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ABSTRACT

Climate change is one of the most significant challenges to sustainable development
facing the international community. Increased attention has been given by industries and 
governments from both industrialized and developing countries to reduce greenhouse gas 
(GHG) emissions through the clean development mechanism (CDM), one of the Kyoto 
Protocol’s (KP) flexible mechanisms.

China is the biggest developing country in the world. The energy demands in China are 
increasing quickly with its rapid economic growth. However, low energy efficiency and 
coal-dominated energy make China the world’s second largest CO2 emitter behind the 
United States. Sweden, an industrialized country with high-energy efficiency and a good 
renewable energy system, shows its leadership in international cooperation and 
competence on the climate change issues. Sweden has already declared its desire to
contribute to making KP’s CDM work and become an effective instrument in the work on 
international climate change mitigation.

It is of great interest to investigate the possibilities and the potential of GHG emission
reduction through CDM. The objective of the work, considering the mitigating
greenhouse gases in a global perspective, is to study how to introduce CDM with 
technology transfer between Sweden and China. This study provides illustrative examples
of opportunities and benefits as well as revealing the problems associated with this 
mechanism.

Two research areas, i.e. bioenergy technology and energy efficiency in the steel industry, 
are studied in this thesis. Regarding bioenergy technology, with consideration of 
technology status and biomass resource differences between Sweden and China, this 
study explores the potential and benefits of implementing Swedish advanced bioenergy 
technologies in China. A case study further shows that it is possible to produce and utilize 
wood pellets in China by using Swedish technology under CDM. As for the energy 
efficiency in the steel industry, an optimization model was developed to simulate CO2
emissions. The modeling results show that CO2 could be reduced at a low cost by 
implementing CDM projects between Swedish and Chinese steel plants.

Language: English

Keywords: Climate change, Clean development mechanism, CDM, CO2, Bioenergy, Steel
plant, Modeling, Sweden, China 
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1 Introduction 

1.1 Background 
Climate change is currently one of the most pressing environmental issues facing the
international community. The Kyoto Protocol (KP) to the United Nations Framework
Convention on Climate Change (UNFCCC) strengthens the international response to 
climate change. KP sets legally binding commitments on greenhouse gas emissions in 
industrialized countries and introduces three flexible mechanisms, namely international 
emissions trading (IET), joint implementation (JI) and clean development mechanism
(CDM) to economically and efficiently reduce greenhouse gas (GHG) emissions. The 
latter two are project-based mechanisms. JI covers the cooperation between industrialized 
countries and CDM allows industrialized countries to invest in GHG emissions reduction 
projects in developing countries.

Industrialized countries are historically responsible for the largest share of global GHG 
emissions, meaning that they should take the lead in curtailing the problem as put forward 
by the UNFCCC (1992). However, the participation of developing countries is of
particular importance as their GHG emissions are projected to increase rapidly, especially 
regarding enormously populous states whose industrial output is rapidly expanding. In 
this context, CDM emerges as a useful mechanism based on UNFCCC’s equity and the 
principle of “common but differentiated responsibility”: those that have a historical 
responsibility (industrialized countries, or so-called Annex I countries of KP) are 
encouraged to invest in eligible emissions reduction projects in developing countries, 
where emissions are expected to grow most rapidly in future. The appeal of CDM is due
to the win-win situation established with industrialized countries being supported in 
reaching their emission targets more economically and developing countries receiving
financial support to achieve the sustainable development and contribute to the
environmental goals of the UNFCCC. 

The theory behind the CDM is based on the assumption that the marginal abatement costs 
(MACs) in developed countries are higher than in developing countries (Brockmann, 
1999) since opportunities for abatement at low prices such as environmental standards 
and energy efficiency have already been significantly exhausted. This means that with
every new abatement effort the costs of reducing one more tonne of GHG will rise. In 
developing countries, however, abatement costs are still quite low since few GHG 
reduction efforts have been made until now. Thus, by using the same amount of financial 
resources, GHGs could be reduced much more in a developing country than in an 
industrialized country.

During recent years, industries and governments from both industrialized and developing 
countries have increased their attention to reduce CO2 emission through CDM. Academia
and institutions have also shown their interests in this mechanism. The research areas are 
wide, such as potential benefits analysis, baseline methodology setting, transaction cost 
analysis, certified emission reduction (CER) price estimation in different countries, risk 
analysis and management. Large numbers of publications are available in these areas and
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will quickly increase as more and more CDM projects are/will be implemented in more 
developing countries worldwide after KP comes into effect (on February 16,  2005).

China is the biggest developing country in the world and the second largest CO2 emitter
behind the Unite States because of its rapidly increasing energy demands in recent years. 
China is a coal-dominated country where coal accounts for 70% of the current energy 
supply. Much CO2 is emitted during coal combustion since coal is the most carbon-
intensive fuel. In addition, China’s energy efficiency in the power sector and other 
industries is relatively low, though this efficiency has been greatly improved in the last 
decade. Hu and Jiang (2001) reported a large energy efficiency gap between China and
developed countries. In recent years, there have also been increased concerns about 
energy supply security and limited domestic coal resources (Larson, 2003). Considering 
these factors, it can be easily understood that Chinese provisional CDM guidelines accord 
high priorities to CDM projects with renewables and energy efficiency projects (Point 
Carbon, 2004).

Some previous research work regarding CDM in China exists. The size of the CDM 
market has been estimated by different models, showing China’s share to range between 
57-75% (Zhang, 2004). Zhang et al. (2001) discussed the CDM baseline methodology in 
the electricity sector. Mestl et al. (2005) studied the possibility of conducting clean 
production projects through CDM with air pollution control. Two studies regarding CO2
emissions reduction in energy intensive industries in China were carried out. Kaneko et al. 
(2004) conducted one case study on the choice of technology through CDM for a small
steel plant, where the technology transfer was between Japan and China. A Swedish study 
demonstrated the potential CO2 emission reduction in the Chinese cement industry via 
CDM by improving energy efficiency and applying new technologies in Chinese cement
plants (Nordqvist and Nilsson 2001).

Sweden is an industrialized country with high-energy efficiency and a good renewable 
energy system. Sweden has allocated more efforts to reducing CO2 in the last decades; 
consequently, compared to other EU countries, Sweden has a higher MAC (IEA, 2000). 
Sweden has also shown its leadership in international cooperation and competence on the 
climate change issues, while declaring its desire to contribute to making this KP flexible
mechanism work and become an effective instrument in the work on international climate.
The Swedish government stated clearly that CDM projects should not only lead to 
reduced GHG emissions, but also to a transfer of technology and knowledge and to social 
and economical development in host countries (SEA, 2003). Sweden proceeded with six 
proposals for CDM projects in Africa, Asia and Latin America, most on biomass
renewable energy (SEA, 2002). Bioenergy technologies have been well developed and 
widely used in Sweden. A Swedish study showed that CDM can promote bioenergy 
technology transfer and utilization in developing countries (Silveira, 2005).

1.2 Research objective and scope of this thesis 
The objective of the work, considering the mitigating greenhouse gases in a global
perspective, is to study how to introduce CDM with technology transfer between Sweden

 - 2 -



and China. This study provides illustrative examples of opportunities and benefits as well 
as revealing the problems associated with this mechanism.

In this work, two research areas regarding CDM are studied, i.e. bioenergy and energy 
efficiency in an industry process. The potential and benefits of a bioenergy technology 
transfer from Sweden to China under CDM is studied, followed by a feasibility study of 
the production and utilization of wood pellets in China by using Swedish technology. The 
possibility of reducing CO2 emissions through improved energy efficiency in the iron and 
steel industry is covered by using an optimization model with consideration of the EU 
emission trading scheme (ETS) and CDM. 

1.3 Layout of the thesis 
Figure 1 shows the research areas covered by this work and the thesis structure.
Following an introduction in Chapter 1, Chapter 2 briefly presents the methods used in 
the research work as based on four technical papers appended to this thesis. In Chapter 3,
two research areas including bioenergy technology and energy efficiency in the steel 
industry are offered. In the bioenergy section, biomass resources and bioenergy 
technology status in China are initially presented, followed by state-of-the-art Swedish
bioenergy technologies to compare the technology differences between these two 
countries. A specific case of bioenergy technology transfer under the CDM, i.e. wood 
pellets production and utilization in China, is further presented. In the energy efficiency 
section, the energy usage patterns in the Chinese steel industry are presented, followed by 
an introduction of iron-making technology in a Swedish steel plant. The possibilities to
reduce CO2 emissions for the Swedish steel plant by minimizing residues to landfill and 
by purchasing carbon credits under CDM are investigated through the use of a process 
integration method. Chapter 4 comprises the main findings of the work, followed by 
some discussions in Chapter 5. Finally, Chapter 6 contains some conclusions and Chapter 
7 recommends future work. 
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Figure 1 Illustration of the structure of the thesis
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2 Methodology 
To investigate the possibilities and the potential of CO2 emission reductions through 
CDM between Sweden and China, different methods are used or developed to calculate 
CO2 emission reduction, analyze CDM project’s feasibility or simulate CO2 emissions.  

The methods used or developed in the work are briefly introduced here. A full description 
of the methods can be found in appended papers. Figure 2 shows the basic concept of 
CDM project implementation between Sweden and China. Swedish bioenergy technology 
is chosen to be transferred to China under CDM. The steel industry, an energy intensive 
industry, is selected as one area to develop CDM projects. Sweden will involve CDM 
projects in China by either investing in new CDM projects or buying some carbon credits 
from existing CDM projects. The credits (emission rights in the figure) gained from these 
CDM projects will be used by Sweden to meet its emission allowance or be banked for 
future trading in the international carbon market.   

Figure 2 Structure layout of CDM projects between Sweden and China



2.1 Estimation of CO2 emission reduction by use of bioenergy 
technology

The method used in this study (Paper I) to estimate CO2 emission reduction by using 
bioenergy to substitute fossil fuels is shown in Equation (1). 

iiin
reduced

CO REE
2

      (1)
where,  signifies the estimated reduced CO2 emission; Ein, the input of the 
studied biomass resource; i, the energy conversion efficiency (for ith product) from the 
studied process based on Swedish technologies; and Ri, the replaced energy carriers’ total 
CO2 emission in kg CO2 GJ-1.  Some energy conversion processes have by-products. Each
by-product also has its own production efficiency value. Since each process has its own 
energy conversion efficiency, the total energy conversion efficiency will be the sum of 
these efficiencies. The main input performance data of the bioenergy production 
processes from Sweden are shown in Paper I. 

reducedECO 2

2.2 Project’s economic assessment 
In this work (Paper II), the following indices are used to assess the profitability of wood 
pellets project: net present value (NPV), internal rate of return (IRR) and year-to-positive 
cash flow (N).

