed analysis on the mill level is required before measures
can be carried out.

The simplified schematic shown in Fig. 4 puts the specified research questions into some
perspective. The level of CO2 emissions from the pulp and paper industry can be determined by
the six production factors of production volume, product mix, energy mix, specific energy
utilisation, implementation of CO2 capture, and specific material consumption. As Fig. 4
illustrates, these factors are in turn affected by several other factors. For example, the global
market demand affects the volumes manufactured of different product categories. With respect to
energy utilised for the production, the array of energy technologies available together with the
actors who shape the production systems determine the amount of energy utilised and from what
sources the primary energy sources the utilised energy derives. The situation may change with the
addition of new energy technologies. Several production factors will be affected by rules and
regulations such as taxation on energy use and carbon emissions, international climate change
agreements, and energy standards imposed by governments. In fact, a change on one level may
also affect other levels in the studied system. The detailed study of inter-relationships within the
system is beyond the scope of this thesis.
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Fig. 4. Simplified schematic of studied system.

In relation to research question 1, further definition of “energy measures in Swedish pulp and
paper mills” is required. Energy measures should be understood as such measures that will have
an impact on the overall energy consumption in the energy system without imposing major
changes to the mills’ main products. The rationale behind this limitation is that the analysed
measures should be such that they could be considered by a mill management whose range of
options available to meet CO2 reduction requirements are restricted by their customers’ demands
for specific qualities of pulp or paper. Both available and emerging technologies are included in
the analysis. It is beyond the scope of this thesis to analyse the factors of production level,
product mix, and specific material consumption.

In relation to research question 2, the focus has been to investigate the driving-forces behind
the growing energy-related partnership-based co-operation between pulp and paper companies
and ESCOs. In particular, the companies’ motives to initiate co-operation and the direction of the
companies’ competence and business focus development have been analysed. Furthermore,
factors that have an impact on the success of partnership-based co-operation have been addressed.

Although this thesis does not analyse the impacts of rules and regulations that are imposed, it
should be pointed out that the research carried out has been motivated by the intensive work
towards international climate change agreements, especially the Kyoto Protocol, and the
anticipated impact that the climate change issue can be expected to have on the terms for business
in the future.

2.4 Previous Work

2.4.1 The CO2 Reduction Potential in the Swedish Pulp and Paper Industry

Some previous studies have been carried out evaluating the potential CO2 reduction of different
technical options in the Swedish pulp and paper industry. Within the Swedish research
programme “The Ecocyclic Pulp Mill” (KAM) a reference market pulp mill has been defined
(STFI, 2000). The reference mill, which is based on the best technology in use in the late 1990’s,
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has reduced process steam requirements from the 1994 Swedish average of 15 GJ/ADt (Air-Dry
tonne pulp) to 11 GJ/ADt. The KAM reference mill has a surplus of internally generated biomass
fuels. An assessment of CO2 reductions, which could be achieved through alternative uses of the
surplus fuel, was carried out within KAM. The programme concluded that, based on today’s
conditions in Sweden, the fuel surplus is best suited for generation of power with condensing
steam turbines. According to the KAM assessment, the power thus produced could reduce
emissions by approximately 250 kgCO2/ADt assuming that the additional electricity replaces
externally produced electricity from natural gas combined cycle (NGCC) power plants. In
contrast, assuming that the additional electricity replaces externally produced electricity from
coal-based condensing power plants the emission reduction would amount to 600 kgCO2/ADt.
The corresponding total reduction potentials in Swedish pulp mills are estimated to around 2 or 4
MtCO2/yr, respectively. As an alternative to producing power, the recovery of surplus lignin and
bark from the pulp mill has been analysed within KAM. If recovered surplus fuel were used to
replace fuel oil for heating or CHP, a net reduction of approximately 600 kgCO2/ADt could be
achieved, or a total Swedish reduction potential of around 4 MtCO2/yr. Maximised electricity
production through the introduction of emerging technologies for pressurised black liquor
integrated gasification with combined cycle (BLGCC) could increase the CO2 reduction potential
to 400 kgCO2/ADt or 900 kgCO2/ADt for replacement of externally produced electricity from
NGCC or coal-based condensing power plants, respectively. The corresponding total reduction
potentials in Swedish pulp mills are estimated to around 3 or 6 MtCO2/yr, respectively.

Isaksson (2000) compared the CO2 impact of alternative energy systems based on black liquor
gasification (BLG) in the Swedish pulp industry. The comparison included the following
alternatives:
• a steam injected gas turbine cycle (STIG) for CHP
• cogeneration of heat, power, and methanol
• cogeneration of heat, power, and paraffins10

• cogeneration of heat and hydrogen.

To quantify CO2 reductions, marginal electricity production from a 50/50 mix of NGCC and
coal-based condensing power was assumed. Moreover, methanol was considered to replace
petrol, and paraffins were considered to replace fossil diesel and fuel oil. The hydrogen produced
was considered for use in fuel cell vehicles that were assumed to replace conventional petrol-
fuelled vehicles. The largest CO2 reduction potential, 7 MtCO2/yr was found for hydrogen
production followed by approximately 5 MtCO2 for the STIG alternative. For the methanol and
paraffins alternatives the reduction potentials were estimated to between 2 – 2.5 MtCO2/yr.

Ekström et al. (1997) studied systems for removal and disposal of CO2 from the combustion of
black liquor and bark in Swedish pulp mills. Two technological options for removal were
included in the study.
• absorption of CO2 from flue gases in monoethanolamine (MEA)
• fuel combustion with oxygen

The assessment was carried out for a model market pulp mill with a capacity of 1000 ADt/day
and an integrated pulp and paper mill that was based on the model pulp mill. The additional cost
for CO2 removal was estimated at 30 – 34 US$/tCO2 for the integrated pulp and paper mill and at
25 – 30 US$/tCO2 for the market pulp mill. In the integrated mill case, combustion with oxygen
had the lowest cost. In contrast, in the market pulp mill case, absorption of CO2 in MEA had the
lowest cost. The reason was that the market pulp mill has a surplus of steam that could be used
for MEA regeneration. The integrated mill has a deficit of steam that was improved by oxygen

                                                  
10 Final products considered were biomass-based diesel, naphta, and waxes.
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combustion. Ekström et al. (1997) estimate that the potential for removal and disposal of CO2

from Swedish pulp mills lies in the interval 10 – 15 MtCO2/yr.

2.4.2 CO2 Sequestration Technologies and Swedish Underground Sequestration
Potentials

There are technologies under development that sequester CO2 in some form for long periods of
time by disposal in a form that separates the fossil carbon from the atmosphere. Much further
work is required to investigate the disposal of CO2. According to the IPCC (2002b), CO2

sequestration could give major contributions to CO2 abatement by 2020.
Deep underground disposal is regarded as the most mature storage option today according to

Lindeberg (1999). Lindeberg points out that the advantage with underground disposal compared
with other storage options is that it gives minimum interference with other ecological systems and
can provide storage for very long periods of time. There are four main geological settings
appropriate for deep storage: oil and gas fields, deep rocks containing saline waters (saline
aquifers) and unmineable coal formations. International monitoring of current disposal projects
will help to evaluate whether underground storage is a safe mitigation option (Royal Commission,
2000). In one ongoing verification project nearly one million tonnes of carbon dioxide a year are
separated from CO2-rich natural gas and injected into the Utsira formation in the North Sea
(Kaarstad, 2000). Ekström et al. (1997) carried out a review of studies concerning geological
formations suitable for disposal of CO2 in Sweden. The review shows that suitable formations
exist in Southwest Sweden/Denmark and in the area between Gotland and Lithuania. The most
favourable formations in Southwest Sweden are reported to have a storage capacity of up to 10
GtCO2, which corresponds to around 170 times the Swedish annual CO2 emissions from fossil
fuel combustion.