The criteria for the project’s economic assessment are as follows: 

• If NPV  0, the project is feasible, and if NPV < 0, it is not profitable
• If IRR  8%*, it is profitable, vice versa 
• If N < 15**, it is profitable, vice versa 

*, the standard discount rate assumed in this work, 8%
**, the life time of the project: 15 years 
(For more explanations on the assumption of the standard discount rate and 
project life time, see Paper II) 

The NPV equation used in this work is shown in Equation (2).
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where I0 is the initial investment; C0 is the operating cost including raw material, labour
cost, maintenance cost, etc.; B0 is the revenue from the wood pellets, (B0=P  Q, where P
is the assumed price of wood pellets (EUR/tonne) and Q is the wood pellets production 
(tonnes/year)). In this study, the project’s construction period is assumed to be six months.

When considering the benefits of carbon credits (gained from CDM projects) for NPV 
calculation, Equation (2) is modified as the following: 
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where E signifies carbon credits revenue, EUR/tonne wood pellets. 

2.3 Optimization model for CO2 reduction in a steel mill 
Papers III and IV are based on process integration (PI) as an analysis method for the 
material and energy systems in the steel industry. PI includes certain kinds of 
technologies, such as pinch analysis, exergy analysis and mathematical programming. 
The common aim with all PI methods is to minimize the use of energy though their 
approaches vary.

In this work, the PI technology used is the mathematical programming method (also 
called optimization) which is based on the mixed integer linear programming (MILP) 
approach. This model was used to simulate the entire energy system, optimize the 
interchanges between energy and raw material use, analyze and minimize environmental
impacts for the steel industry (Larsson and Dahl, 2003; Larsson et al., 2004).

The MILP problem uses both continuous and discrete variables, i.e. binary variables, to 
describe the system. The MILP approach used in this thesis can be described in a general 
form as:

Objective:
njybxcyxz jjjj ,...1,),(min      (4)

Subject to: 

integeryRx
bByxA

bxA

n or0,1,
22

11

 (5) 

where x represents real variables considered as model specific parameters (xi means the
ith variable); y represents the binary variables and the function z(x,y) is the objective
function. The objective function could be energy, cost, CO2 emission, etc., depending on 
which objective(s) is set for the purpose of optimization; cj is the coefficients for the jth

variable in the objective function, for example, it will be the heating value of different 
energy flows if the objective function is for energy minimization.

Two different optimization models were developed and used to analyze and optimize the 
studied system described in Papers III and IV. An optimization model to minimize
residues to landfill for a Swedish steel plant is developed in Paper III, where the CO2
emission is also set as one objective function to study the potential CO2 reduction during 
the residue minimization. Paper IV illustrates a time-step based model to simulate the 
influence of EU ETS and CDM on CO2 emission allowance for the Swedish steel plant.
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In paper IV, the analysis is done as a multi objective optimization problem based on cost 
optimization (production cost minimization) and bounded CO2 emission according to 
equations (6 and 7):

t j
tjntj

n
nn xCba )(min ,,,        (6)

where, n is the objective, e.g. the objective will be cost when n=1, and CO2 emission
when n=2, etc.; xj,t is the variable j for the time step t; cj,t,n is the coefficient for the 
variable j of objective n in time step t; an and bn are coefficients that can be used to 
normalize and scale the objective.

The CO2 objective is bounded according to (7):

nCxC tntj
t j

ntj ,,,
1 1

,,        (7)

where, Cn,t is a constraint for the objective for the different time steps t and the whole 
analyzed period. 

2.4 Estimation of CO2 emission reduction in the iron and steel 
industry

In this work (Paper IV), by improving energy efficiency (for CDM scenario), the 
estimated CO2 emission reduction in the iron and steel industry is calculated according to 
the following equation:

12
44

2

CEFE
E Savingreduced

CO

where, signifies the estimated COreduced
COE

2
2 emission reduced (tCO2/yr);

is the estimated energy saving (GJ/yr); CEF is the carbon emission factor (t-C/GJ); 44 is 
the molar mass for CO2 and 12 is that of C. 

SavingE
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3 Case study descriptions 

3.1 Reduction of CO2 emissions by use of bioenergy 
In the research area of bioenergy, the activities included are to explore the potential, 
benefits and implementation of advanced biomass technologies during a collaboration 
between China and Sweden through CDM. Furthermore, a feasibility study of wood 
pellets production and utilization in China by using Swedish technology was conducted. 

3.1.1 Biomass resources and bioenergy technology in China 
China has a wide range of biomass resources that can be used for energy supply. Biomass
is the second largest energy resource after coal (Li et al., 2002). Figure 3 shows that 
potentially 473 million tonnes oil equivalent (TOE) of biomass can be used as energy
resource in China (Yuan et al., 2003), including crop residues, fire wood, animal dung, 
municipal solid wastes (MSW) and industrial solid wastes (ISW). Traditionally, crop and 
forest residues have been used as energy resources in rural areas for cooking and heating 
by direct burning, resulting in severe indoor air pollution due to the low-efficient and 
high-pollutant combustion of biomass (Chen et al., 1992). However, with the recent 
growth of farming incomes, this situation has changed. More and more rural residents 
tend to use electricity and liquefied natural gas since they are more convenient and 
cleaner than burning crop and forest residues. More biomass agricultural residues are 
either left on farmlands or burnt directly without any energy usage in order to reduce the 
work of transporting and stockpiling of these residues. Liao et al. (2004) estimated the 
unused agricultural residues to 51.9% and 45.8% for unused forest residues, available as 
energy resources in China.

Figure 3 Biomass energy resources distribution in China (473 Mtoe). 

Source: (Yuan et al., 2003)

Using more biomass energy is important when considering the continuously increasing
energy demands in China as well as increased concerns about the security of the energy 
supply and limited domestic coal resources. The Chinese government has paid more
attention to the research and development (R&D) on biomass energy technology in recent 
years. However, bioenergy technologies are generally at a low development level with 
only a few technologies being commercially available, e.g. small-size anaerobic process 
and briquette densification with screw presses. Some technologies are at R&D stage, e.g. 
straw and stalk gasifer, alcohol from cellulose materials, biomass cogeneration while 
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others have just started, e.g. landfill gas for electricity and biomass integrated gasification 
combine cycle (BIGCC). Research or production information on methanol (MeOH), 
dimethyl ether (DME) and wood pellets in China is not available in the literature.

3.1.2 Bioenergy technology in Sweden, state-of-the-art 
Bioenergy (including black liquor) in Sweden makes up over 16% of its energy supply 
today (Risberg, 2003). The Swedish Environmental Protection Agency estimated the 
share of bioenergy will be 21% of total energy supply by 2010 (SEPA, 2004). The main
biomass energy resources in Sweden are wood fuel and MSW. However minor 
contributions are found in straw and short rotation coppice (SRC). Available biomass
energy technologies used in Sweden are summarized and illustrated in Figure 4.

Resources Conversion technologies Final Energy Carriers

PelletsCombustion/CHP

Figure 4 Interconnections between biomass energy resources, conversion options and final energy
carriers in Sweden.

Biomass technologies have been developed and widely employed in Sweden. Abundant 
forestry and well developed forest industries have led to wood based bioenergy 
technologies playing an important role in Sweden. However, a series of Swedish 
government policies regarding the reduction of greenhouse gases and fulfilling the 
country’s commitment to the Kyoto Protocol  are the main drivers for the continuous use 
of bioenergy and other renewable energies. The main policies include energy and
environmental taxation, extensive energy policy programs and its commitment to phase 
out its nuclear generation capacity that presently accounts for 33% of the total primary
energy supply (SEA, 2003). 

 According to KP, Sweden is allowed to increase 4% (2008-2012) of its GHG emissions compared to 1990
levels. However, the Swedish government sets national target to reduce its GHG emissions by 4% during
the same period.

Wood fuel 
Gasifer Ethanol

Dryer
MeOH/DME

MSW
Energy combine

Power
Ethanol plants 

HeatStraw and SRC 
MeOH/DME plants 

Biogas plants Methane
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3.1.3 Case study of wood pellets technology transfer to China
In this case study, the possibility of transferring wood pellet technologies from Sweden to 
China was investigated. Compressed under high pressure with no additives, wood pellets
are a renewable fuel, mostly produced from sawdust, planer shavings and dry chips. This 
fuel has been considered as a good substitute for coal due to its similar characteristics to 
those of coal. Wood pellets and coal have similar physical properties and heating value, 
and they are easy to transport. The similarities mean that it is possible to use similar
combustion technology. 

Sweden is the largest pellet user and producer in Europe and the second producer in the 
world after the United States (O.Oe. Energiesparverband, 2004). Wood pellets are 
primarily used as a substitute for coal in some Swedish large-scale power plants (Van
Loo and Koppejan, 2002). In paper II, a virtual project was designed to study the 
feasibility of using pellets as a substitute for coal in China. This project is based on a 
large-scale wood pellets plant in Sweden, with an annual wood pellets production of 
80,000 tonnes (Hirsmark, 2002). The production process includes drying, comminution,
pelletisation, cooling and products storing, as shown in Figure 5.

Screen

Pelletisation

Drying and
comminution

Cooling Pellet storageRaw material

Figure 5 Diagram of the wood pellets production process

In this work, four regions are selected to perform feasibility studies. Wood pellet prices 
are assumed to be the same as those for local coal (per energy unit) to find out if wood 
pellets are competitive in these regions.‡ Swedish technology was chosen to precede the 
techno-economic analysis. An analysis process used in this work is shown in Figure 6. In 
this analysis process, the market-only-based scenario, i.e. without considering any other 
instruments and subsidies, is first presented. The possibilities of increasing the projects’
profitability are investigated in the new scenarios, e.g. by increasing bank loan, adding an 
environmental tax on coal, or adding a carbon credits revenue to wood pellets production. 

‡ In order to calculate the financial indices of the project, the wood pellets price needs to be assumed in
advance. Coal price is  choose as the price of wood pellets by per energy unit because coal is the dominated
fuel in China, whether wood pellets could share energy markets in China or not, one simple but cogent
reason is that wood pellets have price competitiveness with coal, either lower than coal, or at least equal to
coal price. 
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Furthermore, the potential CO2 emission reduction achieved by replacing coal with wood
pellets in one industrial boiler is presented.

Project’s profitability &
evaluation

Economic analysis methods
selection and use: 

-  NPV, IRR…… 

  Results  Results

Possible improvement
measures (as the source of
new input date described
with dashed line)

Input data selection and
characteristics:
-  Technical parameters
-  Initial investment cost
-  Operation cost
-  Resource availability
-  Standard discount rate 
-  Production scale 
-  Project lifetime
 -  Tax and subsidies
 -  Bank loan,
 -  Regulatory requirements

Price regulation
Environment

 -  International instruments 
  …… 

-  Tax and subu sidies
- Bank loan,
-  Regulatoryrr requirements

Price regulation
Environment

-  International instruments
 …… 

Assumption&Simpification

Figure 6 Illustrative flow sheet of analysis process
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3.2 Reduction of CO2 emission in iron and steel industry 
The optimization model was used to simulate the CO2 emission in a steel industry. Two 
cases are carried out to show the possible ways to reduce CO2 emission at low costs. The 
main objective of the first case study is to minimize residues to landfill with
consideration of energy, economy and environmental aspects. The CO2 emissions
reduction was also calculated. The second case was to investigate and evaluate the 
optimum solution(s) in one Swedish steel plant to meet its emission allowance with a low 
reduction cost. The CDM model was created as one scenario (alternative) to reduce CO2
emissions with by using Swedish technologies in China.

3.2.1 Steel industry in China 
China is the largest steel producer and user in the world. However, the energy efficiency 
of Chinese steel production is generally poor. The specific energy use and carbon dioxide 
intensity in China are high, and are ranked to the highest even among developing 
countries (Price et al., 2002). Over 90% of all steel plants are small or medium-sized,
using inefficient equipment and out-of-date technology. In 1997, China had 1,570 steel 
and iron plants, where around 97% of them were considered small with an annual 
production of less than 0.5 Mt (Ma et al., 2002). As shown in Figure 7, most steel plants 
in China use the BOF production process, providing around 82.8% of steel (Price et al., 
2002). Coal accounts for 74% of the final energy use in steel plants in China, resulting in 
carbon dioxide emissions from steel production accounting for 12% of total emissions in 
China (Maarland et al., 1999). Moreover, waste generated from steel plants is causing 
adverse environmental impacts, e.g. solid wastes deteriorate the natural environment, and 
SO2 discharge has caused serious local air pollution.

Figure 7 Steel production in China by process, 1970-1999

Source: L. Price et al. (2002) 

An insufficient supply of raw materials would constrain the growth of China's steel
industry by bottlenecking the growth of steel production. While the demand for domestic 
steel is increasing, the supply of iron ore and coke has, in recent years, been strained. 
Low production efficiency means high raw material consumption, high energy use and 
more generated waste. At the same time, high SO2 and CO2 emissions are resulting in 
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local air pollution and more contributions to the global climate change. To solve these 
problems, steel plants need investments to update their out-of-date equipment with new 
technologies.

3.2.2 Iron-making technology in the Swedish steel plant, SSAB 
An integrated steel plant, SSAB Tunnplåt AB in Luleå (SSAB), is chosen as the studied
system in Sweden. As shown in Figure 8, the SSAB system consists of one coke oven 
plant, one blast furnace (BF) with hot stoves, two basic oxygen furnaces (BOF 
converters), secondary metallurgy processes and two slab casting machines. The final
product from the steel plant is the steel slab. The annual SSAB steel slab production in 
2003 was 2,140 kt.

Figure 8 Schematic process layout of the SSAB steel mill. Processes in the figure, from left to right: coke
oven plant, BF, de-sulphurisation plant, BOF converter, secondary metallurgy processes (refining units
CAS-OB and RH vacuum degassing unit) and CC unit.

The steel industry is one of the most energy intensive industries, often with high CO2
emissions. As a member of European industries, SSAB joined the EU ETS program to 
curb European industry emissions. As shown in Figure 9, the main process units, e.g. 
coke oven plant, BF and BOF are also the main source of CO2 emissions. The CO2
emission inventory covered at SSAB also includes the CHP plant and a lime furnace.
Current CO2 emissions at SSAB are around 3,850 kt per year.
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Figure 9 Schematic process units layout of the SSAB steel mill and CHP plant with CO2 emission 
sources.

3.2.3  Preliminary studies using an optimization tool

3.2.3.1 CO2 reduction integrated with material recycling
The basic purpose of this work (Paper III) is to minimize residues to landfill. The 
potential CO2 emissions reduction can be analyzed at the same time by using the 
optimization model.

The handling of residue material has become increasingly important from energy,
environmental and economical points of view. The optimising model was expanded to 
include the generation and recycling possibilities of the different residue materials. The 
current recycling alternatives (i.e. rest material briquette and BOF slag top charged to the 
BF) and new possibilities (i.e. new briquette for the BF, injection of BF flue dust into the 
BF and cold bonded (CB) pellets to the BOF) were evaluated in eight cases and one
reference case. The reference case, case 1, was set to simulate the current situation
according to 2002 production, and was used as the basis for comparing the different cases. 
The different cases were analysed one at a time, they are 

In case 2, the mill scale briquette was analysed.
In cases 3-5, different amounts of flue dust injection to the BF were analysed (i.e. 
5.0 kg/thm, 1.0 kg/thm and 2.2 kg/thm).
In cases 6-7, the cold bonded pellet to be used in the BOF was analysed.
In case 8, optimization between different cases 2-7. 
In case 9, same as case 8, but the external mill scale was allowed.

The different recycling possibilities analysed are shown in Table 1. 
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Table 1 Recycling possibilities, BF briquette and BOF cold bonded pellets, [%].

Process
unit

BOF
sludge

fine

BOF
sludge
coarse

BOF
slag BF

dust
Mill

scales
Steel
scrap

Desulph.
Scrap

Briq.
Fines

filter
dust cement

Existing
 Briquette1, normal BF - 14.8 - 26.0 - 23.2 8.8 8.7 8.0 10.5
 Top charged BF - - 100 - - - - - - -
New possibilities

Briquette2, mill scale BF - 14.8 - - 26.0 23.2 8.8 8.7 8.0 10.5
 Injection BF - - - 100* - - - - - -
 CB pellet1 BOF 40 20 - 20 10 - - - - 10
 CB pellet2 BOF 51 26 - - 13 - - - - 10
BF flue dust mixed together with PCI. 

The objective function was based on the different residue materials treated through the
landfill. In the optimisation, measures to increase the amount of residues recycled and the 
source of generated residues were considered. In the optimised cases 8 and 9, the
possibilities of reducing the amount of residues to landfill were analysed.

3.2.3.2 Using CDM to meet CO2 emission allowance for Sweden 
To comply with Kyoto Protocol’s commitment, the EU decided to introduce an emission
trading scheme (ETS) to curb Europe’s industrial emissions. EU ETS is an internal 
market within EU countries to trade carbon dioxide emissions, enabling companies
exceeding individual CO2 emissions targets to buy allowances from 'greener' ones. It is 
permissible to use certified emission reductions (CERs) gained from CDM projects to 
meet CO2 emission allowance. As one member of the steel industry, SSAB has joined the 
ETS program.  The CO2 emission allowance for SSAB is 4,016 kt per year (SPEA, 2004), 
the largest of all plants in Sweden (around 17.5% of the total). Paper IV studies whether 
there is an emission gap or not, what the influence will be from ETS and CDM, and how 
to fill up the emission gap in the most cost effective way if such emission gaps exist. A
future production plan and CO2 emissions allowance in SSAB are estimated in Paper IV. 
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Figure 10 A schematic outline of the modeled system.          ,   boundary of original ISIM;           ,
boundary of new model 

The optimization model was used to investigate the opportunities of meeting the emission 
allowance with low costs for SSAB. Measures include internal changes within the plant, 
allowance purchases via the EU ETS and buying credits through KP’s CDM. Based on 
these measures, several scenarios are created and modelled (described in detail in the 
Paper IV). Figure 10 shows the model boundary to cover three parts, i.e. SSAB steel and 
CHP plant (see Figure 9), EU ETS and CDM. In the model, a function of time step is 
used since both CDM and ETS are time-step based schemes. The time steps set in the 
model are the following: before Kyoto Protocol (BKP)§, Kyoto Protocol (KP), and post 
Kyoto Protocol (PKP), as shown in Table 2. The table also presents the production 
forecast and assumed CO2 emission allowance during the time steps. 

Table 2 Time steps used in the model and steel production forecast in SSAB 

BKP 
(1st ETS)

KP
(2nd ETS) PKP Time step

T1 T2 T3 T4
Year span 2005-2006 2007 2008-2012 2013-2020 
Production projection (%)a 100% 107% 108% 108%
CO2 emission allowance (kt/year) 4016 4016 3856b (-4%) 3614b (-10%)

a, Production forecast change is based on the production for 2003 with an increased production at the end of the period. 
For the year 2007 in BKP, production forecast is not assumed to be the same as the first two years, with instead a 7% 
increase. Note that the increased production is only a calculation scenario and is not a decided production plan. 
b, Assumed emission levels for KP (-4%, the same as Swedish national emission target) and PKP (-10%) of BKP level. 

The following cases are simulated in the model.  

                                                          
§ In this work, time step is set on the basis of KP commitment periods (2008-2012). BKP is the same as 1st

ETS (2005-2007). PKP means the periods of 2013-2020. 



Reference case - business as usual (BAU): This scenario is a projection based on a 
series of consistent assumptions. In this scenario, no measures (internal or 
external) were taken to reduce CO2 emissions at the steel plant.  The driving force 
in the model is the projected production during time steps. 
Case 1 - ETS simulation: In this simulation, the EU ETS is used to fill up the 
emission gaps. The model was bounded by the CO2 emissions allowance, i.e. 
SSAB needs to buy the excess emission via the emissions trading market within 
EU.
Case 2 - ETS and CDM optimization: In this scenario, the emission gap will be
filled up by either buying allowance permits via ETS or purchasing CERs via 
CDM.
Case 3 - Optimization scenario: The optimized cost objective strives to decrease 
the production cost for the system to its minimum while satisfying the CO2
emissions limitation, and hence minimizing the CO2 reduction cost. All possible 
alternatives are included in the model, i.e. internal measures, ETS and CDM 
scenarios. The model was set free to optimize among the different alternatives. 
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4 Results

4.1 CO2 emission reduction by use of bioenergy technology 
The CO2 reduction achieved per TJ of added biofuel (Tonne CO2 ) for the 
different bioenergy technologies (see Figure 4 and Paper I) is calculated and presented in 
Figure 11. For each technology, the products, in energy terms of fuel pellets, DME and 
methane (from landfill gas) for transportation, power and heat, are quantified as a 
percentage of biomass energy input on a low heating value (LHV) basis. The studied 
system was considered from the biomass fuel feedstock to the end products such as 
power, heat or liquid/gas fuels. 