Disposal in deep oceans has also been discussed as an alternative, but there are considerable
uncertainties regarding potential environmental damage in connection to the disposal of CO2 in
deep oceans, especially effects on marine life due to increased acidity, and regarding the long-
term isolation of the CO2 (Falkowski et al., 2000). CO2 disposed into seawater at a depth of
3000 m might be returned to the atmosphere within 250 to 550 years (Royal Commission, 2000).

2.4.3 Co-operation with External Providers in Non-Core Business Areas

No in-depth studies reported in literature address the underlying motives etc. behind the growing
co-operation with external suppliers in the area of plant utilities of energy-intensive industry in
Sweden or elsewhere. From the North American market Hrickiewicz (1999) reports that
industrial gases and water treatment companies have already established themselves as
outsourcing providers to chemical process industries in the USA. They have also begun to expand
on their traditional products to supply whole new ranges of products and services. Hrickiewicz
predicts that energy utilities very well may be the next area for outsourcing. Nilsson et al. (1995)
provide several examples of energy projects in pulp and paper mills that have been carried out in
co-operation with ESCOs in the USA and Canada. In literature it has also been reported that
North American ESCOs, acting on deregulated energy markets, are searching for new business
areas and are currently showing interest to enter the market for outsourcing of plant utilities
(Nilsson et al., 1995; Hrickiewicz, 1999; Maez, 2000).

Virolainen (1998) analysed issues surrounding the development of collaborative relations
between customers and suppliers. Based on an extensive literature review and own case studies,
Virolainen proposes that the main motive for customers to enter buyer-supplier partnerships is
gaining access to a specific technology. Other motives include a wish to benefit from the
suppliers’ investments, securing access to strategic components and services, improved quality,
risk sharing, lower acquisition costs, boosting innovations through information-rich relationships
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between customer and supplier and access to technical resources of both. For suppliers the main
motive is to secure key customers within the end markets that the suppliers’ business depends on.

According to Virolainen, the main reasons for success can be divided into three categories.
The first category is “impact” which includes factors such as cost reductions, improved quality,
risk reduction and access to technology. The second category is “intimacy” which includes trust,
mutual understanding and exchange of information. Virolainen identifies three levels of trust:
contractual, competence and goodwill. The third category, ”vision”, implies that there must be a
compelling but realistic picture of what partnership can achieve. Top management support is also
mentioned as a reason for success. The most important reason for failure is poor communication.
Other main reasons for failure are lack of trust, lack of top management support, lack of total
quality commitment by the supplier, lack of distinctive value added, lack of risk and profit
sharing, ineffective conflict resolution and cultural differences.

Virolainen suggests that companies can substantially leverage their resources by developing a
few well selected core competencies in which the company can be best in the world, focusing
investments and management attention on these core competencies, strategically procure other
activities where the company cannot be or needs not be best. The companies should fully utilise
external suppliers’ investments, innovations and specialised professional capabilities that would
be impossible to duplicate internally.

Greaver (1999) confirms Virolainen’s statements regarding motives for outsourcing and
reasons for success and failure in the outsourcing process. Some additional motives mentioned by
Greaver are: to turn fixed costs into variable costs and to stimulate an increase in efforts and
commitment given to non-core areas. Inhibitors mentioned by Greaver are: uncertainty regarding
providers’ reliability and qualifications, fear of losing control over factors of production, fear of
losing core competencies, employee unhappiness, difficulty in reversing the outsourcing decision,
and fear of failure.
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3 Methodology

With respect to methodology the research behind this thesis can be divided into three parts. In this
section, methodological aspects on the work are discussed separately for papers I - V, VI - VII,
and VIII, respectively.

3.1 Papers I - V
In papers I - V the research focussed on assessing existing and emerging energy technologies in
pulp and paper mills with respect to their possible contribution to reduce CO2 emissions cost-
effectively. The technologies were assessed with respect to their techno-economic CO2 reduction
potential. A major share of the work carried out involved compilation of data from literature and
industry. The correct assessment and treatment of data and is a crucial issue. To strengthen the
validity of the result, multiple sources of data were used when possible. Moreover, the major
assumptions, methods for calculations and references have been clearly stated in the research
papers. Furthermore, technical and economical uncertainties have been considered by applying
alternative requirements for economic rates of return as well as different CO2 emission levels to
marginal electricity production (natural gas or coal saved in NGCC or coal-fired condensing
steam turbine power plants, respectively). It is clearly an oversimplification to treat pulp and
paper mills as a homogenous group, but it was considered necessary in order to enable a first
approximation. The realisation of existing potentials will require analyses on the individual mill
level.

3.2 Papers VI - VII
The empirical evidence in the studies behind papers VI and VII were collected through pilot case
studies and interviews involving pulp and paper industries and ESCOs. Information was also
retrieved from publications such as annual reports, technical specifications, internal written
documents with summaries of contracts and business strategies, and participating observation.

Four criteria commonly used to establish the quality of empirical social research are construct
validity, internal validity, external validity and reliability (Yin, 1994).
 

- Due to the sensitivity of information in contracts and corporate strategy documents etc.,
the construct validity of this research was restricted by the limitation of available sources
of evidence. The primary information source was interviews. Tactics that were used to
increase the construct validity were to interview several persons about the same
questions, attempting to present a clear chain of evidence in the research papers, and
allowing the interviewees to review early drafts of the papers.

- Internal validity concerns the logic between observations and conclusions. The restriction
to one industrial sector in Sweden in the selection of cases studied limited the number of
factors influencing the results and conclusions. By letting the interviewees review drafts
of the papers, the risk for misinterpretations of the performed interviews was reduced.

- External validity deals with the problem of knowing whether the findings can be
generalised beyond the immediate study. Generally, in empirical social research
“analytical generalisation” is used, meaning that particular results are related to some
broader theory. The findings from the performed case studies were related to relevant
existing theory from literature.
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- Reliability (or “repeatability”) requires proper documentation of the procedures followed
in a study. Consideration to confidentiality has limited the extent to which the data
collected in papers VI and VII can be made available for external reviewers. However, a
detailed description of the methodology was possible.

3.3 Paper VIII
Paper VIII is a policy-oriented paper, which resulted from co-operation between scientists
representing a number of research areas. The paper argues for a novel technological possibility
for handling climate-related risk. The methodological approach behind the paper was to integrate
research results from several scientific areas in order to discuss the relevance of this novel
technological option.



CO2 Reductions through Energy Measures in Swedish Pulp and Paper Mills:
Potentials and Costs

19

4 CO2 Reductions through Energy Measures in
Swedish Pulp and Paper Mills: Potentials and Costs

An overview of alternatives for CO2 reductions through energy measures in pulp and paper mills
opens this chapter. The chapter then describes the methodology used in papers I – III which
feature techno-economic analyses of CO2 reductions through energy measures in Swedish pulp
and paper mills. Papers I – III present a broad evaluation of available technologies for increased
power production and more efficient energy utilisation as well as a more in-depth analysis of pulp
mill-based biomass energy with CO2 removal and permanent sequestration. Finally, the main
results from the analyses are summarised.