1
addTJ , fuel

Figure 11 shows CHP based systems to have a generally high reduction, since CHP based 
systems have high total efficiency. The ranking priority regarding CO2 reduction from 
high to low will be systems of Wood CHP_FGC II, LFG_CHP, Wood CHP_FGC 0, 
Straw_CHP and MSW_CHP.
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Figure 11 CO2 reduction of the different process options per added biofuel.

4.2 CO2 emission reduction by use of wood pellets as a 
substitute for coal 

As discussed in Paper II, wood pellets projects in the selected regions are regarded as
CDM projects so that the generated carbon credit revenues, i.e. CERs, can be added to the 
project. To quantify the corresponding NPV, the CER in the unit of EUR/tonnes of CO2
is converted to EUR/tonne of wood pellets. Accoring to PointCarbon (2003), the CER 
price preference range is 3-6.5EUR/t-CO2 among the Annex I parties with the average 
price of 4.75 EUR/t-CO2; the preferable CER price for Sweden is 5 EUR/t-CO2. Figure 
12 shows NPVs in selected areas under four CER price scenarios, i.e. low, middle, high 
and Sweden’s CER price. According to Equation (3), the calculation results show
positive NPVs in Fujian in all CER price scenarios, while NPVs in the other three regions,
Inner Mongolia, Hei Longjiang and Jilin, are all negative.
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Figure 12 The project’s NPV in selected regions under different CER price scenarios 

The potential global environmental benefits of reducing CO2 emissions by using wood 
pellets to replace coal is calculated in a 7 MWth coal-fired industrial boiler with a thermal 
efficiency of 80% and 5,000 hours of operating time. The result shows around 13,000 
tonnes of CO2 emissions could be reduced annually by the coal substitution.  

4.3 CO2 emission reduction integrated with minimizing residues 
to landfill

Related to the work in Paper III, Figure 13 shows the lowest amount of residues to 
landfill is achieved in cases 8 and 9 (two optimised cases), where a mix of the different 
recycling alternatives is implemented. As shown in Table 3, in the optimised cases, the 
existing recycling through BOF slag and briquettes to the BF was increased. New 
recycling alternatives with flue dust injection and a new type of briquette for the BF and 
cold bonded pellet to the BOF were enabled. The increased recycling of BOF slag and 
briquettes to the BF has a direct effect on the use of the raw material pellets and lime, 
which were decreased.  
Table 3 Specific changes proposed from the optimisation (units:  BF, kg/thm; BOF, kg/tls) 

 BF BOF 
 1 8 9 1 8 9 
Pellets 1380.8 1371.8 1369.4 Hot metal 921.5 844.1 844.1 
Coke 336.1 335.9 339.1  Scrap 92.5 137.6 137.6 
PCI 129.9 134.1 134.6  Pellets 18.9 0 0 
Flue dust 0 2.5 2.8  CB pellets1 0 0 0 
Lime 59.0 46.5 46.4  CB pellets2 0 1.9 1.9 
Briquette1 40.3 42.3 40.0      
Briquette2 0 5.4 7.7      
BOF-slag 36.6 39.6 40.0      
Slag 170.3 162.8 164.3      

Integrated with the main objective of minimizing residues to landfill, the corresponding 
energy use and CO2 emissions are also calculated (based on the energy use and CO2



emission objectives) for the analyzed cases. The relative changes compared to the 
reference case (case 1) are shown in Figure 13. For the optimized cases, the residues to 
landfill are decreased by approximately 22%, leading to a decrease in the energy and CO2
emissions by ~2%. 
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Figure 13 Comparison of relative change in energy use and CO2 emission for the different cases
based on minimisation of residue to landfill

4.4 CO2 emission reduction by internal changes and via EU ETS 
and CDM 

With reference to the work in Paper IV, the simulation results of CO2 emission are 
presented in Figure 14 indicating lower predicated CO2 emission than the emission
allowance allocated for the first two years in the BKP period. However, the predicted 
CO2 emission will exceed the allocated emission from the last year in the BKP period
through the entire time steps.
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Figure 14 CO2 emission allowance and calculated CO2 emission (BAU scenario)
during different periods in SSAB.

Table 4 shows the CO2 emission gaps during the different time steps, annual CO2
emission reduction and the cost for CO2 emission reduction in the different cases.  In case
1 (ETS simulation), the EU ETS is used to fill up the emission gaps. SSAB needs to buy 
the excess emission via the emissions trading market within the EU with the price per
unit allowance of 29.6US$/t-CO2 (Kaneko et al., 2004). 
Table 4 Summary of estimated relative CO2 emission for the reference case (compared to T1) saved CO2
emission (ktCO2/yr) and cost for CO2 emission reduction.

BKP KP PKP
T1 T2 T3 T4

Year span 2005-2006 2007 2008-2012 2013-2020
Reference
CO2 emission BAU 100% 107% 108% 108%
Gap CO2 emission, BAU – Allowance
(ktCO2/yr) 0.0 129.6 274.1 516.0

Case 1 - only ETS
ETS 0.0 14.8 31.3 58.9
Abatement cost (US$/tCO2) 0 29.6 29.6 29.6
Case 2 - ETS and CDM
CDM 0.0 14.8 17.6 17.6
ETS 0.0 0.0 13.7 41.2
Abatement cost (US$/tCO2) 0 1.6 18.4 19.0
Case 3 - Internal change, ETS and CDM
Internal change 14.9 16.5 16.6 41.2
CDM 0.0 0.0 14.8 17.6
ETS 0.0 0.0 0.0 0.0
Abatement cost (US$/tCO2) 0 0 9.6 13.6
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In case 2 (ETS and CDM optimization, see 3.2.3.2), purchasing allowance permits via 
ETS or CERs via CDM will fill the emissions gap. Compared to case 1, the abatement
cost for the different time steps decreases to 15.4 US$/t-CO2 in average. 

In case 3 (Optimization scenario), all possible alternatives are included in the model, i.e. 
internal measures, ETS and CDM scenarios. The model was set free to optimize among
these different alternatives. The result from the optimization shows that through internal 
changes, the calculated CO2 emissions are reduced for all periods. Consequently, SSAB
will not make use of CDM and ETS during the first period (including the year of 2007),
when the CO2 saved through the internal changes will be enough to fill up the gap. 
However, from the KP period, the calculated CO2 emissions will exceed the emission
allowance allocated if the plant only makes internal changes. Thus, other measures are 
necessary. The table indicates that ETS will not be used to fill up the emissions gap even 
for the last two periods; instead the model will choose the alternatives from the CDM
scenario due to its lower abatement cost. The resulting abatement cost in case 3 is the 
lowest (9.8 US$/t-CO2 in average) compared to the other two cases. 

 - 23 -



 - 24 -



5 Discussion 

5.1 CO2 emission reduction by use of bioenergy 
Development of the Chinese economy and improved living standards have led to an 
increased energy demand which will continue to increase in the future. The potential
market for energy (heat, electricity or transportation fuel) will be immense, and the time
is right for bioenergy technologies to penetrate into the huge energy market.

The CO2 reductions achieved per TJ of added biofuel indicate a strong link between it 
and the total efficiency of the systems. High total efficiency gives high CO2 reduction.

Ggeographic characteristics and biomass availability are the two main important factors
when choosing bioenergy technologies. For example, long winters, abundant forestry and 
wood industry have determined wood based bioenergy technologies to play an important
role in Sweden. The geographic characteristics of the different areas in China vary greatly.
However, since China is an agricultural country with abundant straw and crop residues in 
rural areas, straw based technologies will have a good opportunity to develop. If 
considering the growing population density in urban areas, MSW based technologies, i.e. 
incineration and landfill gas converted to energy, should be taken into account. However, 
this does not mean that wood based energy technology cannot be employed in China.
Chinese forestry is unevenly distributed. Therefore, the niche-market for wood based 
bioenergy technologies probably also exists in some forestry-rich areas. Although a
limitation of this study is the lack of an economic feasibility analysis of these 
technologies, it does represent a first attempt to study the possibility of transferring these 
bioenergy technologies from Sweden to China with regards to biomass resource 
availability, geographic characteristics and CO2 emission reduction factors. An economic
analysis needs to be performed in a future study to calculate the projects’ economic
profitability.

Instead of performing an economic feasibility analysis for all bioenergy technologies, the 
feasibility study of wood pellet production and utilization with a technology transfer from
Sweden is conducted in this thesis. Swedish experience shows that levying energy and 
environmental taxes on fossil fuel allows wood pellets to penetrated the Swedish energy 
market. However, adding a high tax to coal would not be possible in China in the short 
term considering its heavy dependence on this resource in the Chinese economy. Whether
this tax instrument is effective or not depends on how Chinese governmental attitudes and 
efforts on climate change mitigation are directed in the future, considering other factors
such as the energy resource/ supply security, the local pollution, etc. are also important.
Adding carbon credits on wood pellets through CDM could be one solution to make the 
wood pellet projects profitable. Note that in this study, coal will be replaced. If other 
fossil energy carriers are replaced, e.g. natural gas - a much more expensive fuel than 
coal in China, the wood pellet project will become more profitable. Thus, wood pellets 
will be more competitive in more regions. Further, the cost of transportation is not 
considered in our calculation, and while the coal prices in different regions have already 
included the transportation cost, the CO2 emissions related to transportation have not 
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been considered either in this study. Hence, the results shown in this study can be taken 
as the reference for local regions.

5.2 CO2 emission reduction by improving energy efficiency in 
the steel industry 

The model simulation on residues to the landfill at SSAB showed a possible reduction of 
CO2 emissions by the steel plant when residues were minimized.. The minimisation of 
residue material to the landfill is connected to an increased internal and external recycling. 
An increased internal recycling might lead to reduced energy use and CO2 emissions
from the system because the recycled residue material is reintroduced into the production
chain closer to the final product. Less primary raw material might be needed in the 
optimization cases, resulting in a decreased use of primary raw material with a decreased 
energy use and CO2 emissions. A decrease in landfill resulting in lower values of energy
and CO2 emission is something that occurs often, though it is not a general rule. In 
principle, a good efficient practice almost always, leads to better energy efficiency and 
decreased CO2 emissions. The measures taken in the model to minimize the residues to 
landfill could be introduced to Chinese plants under the CDM to increase residue material
recycling, reduce the amount of residues to landfill and simultaneously reduce CO2
emission to the atmosphere.

In the analysis of CO2 emission allowance in SSAB, all costs have been fixed at year 
2001 levels. No corrections were made to the cost levels for the KP and PKP periods. The
raw material cost actually might change in the future due to the change in production and 
demand. For instance, the costs for iron ore and coke are today rapidly increasing and 
will probably continue in the near future, influencing the ratio between hot metal and 
scrap, and thereby affect the CO2 abatement cost. The opposite might occur with a high 
CO2 reduction cost, which then might increase the demand and price of steel scrap. 
However, by using this kind of analysis, it is possible to evaluate different measures to 
reduce the CO2 load and the effects these have on the operation of the system.

Due to different changes in energy and raw material prices along with CO2 abatement
cost for different scenarios, a sensitivity analysis is of interest to investigate in future
work.

The CDM projects studied in this thesis are virtual projects. However, the results
achieved could be used to analyze real projects in the future.
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6 Conclusions 
This thesis consists of two research areas regarding CO2 emissions reduction through 
CDM. The most important conclusions from this work are summarized below: 

When considering technology and energy resource differences between Sweden 
and China, and increasing energy market demands in China, it is possible to 
transfer Swedish advanced bioenergy technologies to China through CDM. 
Swedish practices and competences will facilitate bioenergy utilization in China,
advancing towards its sustainable development. By doing so, Sweden will 
continue to enhance its leading position of bioenergy technologies, increase 
international energy markets and gain more experience on international 
collaborations related to the CDM. 

The “market-based-only” scenario for the case of wood pellet production and 
utilization as a substitute for coal in industrial steam production shows the wood 
pellet project to be unprofitable in selected regions in China by using the Swedish 
technology. However, a niche-market of using wood pellets in some region in 
China, e.g. Fujina, will exist after carbon credits are added to wood pellets
through CDM.

A process integration method for the steel industry has been developed and used 
as a modelling tool for CO2 emission simulation. The model developed for residue 
material recycling has considered the material and energy system for SSAB 
Tunnplåt AB. The modelling results show a possible reduction in CO2 by 2% as 
well as minimizing residues to landfill by 22%. The measures taken by SSAB in 
the model could be transferred to similar plants in China via CDM in the future.

A time-step function has been developed and used in the optimization model to
investigate and evaluate the optimum solution(s) for a steel mill to meet its CO2
emission allowance with low reduction cost. The optimized case shows that 
internal changes and the CDM scenario will contribute to help the studied steel
plant to meet the emission trading allowance and future KP commitments. The 
model developed in this work can serve as a benchmark for the future emission
trading simulations within the steel industry.
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7 Suggestions for future work 
The following suggestions are recommended for future work: 

The potential CO2 emissions reduction if implementing Swedish bioenergy technologies 
in China is studied. An economic analysis for each technology needs to be performed in
the near future to calculate the economic profitability.

Our study illustrates that there is a niche-market for wood pellets in China. Wood pellets 
are assumed as a substitute for coal. Compared to other fossil fuels, e.g. natural gas, the
price of coal is much lower. Therefore, it is of interest to study the potential wood pellets 
market if natural gas is to be replaced.

The modelling results for CO2 emissions at the steel plant show the possibilities of 
reducing CO2 emissions with low costs. According to CDM’s additionalities, CDM 
projects should comply with the requirements of developing countries for their 
sustainable development. The Chinese government affords high priority to control air
pollutants, e.g. SOx and NOx. Hence, it will be of interest in the future to expend the
model to simulate emissions of SOx and NOx.

In this work, a preliminary time-step based model was developed in which EU ETS and 
KP’s CDM are included. Future models should also consider KP’s two other mechanisms,
i.e. IET and JI. 

According to the work of using CDM to meet Sweden’s CO2 emission allowance, the 
following research work is recommended to perform in the near future: 

Due to different changes in energy and raw material prices as well as CO2
abatement cost in different scenarios, a sensitivity analysis is of interest to
investigate; the uncertainties of the ETS permit price and carbon price in CDM 
are also of interest to analyze.

Possibilities for investing in breakthrough technologies, e.g. ultra low CO2 steel 
making solutions (ULCOS) technologies, at SSAB to decrease the CO2 emissions
are of interest to study. 

All projects regarding CO2 emission through CDM are virtual projects. Demonstration
projects are of interest to develop in China in order to validate our research results.
Furthermore, risk analysis and management for the CDM projects are of interest to study 
in order to control the potential risks and ensure successful implementation of CDM
projects in the future. 
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Abstract

During recent years, increased attention has been given by industries and governments 
from both industrialized and developing countries to reducing greenhouse gas (GHG)
emissions through the clean development mechanism (CDM). As China has increasing 
demands on biomass energy and Sweden has good practices and competence in 
developing and utilizing biomass energy technologies, the paper studies the possibilities 
of implementing these advanced Swedish technologies in China. With consideration of 
technology status and biomass resources differences between these two countries, this
paper explores the potential and benefits of implementing advanced biomass technologies 
between China and Sweden through CDM. The potential CO2 emission reduction from
each technology for China is studied. The results recommend a few priority areas for 
future CDM projects selection between Sweden and China. 

Keywords:  Clean development mechanism; CDM; Greenhouse gas; GHG; Carbon 
dioxide; Biomass energy; Sweden; China 

1. Introduction
Climate change is one of the most significant challenges to sustainable development
facing the international community. Increased attention has been paid to reduce 
greenhouse gas (GHG) emissions through the clean development mechanism (CDM), one 
of the Kyoto Protocol’s flexible mechanisms, by industries and governments from both 
industrialized and developing countries. CDM intends to help the industrialized countries 
meet their legally binding commitments under the Kyoto Protocol (KP). At the same
time, it will assist developing countries to achieve sustainable development by 
implementing eligible emissions reduction projects invested by the developed countries, 
thus the developing countries will contribute to the climate change mitigation as well. 

China is the biggest developing country in the world, and it is the second largest CO2
emitter behind the Unite States. China is a major energy consumer with coal as the 
dominant energy, which accounts for 70% of current energy supply. Coal combustion has 
caused serious local (particulate), regional (SO2 and NOx) and global (CO2)
environmental pollutions. The first pollutant contributes significantly to domestic health
problems in densely populated areas, the second one forms acid rain falling on about 30% 
of China’s total land and area which also contribute to the health problems, while the last
one is of great concern to the global greenhouse gas. Considering the continuously 
increasing energy demands in recent years, there are also growing concerns about energy
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security and limited domestic coal resources in China [1]. Balancing the demand for
energy with the economic, environmental, social, health costs and global concerns of 
increased CO2 emissions is paramount for China. In order to realize its sustainable 
development, in recent years Chinese government has launched series of energy strategy 
and policy to improve energy efficiency and environmental quality, promote using 
renewable/clean energy and new advanced energy technologies.

Sweden is an industrialized country with high-energy efficiency and a good renewable 
energy system. Sweden has shown its leadership in international cooperation and 
competence on the climate change issue, and has declared its desire to contribute on 
making KP flexible mechanisms work and become an effective instrument in the 
international climate work. The Swedish government clearly declared that CDM projects
should not only reduce greenhouse gas emissions, but also transfer technology and 
knowledge to the host countries [2]. Sweden proceeded with six proposals for CDM 
projects in Africa, Asia and Latin America, most of these projects are biomass renewable 
energy [3]. Biomass energy technologies have been well developed and widely used in 
Sweden. A Swedish study showed that CDM can promote biomass energy transfer and 
utilization in the developing countries [4]. 

In this work, biomass energgy technologies are taken as example to illustrate the 
opportunities and benefits of technology transfer through CDM between Sweden and 
China.

This paper is organized by the following structure. Biomass resource and technology 
differences between China and Sweden are presented in Section 2 and 3. Swedish 
practices and successful experience on developing and using biomass energy are 
introduced in Section 4. Section 5 presents Chinese energy market demands for those 
commercial Swedish biomass energy technologies. Section 6 shows the Swedish 
experience on technology transfer. In Section 7, the potential emission reduction for each 
technology studied is studied. Some factors that are considered for technologies selection 
and transfer are discussed in Section 8, followed by some main conclusions in Section 9. 

2. Biomass utilization in China 
2.1 Biomass resources 
China has a wide range of biomass resources that can be used for energy supply. Biomass
is the second largest energy resources after coal [5]. Figure 1 shows that potentially 473
million ton oil equivalent (TOE) of biomass can be used as energy resource in China [6],
which includes crop residues, fire wood, animal dung, municipal solid wastes (MSW) and 
industrial solid wastes (ISW). Traditionally, crop and forest residues have been used as 
energy resources in rural areas for cooking and heating by direct burning, resulting in 
severe indoor air pollution due to low-efficient and high-pollutant combustion of biomass 
[7]. However, with the recent growth of farming incomes, this situation has changed.
More and more rural residents tend to use electricity and liquefied natural gas since they
are more convenient and cleaner than burning crop and forest residues. More biomass
residues are either left on the farmlands or burnt directly without any energy usage to 
reduce the work of transporting and stockpiling of these residues. Liao et al. [8] estimated
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that the unused agricultural to 51.9% and 45.8% for forest residues, available as energy 
resources in China. 

Figure 1 Biomass energy resources distribution in China (473 Mtoe). 

2.2 Biomass energy technology status and development in China 
The biomass energy conversion technologies in China are characterized by low efficiency
in general. Table 1 shows only a few technologies are commercially available in China,
e.g. small-size anaerobic process and briquette densification with screw presses. Some
technologies are at research and development (R&D) stage, e.g. straw and stalk gasifer, 
alcohol from cellulose materials biomass gasification while others have just started, e.g. 
landfill gas for electricity and biomass integrated gasification combine cycle (BIGCC).
Research or production information on methanol (MeOH), dimethyl ether (DME) and 
wood pellets is not available in the literature. 

Table 1 Biomass energy technology status in China

Technology Technology status Based on
reference

Direct burning

Incineration
MSW incineration measure just sprang up in recent
years. Pilot incineration power plants set up with daily
capacity only ranges from 150t to 300t.

[6]

Cook stoves in rural areas

The efficiency of traditional cook stoves was about
10%, the current type of improved cook stoves’
efficiency are over 20%, but there is potential to reach
higher efficiency (40%).

[9], [10],
[11]

Biochemical process

Anaerobic process 

Small-size digesters: commercial.
Efficiency needs to be improved (200kW: 12.5%;
1000kW: 17%).
Low quality with some critical devices such as solid-
liquid separating devices, controlling system and 
desulfurizing system; low automation level; lack of 
relevant technical standard.