4.1 Overview of Analysed CO2 Reduction Measures
The CO2 reduction measures that were assessed in this thesis belong to the following three
categories:
• decreased specific energy utilisation
• fuel switch (to less carbon-intensive fossil fuels and to a higher portion of biomass fuels)
• CO2 capture and sequestration

4.1.1 Decreased Specific Energy Utilisation and Fuel Switch

Improved heat exchanging, heat pumping, and introduction of new processes with lower heat
demand can be used to decrease pulp and paper mills’ direct fuel consumption per tonne of
product. According to a recent study a model Kraft pulp mill using the most energy efficient
available technology reduces the specific process steam demand by approximately 30 %
compared to today’s Swedish average (STFI, 2000). The level of CO2 reductions that can be
achieved through such heat savings depends on the amount of fossil fuels that is used for steam
production. Due to the low portion of fossil fuels used for steam production in Swedish pulp and
paper mills, reducing steam consumption would mainly save biomass fuel. However, reductions
in process heat requirements creates opportunities for increased power production by the use of
condensing steam turbines. In some cases it is possible to make use of waste heat from mills, e.g.
in district heating networks where other fuels can be saved.

Reduced electricity consumption can be achieved e.g. by introducing processes with lower
specific electricity consumption in mechanical pulping, reducing oversizing of electric motors,
replacement of older pumps, fans and electric motors with more efficient ones, the introduction of
variable-speed drives, and minimising leaks in compressed air systems (Sandberg, 1995; ÅF-
Energikonsult, 1999). The potential CO2 reductions are determined by the extent to which the
efficiency of the electricity utilisation can be improved and by the specific CO2 emissions from
marginal electricity production.

Increasing electricity production reduces fuel consumption for marginal electricity production
in the external power system, and thereby also the associated CO2 emissions. Large specific CO2

reductions through increased power production can be achieved if the additional fuel demand is
covered with biofuels or waste heat (e.g., Larson et al., 1998; Isaksson, 2000). If the marginal
electricity production in the external power system originates from fossil-based condensing
power plants, increasing fossil-based CHP using CC or gas turbine simple cycles can lead to CO2

reductions through improving the overall efficiency of the fuel energy utilisation.
Through fuel switching, CO2 emissions from the pulp and paper industry can be reduced by

substituting fossil fuels with biofuels or with fossil fuels that have a lower carbon content (e.g.
from coal to natural gas). Refined biofuels, such as pellets or liquid fuels, can also be produced
using woody biomass or black liquor as feedstock (Isaksson, 2000; Willoughby et al., 2000). The
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refined fuels produced can then be used to displace fossil fuels and reduce emissions in or outside
pulp and paper mills.

4.1.2 CO2 Capture and Sequestration

Swedish pulp mills are generally located near harbours, which facilitates economically feasible
tanker transportation of liquefied CO2 to sites for sequestration underground or in the ocean. In
Swedish pulp and paper mills capture and sequestration of CO2 is feasible in connection with the
energy recovery from black liquor and woody biomass. It should be pointed out that although the
Swedish pulp and paper industry’s combustion of biomass fuels should be considered as CO2-
neutral in the long run (see section 2.2.1), the capture and sequestration of CO2 from biomass will
reduce the net CO2 emissions. In fact, since the CO2 captured comes from biomass which is CO2-
neutral, such biomass energy with CO2 capture and permanent sequestration (BECS) will yield
negative CO2 emissions. A principal illustration of BECS is provided in Fig. 5.

Energy Products

Biomass

CO2

CO2 to 
Underground
Storage

CO2

Forest Products

Fig. 5.  Biomass energy with CO2 capture and permanent sequestration.
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Technologies for biomass-based energy conversion with CO2 capture in pulp mills can be
divided into four main process groups (Fig. 6).

Group 1: Processes in which the biomass fuel is gasified and CO2 is removed from the fuel gas
before the hydrogen-rich gas is combusted or converted to refined liquid or gaseous
biofuels such as methanol.

Group 2: Processes related to Group 1, which are based on biomass gasification. In order to
enhance the CO2 capture, and improve the fuel quality, a water-gas shift reaction is
introduced before CO2 removal, whereby carbon monoxide (CO) is reacted with water
to form CO2, and the final product is mainly hydrogen.

Group 3: Processes based on the combustion of the biomass fuel in oxygen instead of air, using
recirculated CO2 to moderate the combustion temperature. These processes result in a
very high CO2 concentration of the flue gases.

Group 4: Technically mature end-of-pipe solutions with CO2 removal from the flue gases that
arise from biomass fuel combustion.

Absorption is the most commonly used technology for removing CO2 from gas streams,
whereby chemical or physical solvents are used to scrub the gases and collect the CO2. Chemical
absorption is a proven end-of-pipe method for removing CO2 from flue gases. When a gas is at
high pressure, such as the fuel gas from pressurised gasifiers used in some concepts for integrated
gasification with combined cycles (IGCC), physical absorption is more suitable, and relatively
little extra energy is then required. The energy demand of absorption is mainly due to heat
consumption for regeneration of solvent (chemical absorption) or compression and pumping of
solvent (physical absorption) (Göttlicher and Pruschek, 1997). The gas separation membrane is
another promising technology for CO2 removal from gas streams, which can lead to energy and
cost savings. However, much further development is necessary before this technology could be
used in large-scale applications. Although there are commercially available technologies for CO2

capture, the efficiency and economic performance of biomass energy with CO2 removal can be
improved through integrated process configurations and the development of new technologies.
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4.2 Approach Used in Calculating CO2 Reduction Potentials and the Cost
of CO2 Reduction

The energy systems of pulp and paper industries interact with the energy system outside the mills.
Hence, changes in the energy utilisation of the industries may affect emissions elsewhere, for
example in fossil-fired power plants. This was taken into consideration when the CO2 impact of
the analysed alternatives was assessed. Thus, for the measures studied, emission changes that
arise on site as well as outside the boundary of the industry (“global CO2 emission reductions”)
were considered. The following definition of global CO2 emission reductions was used:
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Specific values used to calculate CO2 emissions from energy conversion are presented in
Table 1. Only primary emissions from fuel combustion were considered. This implies an
underestimation of the benefits of biomass fuels compared to fossil fuels, because fossil fuels
have larger secondary emissions (see footnote Table 1). This is however within the margin of
error for the overall results. For marginal electricity production, two alternative emission levels
have been used, based on marginal electricity supply from coal-fired condensing power plants
and natural gas-fired combined cycles (NGCC), respectively.

Table 1. Energy prices excluding tax and specific CO2 emission levels
(Franck and Berntsson, 1999; Swedish Energy Agency, 2000).

Fuel Price (US$/MWh) CO2 emissionsa (t CO2/MWh)
Wood fuel 11 0b

Wet bark 8 0b

Light fuel oil 10 0.27
Heavy fuel oil 6 0.27
Petroleum gas 13 0.23
Natural gas 10 0.20
Methanol from biomass 23 0b

Petrol Not used 0.26c

Electricity 20 0.85d/0.34e

aValues are based on the primary emissions from fuel combustion. Emissions due to fuel extraction, trans-
portation, and refinement are not included. In Sweden, wood-based fuels require a fossil-energy input of
around 4 % of their energy value before they are burned. Corresponding figure for fuel oil is 12 %
(Swedish Energy Agency, 1998).
bWhen new biomass grows, CO2 corresponding to CO2 released from biomass fuel combustion is absorbed.
cFor the displacement of petrol with biomass-based methanol, a methanol-fuelled engine has been assumed
to be 10 % more efficient than a petrol-fuelled engine (Elam, 1994).
dCoal-fired condensing power plant with 38 % electrical efficiency.
e NGCC with 60 % electrical efficiency.
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The net annual cost of a CO2 reduction alternative was calculated using Eq. 1:

Net annual cost = Fixed annual capital charge + Extra O&M costs - Extra O&M credits  (1)

The cost of CO2 reduction (COR) (US$/t CO2) was then calculated using Eq. 2:

COR = Net annual cost / Net annual global CO2 reduction  (2)

The fixed annual capital charge was calculated for two alternative cases. In the first case,
representing an industrial valuation of capital, a depreciation time of 3 years and an interest rate
of 15 % was used. In the second case, representing a societal valuation of capital, a depreciation
time of 15 years and an interest rate of 6 % was used11. For interpolation of the investment cost to
different plant capacities a cost-scaling exponent of 0.7 was used12. Using the Chemical
Engineering Plant Cost Index (Chemical Engineering, 2001), all capital costs were adjusted to the
cost level of 2000. The extra operating and maintenance (O&M) costs of Eq. 1 are additional
expenditures for personnel, maintenance and energy. Extra O&M credits are additional energy
incomes and reduced expenditures for personnel, maintenance and energy. Swedish market
energy prices excluding taxes used in the study are presented in Table 1.

4.3 Results
The following energy measures were analysed with respect to CO2 reduction potential and COR
(Detailed assumptions are described in papers II and III):
(A) Reduced process steam requirements
(B) Increased heat integration
(C) Electricity conservation; Thermo-Mechanical Pulping (TMP)
(D) Electricity conservation; pumps, fans, mixers, and other motor systems
(E) Increased utilisation of installed steam turbine capacity
(F) Adjusting steam turbine capacity to present process steam demand
(G) Wood-fired superheater after recovery boilers
(H) Black liquor integrated gasification with combined cycle
(I) Black liquor integrated gasification with CO2 capture and sequestration and combined cycle
(J) Black liquor gasification with CO2 capture and sequestration, methanol production and

combined cycle
(K) Electricity production from waste heat
(L) Conversion of lime kilns to biofuels
(M) Substituting fuel oil for biofuels in steam production
(N) Recovery and bark boilers with CO2 capture and sequestration

Using cost-supply curves, Figs. 6 and 7 illustrate the calculated potential CO2 reduction and
COR for the analysed alternatives (mean values). Fig. 6, shows the results for commercially
available technologies, and Fig. 7 shows results for emerging technologies that are based on BLG
and/or include CO2 capture and sequestration. The estimated CO2 reduction potentials are the full
technical potentials of the respective alternatives in the Swedish pulp and paper sector. COR has
been calculated using market energy prices excluding taxes, and can be interpreted as a CO2

charge (or subsidy) which would allow alternatives to break even economically.

                                                  
11 Requirements for high financial returns often act as an economic barrier that prevents the industries
themselves taking CO2 reducing measures. From society’s point of view longer pay-off times and lower
discount rates can generally be accepted.
12 Investment Cost Ratio = Capacity Ratio0.7.
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4.3.1 CO2 Reduction Potentials and Costs for Commercially Available Technologies

In Fig. 6, alternative B is not included because it has a significantly higher cost than alternative K
and the two alternatives could not be implemented together in the same mill. The results differ
considerably depending on the origin of marginal electricity.

In the case with marginal electricity from coal-fired power plants, the accumulated reduction
potential of the commercially available technologies analysed is around 8 MtCO2/yr. The largest
contributions are from electricity conservation (C & D) and increased electricity production
through improved utilisation of the present process steam demand for CHP (E & F). For an
industrial valuation of capital, around 1.2 MtCO2/yr can be saved at negative cost, while 5
MtCO2/yr can be saved at negative cost if a societal valuation of capital is applied. The order of
the alternatives from lowest-cost to highest-cost (illustrated by the curves) depends on the
assumed capital valuation. This is explained by variations between the alternatives regarding the
relative importance of fixed (capital) and variable (O&M) costs.

In the case with marginal electricity from NGCC, the results are less in favour of alternatives
that reduce electricity consumption or increase electricity production. The accumulated reduction
potential of the analysed commercially available technologies is 3.3 MtCO2/yr. The largest
contributions are from electricity conservation (C & D), increased electricity production through
improved utilisation of the present process steam demand for CHP (E & F), and fuel substitution
(L & M). For an industrial valuation of capital, around 0.5 MtCO2/yr can be saved at negative
cost, while 1.9 MtCO2/yr can be saved at negative cost if a societal valuation of capital is applied.

4.3.2 CO2 Reduction Potentials and Costs for Emerging Technologies

For the calculation of the reduction potentials and COR in Fig. 7 (emerging technologies that are
based on BLG and/or include CO2 capture and sequestration) a Tomlinson recovery boiler with a
modern steam cycle with 15 % electrical efficiency has been used as a reference. Note that in this
case, cost estimates are based on predicted values for commercially mature technologies. Fig. 7
shows that the CO2 reduction potential increases drastically if introduction of BLG and/or CO2

capture is considered. The reduction potentials of the alternatives H, I, J, or N in Fig. 7 can be
added to alternatives E and F in Fig. 6, whereby the sum represents the reduction potential of the
measures relative to the present situation in Sweden. Thus, pressurised BLGCC represents a
reduction potential around 6 MtCO2/yr assuming marginal electricity from coal-fired power
plants, or 2.4 MtCO2/yr assuming marginal electricity from NGCC. Further reductions of around
3.8 Mt CO2/yr could be achieved through combining BLG with CO2 capture and sequestration.
We can also see that the total assessed reduction potential for CO2 capture and sequestration from
recovery boiler and bark boiler flue gases amounts to around 10 MtCO2/yr. If one also considers
the potential for improved utilisation of the CHP capacity, this potential should be added to E and
F in Fig. 6. Note that the alternatives of Fig. 7 cannot be combined with alternative G in Fig. 6
and, furthermore, the BLG-based alternatives have an impact on the reduction potential of
alternatives A, K, and L.

4.3.3 Considerations of Uncertainties

There are many technical and, in particular, economical uncertainties present in the data that have
been used. Alternative requirements for economic rates of return as well as different CO2

emission levels to marginal electricity production were considered in the results presented above.
The COR and reduction potentials illustrated in Figs. 6 and 7 are mean values based on the

assumed data presented in papers II and III. The uncertainties in the assumed data lead to a range
in the results, from a lowest to a highest calculated value for the respective alternatives. A
sensitivity analysis in paper III shows the full range of COR calculated for each individual energy
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measure assessed. The COR are shown for four different combinations of marginal electricity
source and capital valuation.

Energy prices have a great influence on the COR. The future price of electricity is difficult to
predict due to e.g. the ongoing deregulation of the electricity markets on the EU level and
growing transmission of electricity across national borders. Therefore, the sensitivity analysis
also illustrates the COR for the alternative electricity price of 50 US$/MWh. The sensitivity
analysis shows that an increase in the electricity price improves the economic feasibility of most
analysed measures.

4.3.4 Potential Contribution to Swedish Kyoto Protocol Compliance

In a short-term perspective, commercially available technologies should be first considered.
According to the assessment in this work, several of the most cost-effective short-term
alternatives for CO2 abatement are based on reducing emissions from marginal electricity
production (Fig. 6). It is reasonable to assume that today a major share of marginal electricity fed
to the Swedish grid is produced in Danish coal-fired condensing steam power plants (Bejgrowicz
et al., 1999, Swedish Energy Agency, 2002a). Consequently, a substantial share of the short-term
reduction potential, which is illustrated in Fig. 6, represents CO2 reductions that would actually
take place outside Sweden.