[9], [11]
[12]

[13]

Alcohol from cellulose materials Low level efficiency [10]
Landfill gas for electricity, 
heating and vehicles

In the preliminary period of development, and low 
biogas production rate.

[13]

Physical conversion
Densification – wood pellets NA

Densification - briquettes

Screw presses: mature;
piston press: being developed
Low reliability of screw, poor quality with screw 
threads

[9], [11]

[12],
[14],[11]
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Thermal chemical process

Fixed Bed Gasification (FBG)
Initial stage, not be pushed into industrialized stage
because of shortage of research funds and some
technical problem.

[6]

Straw and stalk gasifier Technology using low heating value (LHV) in its
initial commercial and industrial stage.

[10]

Biomass integrated gasification
combine cycle (BIGCC)

Early stage of demonstration, wastewater problem;
On testing stage. 

Experimental and demonstrative period: not
economically mature. 
Low efficiency for gas-fueled engine; not mature with
Stirling engine.
Technical problems with automatic temperature control
and tar removal.

[11], [12]
[10]

[15], [16]

[13]

[17]

MeOH/DME NA
Note: NA means not available

China has paid more attention towards R&D of biomass energy technology in recent 
years. Table 2 shows major biomass R&D projects during its 10th national five-year
(2001-2005) plan.  Most of these projects focus on the electricity generation by the 
biomass gasification, but these projects are small size. There is one project regarding the 
landfill gas to electricity, as shown in Table 2. Several universities and institutions are 
conducting the research work on liquid fuel production from biomass.

Table 2 Major biomass priority and research projects during 2001-2005 in China

Projects Scales Institutes Locations
Gasification
Study on standardization 
and commercialization of
electricity generation 
system by biomass
gasification

6 series, 60-160 
kW

Liaoning Institute of
Energy Resources 
Shandong Institute of 
Energy Resources 
Nanjing Institute of 
Forest Chemical Products 

Yingkou

Shandong

Nanjing

5 MW electricity 
generation system by 
biomass IGCC 

14,000 MWh
electricity yearly

Guangzhou Institute of 
Energy Conversion 

Guangzhou

Biogas
2 MW electricity 
generation system by 
biogas

6,000 MWh
electricity yearly

Hangzhou Institute of 
Energy and Environment

Hangzhou

Liquid fuels 
Biomass liquid fuel 
technology

Including
alcohol, pyrolysis 
and plant oil fuels

East China University of
Science and Technology
Changsha Institute of
New Technology 

Shanghai

Changsha

Data source: [6] 
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3. Swedish biomass energy technologies
3.1 Biomass resources 
Sweden is a successful example for using biomass energy in the world. Figure 2 shows
biomass energy shares trends in the last three decades. Biomass energy (including black 
liquor) makes up over 16% of its energy supply today [18]. The Swedish Environmental 
Protection Agency estimated the share of biomass energy will be 21% of total energy
supply by 2010 [19]. The main biomass energy resources in Sweden are wood fuel and 
MSW as shown in Table 3. However minor contributions are found in biogas, straw and 
short rotation coppice (SRC).

Figure 2 Energy supply in Sweden, excluding new electricity imports, 1970-2002 (Source: [20]) 

Note: 1Include wind power up to and including 1996.
2In accordance with the UN/ECE method for accounting for nuclear power production.

Table 3 Total primary energy consumption (TPEC) by solid biomass energy source 1970-2000 in 
Sweden, PJ 

Energy
source 1970 1975 1980 1985 1990 1995 2000

Wood
fuel 43.56 21.6 70.2 105.8 107.3 141.8 158.4

Straw
and SRC 0.00 0.00 0.00 0.00 0.00 0.00 5.47

MSW - - 4.68 11.16 14.04 16.20 19.08
Biogas 0.00 0.00 0.00 0.00 5.04 5.04 5.04
Note: wood fuel includes: industrial wood residues, firewood (domestic); (-) means missing data, (0.00)
means no PJ energy of category; biogas includes landfill gas. Please be noted that the black liquor is not
included in the wood fuel. Data source: [17]
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3.2 Available biomass energy technologies 
Figure 3 lists available biomass energy conversion technologies and final energy carriers 
in Sweden. Only solid based biomass resources are considered in this paper. The black 
liquor, one main wood fuel, is excluded from this study.

Resources Conversion technologies Final Energy Carriers

PelletsCombustion/CHP

Figure 3 Interconnections between biomass (solid based) energy resources, conversion options and 
final energy carriers in Sweden.

Regarding wood fuel resources, they can either be dried or pelletised or combusted
directly to produce power and heat. They can also be converted to biomass-based motors 
fuels, such as ethanol, methanol or DME. 

The energy conversion processes from MSW include incineration and biological 
treatment. All existing incineration plants have energy recovery units for the purpose of 
district heating or combined heat and power (CHP) production. Incineration of solid 
waste accounts for 38% of the yearly total MSW [21]. The other method to treat MSW
for energy production is by landfill. The biogas generated can be collected and used for 
heating, electricity and transportation 

Energy crops, e.g. energy plantations, straw and SRC, have been used mainly for district 
heating in some areas.

3.2.1 Biomass converted into pellets
Sweden is presently the second largest pellet producer in the world, after the United 
States [22]. In Sweden wood pellets are primarily used as a substitute for coal in large-
scale power and heating plants [23], and also used by medium-sized and small boilers and 
stoves, mostly for heating purpose [24]. The dominant raw material for wood pellets 
production in Sweden is sawdust, planer shavings and dry chips. Other type of biomass

Wood fuel 
Gasifer Ethanol

Dryer
MeOH/DME

MSW
Energy combine

Power
Ethanol plants 

HeatStraw and SRC 
MeOH/DME plants 

Biogas plants Methane
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such as bark and logging residues can also be used for this purpose [25]. There are two 
methods for wood pellets production. One is called biomass energy combine with co-
production of heat (20%), electricity (12%) and pellets (59%) [26]. The other method is 
called dryer. The pressurized steam drying and atmospheric drying with flue gases in a
rotary drum dryer are two dominating technologies. Of them, a stand-alone dryer which is 
an atmospheric rotary dryer is the best alternative, giving 90% wood pellets yield [26]. 
Both technologies are commercial and well-used in Sweden. 

3.2.2 Biomass for transportation fuel 
The transportation fuels produced in Sweden include Methanol, DME, Ethanol from 
wood fuels and biogas from MSW. In Sweden, the amount of biomass-based
transportation fuels used today corresponds to about 0.8% of the total of fossil 
transportation fuels used. A few hundreds of heavy-duty buses and trucks are using 
ethanol instead of diesel, and about 500-1000 light-duty vehicles are powered by biogas 
or ethanol.

Methanol can be produced from biomass via gasification and subsequent methanol
synthesis of the syngas. According to [26], the methanol synthesis is well known and 
commercially available while the gasification process is still under development in 
Sweden.

The process for DME production is identical to the methanol production. But the 
conversion of methanol to DME is more kinetically favourable, and will give higher yield 
of DME than methanol product. Electricity and/or district heat can also be produced 
during the production of methanol and DME.

Ethanol can be produced from wood biomass cellulose and hemicellulose by hydrolysis 
and fermentation successively. The hydrolysis gives hexoses and pentoses, which are 
then fermented further to ethanol. At present, the process of hexoses fermentation is 
available. The pentose fermentation is still under research. The detail information on 
ethanol production can be found in [26]. In a summary, the technologies for ethanol 
production from wood biomass are still at the research stage in Sweden. 

Biogas from MSW for transportation use is available and commercial in Sweden, more 
information can be found in the following section. 
3.2.3 Biogas production and utilization 
Biogas can be produced from MSW, ISW and sewage water by biological treatment. In 
this paper, we only consider biogas from MSW. Table 4 shows that there are 59 
landfills/digestion chambers for biogas production in Sweden. These biogases are used 
for electricity, district heating and transportation purpose as illustrated in
Figure 4. At present, biogas is primarily used for heating. According to the statistics [27], 
the energy from landfill gas utilized in Sweden amounted to 431 GWh in 2002. There 
eight landfill sites operating for converting landfill gas to electricity or refining landfill
gas for powering vehicles. All these technologies are commercial and available. 

7



Figure 4 System for landfill gas production and utilization in Sweden 

Table 4 Biogas production by production method in 2001

Type Number TWh/year
Sewage treatment plants 134 0.81
Landfills/digestion chambers 59 0.43
Industrial sewage 8 0.09
Waste decomposition 10 0.03
Agriculture 6 0.01
Pilot installations 5 0.01
Total 219 1.38
Source: www.sbgf.org

3.2.4 Biomass for electricity
The integrated gasification combined cycle (IGCC) may produce electricity more 
efficiently with a solid biofuel, like wood fuels. Sweden has the world’s first and largest 
demonstration biomass IGCC which was commissioned in 1995, shown in Figure 5. The
technology is based on gasification and combustion of the cleaned gas in a gas turbine 
cycle with a steam turbine cycle as bottoming cycle. EPRI/DOE estimated that this kind
of biofuel-based power plant may reach 45-50% electrical efficiency [28-29]. However, 
this technology is still at the demonstration stage [26]. The electricity from landfill gas
has been described in Section 3.2.3. 
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Figure 5 Schematic of a typical BIGCC plant  – the Värnamo demonstration plant. HRSG is heat
recovery steam generation. (Source: [26])

3.2.5 Biomass for combined heat and power 
Combined heat and power (CHP) plant can be defined as a power plant that produces 
both electricity and heat, supplying the heat to a district heating system. Electricity
production based on CHP instead of stand-alone power plants would improve the energy 
efficiency and reduce the cost of the electricity-based systems [30]. The steam turbine 
cycle is conventional technology in commercial use for CHP with solid biofuels in 
Sweden. There are several types boilers used, among them the most modern cycle system 
is equipped with a circulating fluidized-bed (CFB) boiler, which can reach to 30% of 
electrical efficiency and 90% of total efficiency. As shown in Figure 6, the steam turbine
cycle can be equipped with one step of flue gas condensation (FGC I) or two steps (FGC 
II). When using efficient flue gas condensation for district heating production, the total 
efficiency can achieve to 105-115% (LHV basis). 