In the long-term it is probable that a different situation will arise with the marginal electricity
fed to the Swedish grid originating from NGCC power plants (Swedish Energy Agency, 2002a).
Moreover, in the long-term perspective it is reasonable to consider the implementation of the
emerging technologies assessed in this work (in addition to commercial technologies). Using this
information to estimate the long-term technical CO2 reduction potential of the measures assessed
in this thesis one can make the following observations:
• The reduction potential is strongly dependent on whether or not CO2 capture and

sequestration is implemented.
• Without implementation of CO2 capture and sequestration the accumulated long-term

reduction potential is approximately 8 % relative to the 1990 level.
• Depending on the choice of technology, with the implementation of CO2 capture and

sequestration the accumulated reduction potential relative to the 1990 emissions in Sweden is
between 15 % (BLG with CO2 capture) and 25 % (Recovery boilers and bark boilers with
CO2 capture).13

The estimated technical CO2 reduction potentials in this work are rather large and it is seems
clear that the extent to which CO2-reducing measures in pulp and paper mills are made use of will
have an impact on Sweden’s capacity to reach agreed CO2 reduction targets. However, it should
be pointed out that, although the estimated reduction potentials are large, under some scenarios
even the realisation of the large potentials estimated in this work would not suffice for Sweden to
comply with its CO2 commitments. Today, Swedish nuclear power stations produce
approximately 70 TWhe/yr. A political decision has been made in Sweden to close down nuclear
power stations. It is realistic to assume that nuclear power closure will lead to a higher electricity
price, which may result in strengthened efforts to increase electricity conservation and,
furthermore, in new introduction of electricity production based on renewables such as biomass
and wind power. However, an increase in fossil-based electricity production will probably be
required. The Swedish Governmental Energy Commission (1995) reports a scenario of slow

                                                  
13 An ex-post sensitivity analysis, consistent with the sensitivity analysis presented in paper III, shows that
the COR of recovery boilers with CO2 capture and sequestration rises considerably above the COR for
BLG-based alternatives with CO2 capture and sequestration at the assumed electricity price of 50
US$/MWhe.
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nuclear power closure. By the year 2020, with half of the nuclear power production capacity
remaining, this scenario leads to a 45 % increase in Swedish CO2 emissions relative to 1990.
Around half of this increase in emissions originates from electricity production in NGCC power
plants, which the Governmental Energy Commission regards as the most favourable alternative
for new electricity production.

4.3.5 Discussion

Some quite large CO2 reduction potentials have been estimated in this work. The estimated
cost of CO2 reduction of the analysed measures should be compared to the cost of reducing CO2

emissions in other sectors of society.
In Sweden, the transportation sector gives a large contribution to the CO2 emissions. The net

CO2 emissions originating from the transportation sector could be reduced through the
introduction of biomass-based transportation fuels. CO2 reduction costs in the range 90-160
US$/tCO2 have been estimated for replacing fossil transportation fuels with biomass-based
alternatives (Swedish Energy Agency, 2002b). Space heating is another major source of CO2

emissions in Sweden. The cost of reducing CO2 emissions from fuel oil combustion for space
heating has been estimated at 35-60 US$/tCO2 (Swedish Energy Agency, 2002b). In the future,
electricity from new natural gas-fired power stations may be the main alternative for electricity
production in Sweden. The CO2 reduction cost for producing electricity with biomass as an
alternative to NGCC condensing power plants has been estimated at 40-70 US$/tCO2

(Gustavsson and Börjesson, 1998). The estimated reduction cost for the corresponding CHP case
was estimated at 30-60 US$/tCO2. Another interesting observation when considering new natural
gas-fired power stations is that paper II indicates that CO2 removal in connection with BLG can
be performed at lower additional cost (around US$ 23/tCO2) compared to flue gas scrubbing of
CO2 from NGCC (32-57 US$/tCO2) (IPCC, 1996; Göttlicher and Pruschek, 1997; David and
Hertzog, 2000).

A straightforward comparison of estimated CO2 reduction costs is difficult due to different
discount rates used or lacking information, etc. However, although several data used to calculate
CO2 reduction costs are uncertain, it appears that the estimated CO2 reduction costs of several
measures analysed in this work lie in an attractive range compared to many other reduction
opportunities in Sweden. Further analysis that considers local conditions etc, and that is
consistent in the assumptions made concerning alternatives in different sectors should be carried
out.

The presented results regard Swedish conditions. However, one can note that in an
international comparison Scandinavian pulp and paper mills have succeeded well in phasing out
fossil fuels and in improving energy efficiency. It seems reasonable to assume, therefore, that a
similar analysis in other countries would show equally good or better potentials.

It should also be pointed out that some measures in pulp and paper mills that could potentially
contribute to reducing CO2 emissions lay beyond the scope of this thesis. For example, altering
the level of recycled paper used for pulp production and improving pulp yield may be mentioned.
A complete assessment of CO2 reducing measures in the pulp and paper sector should include
these measures.
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A:Reduced process steam requirements: Utilisation of surplus steam for additional power production, C:Electricity conservation: TMP,
D:Electricity conservation: Pumps, fans, mixers, and other motor systems, E:Increased utilisation of installed steam turbine capacity, F:Adjusting
steam turbine capacity to present process steam demand, G:Wood powder-fired superheater after Tomlinson boiler, K:Electricity production from
waste heat, L:Conversion of lime kilns to biofuels, M:Substituting fuel oil for biofuels in steam production.
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Fig. 6. Cost of CO2 reduction and potential CO2 reduction of investigated commercial technologies for alternative marginal electricity generation
technologies and economic prerequisites.
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Marginal electricity from coal-fired power plants
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5 Carbon-Negative Production of Pulp and Paper

This chapter summarises results from papers IV – V concerning potentials for “carbon-negative
production” of pulp and paper (pulp and paper manufactured with a negative CO2 balance).

5.1 Technologies for Carbon-Negative Production of Pulp and Paper
Carbon-negative production is a technological possibility based on the principle of supplying the
energy necessary for the manufacturing of products from BECS. Provided that safe technologies
for CO2 sequestration are developed, biomass-based industries rich in self-generated biomass
residues, such as the pulp and paper industry, will be uniquely equipped to implement carbon-
negative production in the future.

Technologies for biomass-based energy conversion with CO2 capture can be divided into four
main process groups (as described in Chapter 4). Using black liquor fuel as an example, Table 2
summarises the relative merits of the respective process groups with regard to electricity
production and CO2 capture.14 Capture of CO2 from the recovery boiler, using either absorption
from flue gases or an oxygen-blown recovery boiler, yields high levels of CO2 capture. However,
the capture of CO2 in connection to recovery boilers leads to rather large energy penalties which,
in combination with the performance of steam turbines, leads to low net electrical efficiencies.
BLGCC with capture of the CO2 present in the fuel gas downstream the gasifier but upstream of
the combustor is restricted by the fact that the amount of removable CO2 is relatively low. At the
same time, however, the net electrical efficiency is higher compared to the recovery boiler
alternatives. With the introduction of a CO-shift reaction prior to the CO2 capture in the case of
BLGCC, CO2 removal levels closer to the recovery boiler alternatives can be achieved. The CO-
shift reaction is performed at the expense of a higher energy penalty compared to biomass IGCC
without CO-shift, but compared to a recovery boiler the net electricity production will be
improved. Determining the CO conversion factor is an optimisation problem with parameters
such as the level of CO2 removal, electricity production, and cost. Such optimisations have not
been carried out for biomass energy with CO2 capture.

Table 2. Relative merits of alternative black liquor-based energy systems with CO2 capture.

Process group Electrical efficiency Level of CO2 capture
Recovery boiler w CO2 capture by
absorption from flue gases

Low High

Oxygen-blown recovery boiler Low High

BLGCC w CO2 capture by physical
absorption

High Medium

BLGCC w CO-shift and CO2 capture by
physical absorption

High Medium - High

                                                  
14 Paper IV also contains a summary of performance parameters for alternative black liquor-based systems
with CO2 capture (Table 1). Note that compared to the other two BLG-based alternatives, the case of
BLGCC with CO-shift and CO2 capture is based on more optimistic assumptions regarding CC
performance. Therefore, the table may give the false impression that the implementation of CO-shift and
CO2 capture does not have a negative impact on the electricity production capacity.
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An interesting point is that including a CO-shift reaction for enhanced CO2 removal has the
benefit that it raises the fuel gas quality and may therefore improve the possibility of using
existing gas turbines. The development costs compared to most of biomass gasification
technologies can thus be reduced.

5.2 Definition of the Studied Systems
Two cases, a market pulp mill and an integrated pulp and paper mill, were investigated to
evaluate the future potential for carbon-negative production. The mill environments for the
studied cases, both based on the Kraft process, are based on model mills representing next-
generation market pulp mills and integrated pulp and paper mills, respectively:
• For the market pulp mill case a model market pulp mill based on the best technology in use in

the late 1990’s  was used. The model market pulp mill has been defined by Berglin et al.
(1999) and STFI (2000). In the model mill, the required specific process steam is reduced by
25 % compared to the 1994 Swedish average. The specific electricity consumption is
approximately 10 % lower than the 1994 Swedish average.

• For the integrated pulp and paper mill case a model mill defined by Berglin et al. (1999) was
used. The integrated paper mill is an extension of the model market pulp mill used and the
steam consumption is about 5% lower than for the average Swedish 1994 fine paper mill. The
specific electricity consumption of the integrated model mill is on level with the 1994
Swedish average.

In both cases the evaluation was based on the implementation of BLGCC with CO-shift and CO2

capture. A simplified schematic of the systems is shown in Figs. 8 and 9. In the market pulp case,
the system fuelled with internally generated black liquor satisfied the mill process steam demand.
In the integrated mill case, an additional biomass boiler feeding steam to the mill CHP system
was considered in order to achieve a system satisfying the process steam requirements. In this
latter case CO2 capture from the biomass boiler flue gases with a 90 % capture rate was assumed.
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5.3 Results
Table 3 presents the calculated specific values for the electricity produced by the mill CHP
systems, the net electricity export from the mill, and the CO2 captured for the two studied cases.
The results show that both market pulp mills and integrated pulp and paper mills could potentially
become net exporters of biomass-based electricity while at the same time permanently removing
substantial amounts of CO2 from the atmosphere.

It should be noted that both studied mills also require fuel for the operation of the lime kiln
(biomass fuel or fossil fuel can be used, see paper III). This fuel consumption should also be
considered when assessing the CO2 balance of the production. The CO2 emissions from the lime
kiln may also be considered for capture.

Table 3. Key performance parameters of carbon-negative pulp and pulp and paper mills.

Case Power produced
(kWh/t product)a

Net electricity export
from the mill

 (kWh/t product)

CO2 captured
(tCO2/t product)

Market pulp mill 1800 1100 1.6
Integrated pulp and paper millb 1900 800 2.2

a Includes a penalty for compression of removed CO2 to 100 bar, ready for transportation.
b In this case, a net import of approximately 2 MWh biomass/t paper was required to satisfy the process
steam demand.

It deserves to be pointed out that, in contrast to the results presented in chapter 4, the results in
Table 3 do not consider the overall CO2 impact of the systems studied. Table 3 only shows the
CO2 reduction achieved through the implementation of CO2 capture in the systems. If one wants
to evaluate the overall CO2 impact of a system presented in Table 3 in relation to a reference
system, the systems’ electricity production and fossil fuel consumption should be included in the
evaluation.
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6 An Emerging Market for Sustainable Energy
Management in the Swedish Pulp and Paper Sector

This chapter reports results from papers VI - VII which concern energy-related partnership-based
co-operation between Swedish pulp and paper companies and external providers such as ESCOs.
A summary of forms of co-operation introduces the chapter. The results provide new information
regarding the driving-forces behind the growing co-operation. In particular, attention is given to
the companies’ motives to initiate co-operation and a closer examination of the direction of the
co-operating companies’ competence and business focus development. The results are used to
discuss the possible importance of energy-related co-operation for the success of sustainable
energy management.

6.1 Forms of Energy-Related Partnership-Based Co-operation with
External Providers

The forms of partnerships between pulp and paper mills and external providers identified were:
outsourcing, co-owned companies, “operational partnerships” with profit-sharing, and research
partnerships.

Some examples of outsourcing partnerships are:
• An ESCO makes an investment in an energy facility of a pulp or paper mill and sells

electricity and steam back to the mill.
• The functions for power trading are transferred from a pulp or paper mill to an ESCO.

Some examples of co-owned companies are:
• A construction company invests in and builds an energy facility in a pulp or paper mill. A

company co-owned by the construction company and the mill sells heat and electricity to the
mill.

• A pulp and paper industry and a supplier co-owning a maintenance company.

Some examples of operational partnerships with profit sharing are:
• A chemical supplier operates the on-site production of process chemicals in a pulp mill. The

contract includes a profit-sharing settlement in order to provide both partners with an
incentive to perform well.

• External experts carry out energy audits in pulp or paper mills and a number of possible
projects are listed. The best projects are chosen for the experts (e.g. an ESCO) to realise.
During a certain time (e.g. 4-5 years) the profit is shared between the partners, and after that
period the entire profit goes to the pulp or paper mill.

6.2 Motives for Partnership-Based Co-operation
Interviews with representatives of the pulp and paper industry and ESCOs were carried out to
analyse motives behind outsourcing and other types of partnership-based co-operation.
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6.2.1 Pulp and Paper Companies’ Motives for Entering Partnership-Based co-
operation

The main motive for pulp and paper companies entering existing outsourcing partnerships seems
to have been getting access to external capital that does not impact the companies’ balance sheets.
An important observation, however, is that a common opinion expressed was that in the past too
much has been outsourced with the single goal to get access to external capital, and that pulp and
paper industries will therefore become more critical towards outsourcing in the future. Industry
representatives predicted that the companies will increasingly stress the importance of partners
bringing other values-added than capital.

Other important motives identified were decreased production costs and access to the energy
companies’ specialist competence in the energy area. An underlying driving force also discussed
was a need to focus on the core business, which is caused by increased globalisation, intensified
competition and an operation that becomes more and more complex. With the limited resources
available the efforts of external providers are welcomed in areas which pulp and paper companies
have not got resources to prioritise.

6.2.2 ESCOs’ Motives for Entering Partnership-Based Co-operation

The deregulation of the Swedish electricity market brought elevated competition and shrinking
profit margins to the ESCOs traditional business areas. Industrial projects have been entered in a
search for new profitable business areas. The industrial sector is prioritised among the potential
customers. ESCOs are further motivated to enter energy partnerships with pulp and paper
companies in order to get closer to the customers in this sector so that access to new markets can
be gained and new profitable business areas be developed.

6.3 Conditions Required for Outsourcing to Perform Well
Outsourcing of energy facilities in pulp and paper mills generally involves large investments. The
intensive internal competition for capital between projects in the pulp and paper industry can
sometimes be evaded through financing externally, but external financing is subject to limitations.
A dominating factor that has restricted the opportunities for external financing of capital-intensive
industrial projects is that, in order to evade the intensive internal competition for capital, the
projects must be financed off the pulp and paper companies’ balance sheets (“off-balance
financing”). Consequently, one dominating condition for successful outsourcing is that projects
must be designed so that the capital impacts the external financier’s balance sheet. Thus, the
accounting standards that decide which company’s balance sheet that will be impacted by the
project capital constitutes an institutional barrier that can inhibit many potential collaborative
partnerships involving large capital investments. These restrictions as to which projects are
suitable for external financing are technology-dependent. Off-balance sheet solutions require that
it should be possible for the externally financed object in a mill to be made useful for other users
(e.g. another mill) without considerable modifications15. On the other hand, for non capital-
intensive projects the capital’s impact on the balance sheet is less important, which means that
potential collaborative partnerships are not restrained in the same way by the accounting
standards used.