Biofuel

Combustion air
Boiler

FGC II

District
heating

Steam turbine

Air

FGC I

District heatingFlue gas/
Exhaust gas

Systemboundary
for FGC I

Systemboundary
for no FGC

Figure 6 Principle scheme of conventional steam cycle, with or without FGC I or FGC II, depending
on system boundary.  (Source: [26])
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Other CHP systems based on MSW and straw are also utilized in Sweden. Recent targets
for reduced amounts of waste to landfills in Sweden will result in a large increase in 
waste incineration with recovery of energy, either for production of district heat or for 
CHP production [31]. Energy crops such as straw are also used in the district heating
plants, but relatively limited [17]. 

4. Swedish biomass energy technology commercialization
Sweden is one of a few countries in which biomass energy technologies have been well 
developed and widely employed. There are some geographic characteristics which have
considerable effects on its success. These factors include Sweden’s cold climate, well-
established urban district heating system, good availability of forests and correspondingly 
a developed forest products industry. However, it should be pointed out that a series of 
policies from Swedish government regarding reducing greenhouses gases and fulfilling 
the country’s commitment to the Kyoto Protocol are the main market drivers for the 
continuous use of biomass energy. The main policies include energy and environmental
taxation, extensive energy policy programs and its commitments to phase out nuclear 
generation capacity that presently accounts for 33% of the total primary energy supply 
[33]. Some instruments have also been developed by Swedish government to encourage
using biomass energy. These instruments include financial support, support to research 
and development, support to demonstration (including technology procurement), support 
to information dissemination, etc.

As one part of the Government’s long-term energy policy to reduce GHG emissions, the 
Swedish government introduced a voluntary international system for trading “green 
certificates”, the renewable energy certificate system (RECS). With effect from 1st May 
2003, RECS intends to encourage and increase the proportion of electricity produced 
from renewable energy sources. This will be done by payment of a levy in proportion to
certain fraction of their electricity during the year. For example, during the first year 
(2003), users will be required to buy 7.4% of the electricity generated from renewable 
sources [33].

5. Technology matching with Chinese energy market
As Chinese economy develop quickly, its energy demand has been rapidly increasing and 
will continue to increase in the next few decades. China’s energy consumption in 2000 is
about 787 Mtoe, which accounts for 11.4% of the world [34]. According to EIA’s 2020 
projections, China will be responsible for approximately 16.1% of world energy 
consumption [35]. Therefore, biomass energy technology have a good opportunity to 
develop in China.

5.1 Wood pellets 
Coal is the dominated-energy in China in the past and current, and will continue to be 
heavily used in the future [36, 37]. The environmental pollution caused due to the coal 
combustion will continue. However wood pellets can be used to substitute some coal due 
to their similar characteristics such as physical properties, heating value and convenience 
for transportation. It is possible to use an almost similar combustion technology as coal 
for heating, cogeneration and electricity product. 
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5.2 Biomass as transportation fuels 
Oil demands in China have been increasing during the past two decades. China has 
become a net oil-importing country since beginning of 1993. By the end of the 20th 
century, China has become the world’s third largest oil consumer after the US and Japan. 
Oil imports in 2000 were equivalent to 31% of China’s total oil consumption. According 
to the IEA’s estimation [38], oil imports in China will reach almost 10 million barrels per 
day in 2030, equivalent to US imports today. A major cause of the increase in Chinese oil 
consumption can be attributed to the rapid growth of the transportation sector in general
and motor vehicles in particular. In China, passenger and freight road transportation have 
increase by 8 and 15 times respectively during the past twenty years [39]. Road transport 
has gradually become the dominant part of the transportation system in China. 
Consequently, oil consumption in road transportation is increasing, and large amounts of 
carbon dioxide is emitted. Therefore, the transportation fuel from biomass will be
important for China from both oil security and climate change mitigation points of view. 
5.3 Biomass for electricity
IEA [40] estimated the electricity demand growth of China that China’s electricity
consumption will grow by 4.2% per year on average over the outlook period (~2030). , 
Yuan [6] reported that China will need to build 800 GW of new capacity by 2030, raising
the total capacity to 1087 GW from 320 GW of the year 2000 in order to meet the rapid 
demand growth and to replace plants which are to be retired. By estimation, more than
800 billion USD investments will be needed for new generating capacity alone. The 
current power sector in China heavily depends on coal. Around 75% of electricity 
generated is from coal-fired plants. However, the Chinese government has paid great 
attention to biomass power generation. The major purpose of using biomass energy is to 
improve the situation of electricity supply and to protect the environment from coal 
combustion. Biomass-based CHP, gasification and power generation will be greatly 
developed [6].
5.4 Biomass for combined heat and power 
In China, most CHP plants were built for heating industrial zones in northern cities, and 
also for resident and public buildings heating. The demands for building CHP plants have
been increasing. By the end of 2001, there were 1583 CHP units with unit-capacity over 6 
MW. The total generation from CHP units is about 127 TWh. The total installed capacity 
of CHP is 28150 MW, which is 12.6% of the total installed capacity of thermal power. 
According to a biomass industry survey [6], CHP will increase by 3000 MW per year and
the installed thermal power will increase 5% per year in next two decades. Therefore, it is
a good opportunity for biomass based CHP penetrate Chinese CHP markets.

6. Swedish experience on technology transfer 
With consideration of technology status and biomass resources difference between 
Sweden and China and increasing energy market demands in China, Swedish biomass
energy technologies are matching Chinese energy markets. Technology transfer is one
option to get the advanced technologies quickly compared to developing them with
national activities. The main problem is how to transfer the technologies from Sweden to 
China. It is always true that any introduction of the advanced technologies will inevitably
result in a rise in technology costs, thus will reduce the financial viability. As one 

11



developing country, it is often difficult for China to afford these technologies transfer. 
However, with CDM these problems might be solved. Technology additionality and 
investment additionality are two important eligibility criteria for CDM projects. The 
former one requires that the safe and sound technology used for the project should be the 
best available and practicable for the circumstance of the host country, and at the same
time CDM projects should lead to a real transfer of high-quality technologies to host 
countries without resulting in the dumping of old, second-hand technologies into the 
markets of countries. The latter might be used to cover the cost incurred due to the 
technology transfer.

Sweden has more experience on technology transfer. Sweden accumulated these 
experiences by participating in many international climate change mitigation/policy
programmes during the past decade. Sweden has been a leader in Activities Implemented
Jointly (AIJ) programme. Among 156 AIJ world wide projects which have been 
accepted, approved or endorsed by the designed national authorities, 54 projects are from
Sweden [41]. Most of these projects are fossil fuel (oil or coal) switching (by biomass
fuel) projects in the district heating sector. In order to verify these AIJ projects, a method
development was carried out by the Swedish Energy Agency and Det Norske Veritas 
(DNV) 1 jointly from 1999. Totally 27 of these projects were verified. This work 
continued during 2000 in the form of a method project aimed at simplifying verification 
of similar JI/CDM projects. Obviously, the successful AIJ project’s experiences will 
endow Sweden with great advantages to implement CDM projects in the future.

7. Potential CO2 emission reduction in China
7.1 Methodology
In this study, only mature and commercial Swedish energy technologies are considered to 
be transferred to China. Therefore, motor fuels (methane and ethanol) are not included, 
but transportation fuels of DME and landfill gas are considered. Electricity from wood by 
gasification is not considered either since this technology is still at demonstration stage 
[26].

To calculate the CO2 emission reduction achieved by introducing biomass energy carrier, 
it is important to know what fossil energy carrier is replaced. We assume the following,

Fuel wood pellets replace coal with a ratio of 1:1. 
China is a coal dominated country. Therefore both district heating and the 
electricity generated are assumed as coal based. District heating replaces heat 
generated with coal in districting plant with energy conversion efficiency of 88%. 
For the electricity, coal-based power with an electrical efficiency of 40% is the
marginal production during the entire year. 
As for transportation fuel of DME and landfill gas (methane), it is to replace fossil 
diesel.

CO2 emission factors for different energy carriers are needed for the calculation. Table 5 
shows the direct emission factors for energy carriers included in this study. The indirect 

1 DNV is an international accreditation company.

12



emission factors, which are mainly due to transportation and extraction, are not taken into 
account in this work.
Table 5 CO2 emission factors for different energy carriers

Energy carrier CO2 emission (kg CO2 GJ-1) Based on reference 
Diesel 74 [26]
District heating 114a Calculated by author based on [42]
Electricity coal based 251b Same as above
Coal direct combustion 98c Same as above
Unrefined biofuel 0
a, Energy conversion efficiency 0.88 for coal-fired boilers.
b, Electrical efficiency 0.40. 
c, Heating value of coal: 26.7 GJ per ton coal.

Main products and efficiency of the biomass energy production processes from Sweden 
are shown in Table 6. The estimated CO2 emission reduction by using these renewable 
energy carriers is calculated as 

iiin
reduced

CO REE
2

     (1)

where, signifies the estimated reduced CO2 emission; Ein, the input of studied 

biomass resource; i, the energy conversion efficiency (for ith product) from the studied 
process based on Swedish technologies which can be found in Table 6; Ri, the replaced 
energy carriers’ total CO2 emission in kg CO2 GJ-1, as shown in Table 5.  Some energy
conversion processes have by-products. Each by-product also has its own production 
efficiency value. Since each process has its own energy conversion efficiency, the total
energy conversion efficiency will be the sum of these efficiencies.

reduced
COE

2
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Table 6 Products and efficiency of the biomass energy production processes

Processes Products Efficiency , Based on reference 
Fuel pellets 0.59
Electricity 0.12Energy combine, Ec 
Heat 0.20

[26]

Dryer, stand alone, Dr Fuel pellets 0.90 [26]
Electricity 0.30Wood residue_FGC 0 Heat 0.60 [26]

Electricity 0.30Wood residue_FGC II Heat 0.80 [26]

DME 0.57Wood residue DME Heat 0.11 [26]

Electricity 0.25 [43]MSW CHP Heat 0.55 [43]
MSW DH District Heat 0.85 [44]
Straw DH Heat 0.85 a Personal communication, b

Electricity 0.25Straw CHP Heat 0.61 [44]

Electricity 0.38cLandfill gas CHP, 
LFG_CHP Heat 0.50c [45]

Landfill gas to 
electricity, LFG_El. Electricity 0.40d [46]

Landfill gas for
transportation, LFG_Tf Methane,e 1.0f Calculated by the author

MSW to landfill gas Landfill gas 0.85g Personal communication, h

a, Sven-Göran Green, personal communication, Lantmännen Energi AB, Sweden, 2004
b Power output is 5.0 MWe; Heat output is 13 MW. Technology: boiler with burners.
c, Power output is 0.99 MWe, Heat output is 1.3 MWh, power plant locates in Jönköping, Sweden.
d, Simple-cycle gas turbines available for on-site generation with efficiencies approaching 40% (LHV) 
e, CH4 concentration is 97%. Source: Brita Forssberg, personal communication, Stockholmvatten AB,

Sweden, 2004.
f, Water scrubber is used to clean the carbon dioxide and H2S, the addition energy input (e.g. water pump

and methane gas compression) is ignored. Data are based on report of [47].
g, It is around 80-90% for new prepared landfill gas, in this paper we take the average value, assume CH4

concentration is 50%.
h, Thomas Rihm, Personal communication, RVF AB; Eric Ronnols, Personal communication, NSR AB,

Sweden, 2004.