Another important condition that improves the chances for outsourcing to perform well is that
both parties involved can define the project’s profit. Trust between the partners is vital. Therefore
the financial solidity of the potential partner is given much attention. The pulp and paper
                                                  
15 For example, a gas turbine or an electric boiler could be moved to another user at the end of the contract
term, and are thus suitable for off-balance sheet solutions. Recovery boilers on the other hand, where
recovery of chemicals and energy from black liquor takes place in chemical pulp mills, cannot be moved to
another user.
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manufacturers also focus much attention on the competence of potential external suppliers, and a
long-term commitment to the pulp and paper sector is seen as favourable.

6.4 Collaborative Energy Partnerships in Relation to Development of Core
Business Focus and Competence

The opinion that strengthened core business focus within companies is an underlying driving
force for the growth of outsourcing and other partnership-based co-operation motivates the
following sections which summarise interview results concerning pulp and paper companies’ and
ESCOs’ strategic development in the areas of competence and business focus.

6.4.1 The Pulp and Paper Companies’ View

The interviews provided evidence that the pulp and paper companies are focussing on core
competencies and that reducing the own commitment to non-core operations is part of corporate-
level strategies. The ownership of capital assets as well as competence is being questioned. Pulp
and paper companies experience that it becomes increasingly difficult or impossible to own all
necessary competencies. The customers’ requirements and processes are in the focus and the
companies move away from other non-core areas. R&D is more and more directed towards the
customers and their needs. The interviews gave a firm impression that pulp and paper companies
have identified areas where they do not need to be ‘world class’, but only to keep key personnel
who have the competence to communicate with experts (sometimes referred to as “base
competence”). However, a competence can only be surrendered if it is available externally.
When identifying areas within which base competence is sufficient, risk aspects are crucial.
Outsourcing and other partnership-based co-operation involves the risk that the ‘wrong’
competence is surrendered, which can lead to unfavourable dependence. In this matter,
considerations regarding closeness to the main process are critical. Today, the competencies that
lie furthest away from the main process have largely been outsourced because the assessment was
made that the benefits outweighed the associated risk. Examples of such operations are external
electricity production which has been sold-off, building departments, cleaning departments, and
receptions. Presently, outsourcing of maintenance and in-house steam and electricity production
is discussed and also carried out to some extent. However, consensus has not been reached that
owning these competencies is not critical. Strong dependency on a partner within competence
areas that have been surrendered is considered a risk to be taken seriously, especially regarding
areas near the main process. This risk is seen as less threatening if there is sound competition
among external providers.

6.4.2 ESCOs’ View

The emphasis on customer orientation is strong also among the ESCOs. The competence
requirements in ESCOs have undergone fundamental change since the deregulation of the
electricity market and the companies are critically reviewing possibilities to adjust their
organisations to the customers’ demands. A shift in focus from technically oriented to
commercially oriented competence is taking place. Strengthening skills in marketing is
emphasised. Technical know-how and R&D are shifted to areas that can provide competitive
advantage for the customers. In order to penetrate the prioritised industrial market, ESCOs have
set out to acquire knowledge about the industrial customers’ processes. The priority given to the
industrial sector is manifested in that ESCOs are acquiring industry-specific competence through
recruiting personnel directly from their industrial customers. The pulp and paper industry is an
interesting branch for the ESCOs that were part of the investigation. The ongoing business
development is targeted at overall solutions, which help improving the customers’
competitiveness and thus lead to long-lasting business relations.
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6.5 Discussion
The interviews carried out documented a consensus among managers in pulp and paper industries
and ESCOs that partnership-based co-operation provides an opportunity for improved
competitiveness through a more rational distribution of competencies between companies. An
increase in partnership-based collaboration between pulp and paper companies and ESCOs can
lead to synergies. It is possible that ESCOs (or other external providers) that manage several
facilities of a similar kind can do this more rationally due to economies of scale. Moreover,
ESCOs committing resources and developing specific energy competencies directed at industrial
applications can apply the refined competencies more widely, within several facilities or even
different industrial sectors. For this to be realised, however, it is required that ESCOs’ business
reach a ‘critical mass’, which places demands on pulp and paper companies (and other branches)
to be open for more partnerships. However, there are barriers against this development. The most
important factors, as expressed by the pulp and paper company representatives, are that (i)
ESCOs must be able to show more clearly that they can bring additional values to pulp and paper
mills, and (ii) the lack of competition between sufficiently strong external suppliers of energy
services to the industrial sector.

This work has identified a direction of ESCOs’ and pulp and paper companies’ business and
competence development which indicates that the importance of co-operation in the field of
management of pulp and paper mills’ energy assets may become of increasing strategic value.

In the interviews performed for this thesis representatives of both ESCOs and pulp and paper
companies pointed out that there is a good-sized potential for improved energy efficiency in pulp
and paper mills using technically proven and economically realistic solutions. Furthermore, the
energy measures investigated in this thesis demonstrate a substantial CO2 reduction potential in
the Swedish pulp and paper industry. However, the investigation concerning the development of
business and competence focus within pulp and paper companies suggests that the future may
leave less resources available for energy-specific project development. In particular, advanced
energy technologies, e.g. those including implementation of CO2 capture and sequestration, seem
to lie far from the areas prioritised by the pulp and paper companies.

In a paper discussing the future of pulp and paper companies de Ruvo (1999), former
Executive Vice President of SCA, argues that their competitiveness depends very much on the
ability to develop and defend technical progress and their success in marketing the performance
of their products. Therefore, the critical component is the efficient use of R&D and engineering
resources. de Ruvo suggests that a future vision might be that in 20 years at least big mills are
operated by combines of suppliers that can harvest directly on their ability to innovate while the
paper companies can focus on their customers. In the light of the results presented in this thesis
one could envisage such combines hosting suppliers that specialise in energy management and
advanced energy conversion systems including CO2 capture and sequestration. These suppliers
could then harvest on their ability to take advantage of new profitable opportunities which arise
when emerging instruments promoting an environmentally sustainable development are
introduced. (Paper I illustrates how the rate of return on investments in CO2-reducing measures
could improve significantly if carbon credits are considered.)

One important implication of this study is that it may be wise to seriously consider the
opportunities that inter-firm partnering can offer for sustainable industrial energy management in
an industrial context where the focus on core businesses and competencies is intensified. These
opportunities may be of significance for both a company’s abilities to stay competitive in a
climate-constrained economy and, moreover, the potential for society to utilise cost-effective
potentials for CO2 reductions through the sustainable management of industrial energy utilisation.
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7 Carbon-Negative Biomass Energy Systems in
Relation to Carbon Management

This chapter, which is based on papers V and VIII, explores wider perspectives on energy
systems with implementation of biomass energy with CO2 removal and permanent sequestration.
The technical possibility of carbon-negative energy systems has so far been given relatively little
attention in scientific literature and policy discussions. Some implications of carbon-negative
energy systems are discussed in relation to carbon management on both corporate and global
levels.

7.1 Carbon-Negative Biomass Energy Systems in Relation to Corporate
Carbon Management

Scientific uncertainties in connection to climate change persist and it is reasonable to assume that
political uncertainties will continue to be a major problem even in a post Kyoto Protocol
compliance environment. Associated business risks should be taken into account in companies’
environmental strategies. When dealing with uncertainties in scenarios representing the future,
R&D portfolios with a wide range of technologies can be vital (Shock et al., 1999). This thesis
adds the new concept of “carbon-negative production” to the already existing options that can be
considered for R&D portfolios aimed at creating corporate strategies for carbon management.
Biomass-based industries rich in self-generated biomass residues will be uniquely equipped to
practice carbon-negative production through the implementation of BECS in the future.
Therefore, pulp and paper companies have the advantage that they can consider BECS and
carbon-negative production as part of robust technological portfolios hedging business risks
associated to climate change.

The implementation of BECS in production would certainly cause additional production costs
and the attractiveness of carbon-negative production would depend on the economic benefits to
the manufacturer, both tangible and intangible, which would have to compensate for production
cost increases. Tangible benefits could include carbon credits given for carbon reductions and a
price-increase of branded products featuring carbon-negativity. These benefits would depend on
the uncertain future price of carbon and willingness of the future consumers to pay for products of
high environmental standards. Intangible benefits could include the goodwill value that
companies manufacturing carbon-negative products could earn, and the impact that this would
have on the market’s valuation of such companies.

Modern asset pricing, commonly know as “real options valuation”, has been used as an
alternative to discounted cash flow methods (DCM) in many industrial applications, in particular
in the energy sector, to improve the representation of project structure within project valuation
models. It is believed that DCM analysis is not fully adequate in an environment of highly
uncertain patterns of climate change and other socio-economic and technological uncertainties
(Obersteiner, 2002). Myers (1973) observed that the theory on financial options could be used to
value investment opportunities in real markets – the markets for products and services. The value
of keeping one’s options open is clearest in investment-intensive industries where decisions are
done in incremental steps. With respect to business uncertainties related to carbon management
companies need to decide whether to invest now into various mitigation technologies, to take
preliminary steps reserving the right to invest in the future, or to do nothing. Because each of
these choices creates a set of payoffs linked to further choices down the line, all carbon
management decisions can be thought of in terms of real options. In the case of BECS, the
creation of a real option involves targeted R&D efforts and in some cases reservation of land for
biomass production.
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7.2 A Global Perspective on Carbon-Negative Biomass Energy Systems for
Modulation of Carbon-Driven Climate Risk

Stabilisation of atmospheric GHG concentrations at a safe level is a paradigm that the scientific
and policy communities have widely adopted for addressing the problem of climate change. The
static stabilisation paradigm is based primarily on two assumptions: (i) that a safe level of GHG
concentrations exists and can be sustained, and (ii) that such a level can be determined ex ante.
However, aiming to stabilise concentrations at a single target level might not be a robust strategy,
given that the environment is extremely uncertain.16

The availability of technological options for adaptation, preventive mitigation, and backstop
risk measures will be critical for limiting the risks associated with climate change. Technologies
that can relatively rapidly remove GHGs from the atmosphere will play an important role,
particularly if unforeseen catastrophic damages are expected to significantly decrease human
welfare and natural capital. Increasing deployment of sustainable BECS, together with structural
shift toward low carbon-intensive fuels, will turn out to be instrumental for a risk-limiting regime
and might offer ancillary benefits for sustainable development.

                                                  
16 The most obvious long-term risk-containing strategy is to aim at reversing the radiative forcing signal
back to its historically stable bounds – it appears that current knowledge about the climate system may still
be too limited to justify an excursion of GHG out of its long-term stable bounds (Obersteiner et al. In
manuscript).
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8 Concluding Remarks

8.1 Conclusions
Important conclusions from this work are:
• Considerable contributions to decreasing CO2 emissions could be achieved through energy

measures in Swedish pulp and paper mills and it is seems clear that the extent to which CO2-
reducing measures in pulp and paper mills are realised will have an impact on Sweden’s
capacity to reach agreed CO2 reduction targets. Whether or not technologies for CO2 capture
and sequestration are developed and implemented in Swedish pulp mills has a very large
impact on the size of the long-term CO2 reduction potential.

• In a short-term perspective a substantial share of the CO2 reduction potential is based on
measures that would result in CO2 reductions from marginal electricity production which
would mainly reduce emissions from power plants outside Sweden.

• In the long-term perspective major potential contributions to limiting the Swedish net CO2

emissions fall into two categories. Firstly, new Swedish fossil fuel-based electricity
production capacity may be avoided if pulp and paper mills increase their electricity
production and decrease their electricity consumption. Secondly, CO2 from biomass energy
conversion can be captured and sequestered providing that safe CO2 sequestration
technologies are developed.

• Several CO2-reducing measures analysed in this thesis show reduction costs that lie in an
attractive range compared to many other reduction opportunities in Sweden.

• It is well known that the black liquor integrated gasification with combined cycle (BLGCC)
is a technology that promises to improve the electrical efficiency of black liquor-based
combined heat and power production. This work has shown that pressurised BLGCC in
combination with CO-shift downstream the gasifier and CO2 absorption provides a system
which could provide a high electrical efficiency as well as high rate of CO2 capture.

• Biomass energy with CO2 capture and sequestration is a technical possibility that opens up
potentials for energy supply and products that are characterised by negative CO2 balances.
Systems for energy supply and CO2 capture and sequestration which would allow mills to
become net exporters of electricity while producing carbon-negative pulp or paper have been
identified.

• A market for externally provided energy services to Swedish pulp and paper mills is
emerging. Energy service companies (ESCOs) are actively seeking to get closer to customers
in the pulp and paper sector to develop new profitable business areas.

• The development of business and competence focus within pulp and paper companies and
ESCOs suggests that co-operation will become of increasing importance for the future
sustainable industrial energy management.

8.2 Suggestions for future studies
Some suggestions of topics for further research are:
• Detailed studies should be performed to assess the performance and cost of alternative

systems with black liquor gasification and CO2 capture and sequestration. In particular, there
is a lack of information regarding the influence of the CO conversion factor on the
performance of black liquor gasification-based technologies with CO-shift and CO2 capture
and sequestration.

• The possibilities for implementation CO2 capture in Swedish pulp and paper mills should be
further explored. Site-specific analyses (including assessment of CO2 transportation
alternatives) need to be carried out to better understand the potential of this technology.
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• Closer examination of co-operating companies regarding their strategies in terms of
competencies and business focus would provide valuable information Better knowledge in
that area could increase the understanding for the role that co-operation will have for the
development of sustainable industrial energy management. Furthermore, such information
could give guidance as to how the added value of partnerships in industrial energy projects
could be improved through coupling the right kind of competencies.

• The study of competence and business focus development in relation to sustainable energy
management should be extended to other industrial branches than the pulp and paper
industry. Such extension could provide information that could improve the theory on
sustainable industrial energy management.

• The potential for integrating biomass energy with CO2 capture and permanent sequestration
(BECS) into the global energy supply should be thoroughly assessed. BECS technologies
should be classified and assessed with respect to their possible contribution to modulate
carbon-driven climate risks. Moreover, BECS options should be included in global energy
models.
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10 Nomenclature and Glossary

m3 o.b. Cubic metres over bark
m3 u.b. Cubic metres under bark
t Metric tonnes

Subscripts
e Electricity

Abbreviations
ADt: Air-Dry tonne
BECS: Biomass energy with CO2 Capture and Permanent Sequestration
BLG: Black Liquor Gasification
BLGCC: Black Liquor Integrated Gasification with Combined Cycle
CC: Combined Cycle
CHP: Combined Heat and Power
CO: Carbon Monoxide
CO2: Carbon Dioxide
COP: Conference of Parties
COR: Cost of CO2 Reduction
ESCO: Energy Service Company
GHG: Greenhouse gases
IPCC: Intergovernmental Panel on Climate Change
LHV: Lower Heating Value
NGCC: Natural Gas-Fired Combined Cycle
O&M: Operation and Maintenance
R&D: Research and Development
US$: US Dollars
yr: Year
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