7.2 CO2 emission reduction calculation per TJ of added biofuel 
The CO2 reduction achieved per TJ of added biofuel (Ton CO2 ) for different 
alternative is calculated according to Equation (1), the results are presented in Figure 7. 
For each alternative, the products, in energy terms of fuel pellets, DME and methane
(from landfill gas) for transportation, power and heat, are quantified as a percentage of
biomass energy input on a LHV basis. The studied system was considered from the 
biomass fuel feedstock to the end products such as power, heat or liquid/gas fuels. 

1
, fueladdTJ
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The CO2 reduction is strongly linked to the total efficiency (fuel utilization) of the 
systems. High total efficiency gives high reduction. CHP based systems have a generally 
high reduction since CHP based systems have high total efficiency. The ranking priority 
regarding CO2 reduction from high to low will be systems of Wood CHP_FGC II, 
LFG_CHP, Wood CHP_FGC 0, Straw_CHP and MSW_CHP.
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Figure 7 CO2 reduction of the different process options per added biofuel.

7.3 Potential CO2 emission reduction 
To calculate the potential CO2 emission reduction from different biomass resources in 
different studied systems, it is important to know the exact biomass resources which can 
be used for energy purpose. Table 7 shows the theoretical available biomass resources in 
China. It is obvious that not all these biomass resources can be used for energy products 
mainly due to the collection problem. However, it is possible to make estimation.
According to the difficulty of the collection, in this study we estimate that 30% of total 
wood residues, 60% of total MSW and 30% of total straw and crop will be used for
energy production. The estimated potential biomass resources are presented in Table 7. 
The heating value (lower) of different biomass resources for energy conversion can be 
found in Table 8.
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Table 7 Biomass resources and potential CO2 emission reduction

Resource Theoretical
availability, (PJ) 

Reference based
on

Estimation Potential energy
(PJ)

Wood residues 514 [8] 154
MSWa 518 [6] 311
Landfill gas based 
on MSW 342a Calculated

based on [6] 205

Straw and crop 2778 [8] 833
Wood and straw are calculated based on data in [8]. Unused wood residues: 104 million tones, unused
agricultural residues are 286 million tones.
Wood residue: moisture content: 50% (Data source: [23] ).
Straw and crop: moisture content: 15% (Data source: [23] ) 
MSW data of 2000 is taken. 118 million tons MSW is collected, around 60% of MSW is treated in
hygienically way, e.g. sanitary landfill, incineration, composting and recycling. It is also known that
collected MSW amounts of approximately 60% of the total MSW generated. So, potential MSW for energy
use is around 125 million tons. Data source: [6].
a, 1 ton MSW produces approximately 6-10 m3 LFG per year, Gürkan et al. took the value of 10 [48]. In
this study the low landfill production rate is chosen. 85% landfill gas collection rate is chosen for landfill
gas utilization calculation. The lifetime is assumed to 25 years.

Table 8 Heating value of biomass resources

Biomass types Heating value, (KJ/Kg) Reference based 
Wood resides 10080a [23]
Landfill gas 17750b Calculated based on [49]
MSW 4500 [6]
Straw, crop 14400c [23]
a, dry basis, average value of all kinds of wood chips
b, landfill gas heat value is taken from [49]. Calorific value (lower): 21.48 MJ/m3; Density: 1.21kg/m3.
c, dry basis.

According to the estimation of biomass availability for potential energy purpose, the 
estimated CO2 reduction from different systems is summarized in Table 9. The CO2
reduction strongly depends on biomass resources availability. If we rely on the estimation
made i.e. straw and crop are the biggest biomass resources in China, consequently 
resulting in a reduction of 80718 Kt CO2 with the process of CHP. MSW and landfill gas 
will be the second largest by the estimation of the rate of 60% of collection and 
availability. The smallest CO2 reduction happens to wood residues since low availability 
rate is assumed.
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Table 9 CO2 emission reduction estimated by different systems (Kt CO2)

Resource Processes CO2 reduction 
Wood residues Energy combine, Ec 17054

Dryer, stand alone, Dr 13583
Wood residue_FGC 0 22130
Wood residue_FGC II 25641
Wood residue DME 8426
MSW CHP 39015MSW MSW DH 30136
Straw DH 80718Straw and crop Straw CHP 110196
Landfill gas CHP, LFG_CHP 31238
LFG_El. 20582Landfill gas
LFG_Tf 15170

8. Discussions
This paper showed the potential CO2 reduction in China by using Swedish commercial
biomass energy technologies. The results shows that all CHP based technologies have 
high CO2 reduction on the basis of per TJ of added biofuel. The order from high to low is 
Wood CHP_FGC II, LFG_CHP, Wood CHP_FGC 0, Straw_CHP and MSW_CHP.
However, the CO2 reduction will depend on the biomass resource availability. According
to the estimation of biomass resource available for energy use, the straw CHP will have
the largest reduction, the rest are MSW_CHP, LFG_CHP, Wood CHP_FGC II and Wood
CHP_FGC 0 by the order from high to low. 

The geographic characteristic is an important factor when choosing technologies. Long 
winter, abundant forestry and wood industry determine that wood based biomass energy 
technologies have played an important role in Sweden. As for China, its area is around 21 
times bigger than Sweden. There exist great differences with geography characteristics in 
the regions. Therefore, it is difficult to decide which technologies are suitable to China. 
However, considering the fact that China is an agricultural country with abundant straw
and crop residues in rural areas, straw based technologies will have a good opportunity to 
develop. If increasing population density in urban areas is considered, MSW based 
technologies, e.g. incineration and landfill gas conversion to energy, should be taken into
account.

However, it does not mean that wood based energy technology cannot be employed in 
China. Since the forest and wood residues are abundant and available for the energy use 
in some areas, the niche-market for biomass energy technologies of wood based still 
exists in China.

Swedish successful experience shows that the policy is also important for biomass energy 
to penetrate into the energy market.
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The theoretical CO2 reduction from different processes with consideration of biomass 
resources is calculated. The results can be used as for selecting CDM projects between 
Sweden and China. In order to know the projects’ profitability, the economic analysis 
needs to be performed. However, this paper did not cover the cost factors. 

9. Conclusions
When considering technology and energy resource differences between Sweden and 
China, the main conclusion of this paper is that it is possible to transfer and implement
the Swedish advanced biomass energy technologies in China through the CDM. Swedish 
practices and competences will facilitate biomass energy utilization in China, advancing 
towards its sustainable development. By doing so, Sweden will continue to enhance its
leading position of biomass energy technologies, increase international energy markets
and gain more experience on the international collaborations related to the CDM. 
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Abstract
Wood pellets are regarded as one of the substitutes for fossil fuels like coal and oil for 
heating and co-generation. Wood pellets are a successful example of market penetration 
of renewable energy in some countries in Europe, e.g., Sweden. An analysis process is 
proposed in this paper and used to conduct a techno-economic assessment of wood pel-
lets production and applications in some areas in China with the consideration of tech-
nology transfer from Sweden by examining their market competitiveness with coal in
these areas. Financial indices such as net present value (NPV), internal return rate (IRR)
and year-to-positive cash flow are calculated to investigate the profitability of the tech-
nology transfer. Four locations of applications in China have been considered as case 
studies. The result indicates that in the market-only-based scenario, wood pellets produc-
tion will not be profitable in all selected areas. New scenarios from the analysis process
show that reducing investment and increasing the amount of bank loan will be helpful to 
increase the project’s profitability in general; adding taxes on coal could be effective, but
it depends on Chinese government’s future efforts on climate change mitigation; carbon
credits on wood pellets through the clean development mechanism (CDM) might make 
wood pellet projects profitable giving wood pellets a nich-market. The potential global 
environment benefits of CO2 emission reduction by using wood pellets to replace coal in 
a 7 MWth coal-fired industrial boiler with a thermal efficiency of 80% and 5000 hours of 
operation time are also presented.

Keywords: Wood pellets, Net present value, Clean development mechanism, CO2 emis-
sion reduction, China, Sweden

Introduction
Wood pellets are a clean renewable fuel, mostly produced from sawdust, planer shavings 
and dry chips, compressed under high pressure with no additives. This fuel has been con-
sidered as one of the substitutes for fossil fuels like coal and oil for heating and co-
generation. It started to attract people’s attention in the 1970s when the oil crisis occurred 
and it was used as an alternative to oil in some countries at that time. The production and 
utilization of wood pellets decreased as a consequence of the recovery of the oil market.
However, wood pellets production has been prosperous again since the 1990s. This is be-
cause some countries encourage the use of wood pellets through their policies, e.g. green 
tax, support of the introduction of equipment, and public awareness education as coun-
termeasures against global warming, energy security and oil price rises. It has proved a 
successful example of market penetration of renewable energy in some countries in 
Europe and the United States. Wood pellets have already become one of the key tech-
nologies for increasing biomass utilization in these countries. 

* Corresponding author. Tel: 0046 920 49 1472; Fax: 0046 920 49 1047; Email: chuan.wang@ltu.se
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This paper is a study of the possibility of transferring a similar approach as that in Europe 
to a developing country like China. China is a coal-dominated country with 75% energy 
supply from coal, which has caused serious local (particulate), regional (SO2) and global 
(CO2) environmental pollution. The local and regional air pollution is threatening human
health and has caused a tremendous economic loss in China. At the same time, China has 
become the second largest carbon dioxide emitter in the world. There are also increasing
concerns about energy security and limited domestic coal resources (Larson et al., 2003). 
Therefore, substitution of coal is important for future sustainable development in China.
Wood pellets are considered as one good substitute for coal due to their characteristics 
being similar to those of coal. Wood pellets and coal have similar physical properties, 
heating value and both are easy to transport. The similarities mean that it is possible to
use similar combustion technology. However, whether wood pellets can penetrate Chi-
nese energy markets will depend on its price competitiveness against coal which might be 
influenced by not only the energy market but also the governmental policy on renewable 
energy and climate change issues.

In this work, four locations are selected to perform feasibility studies. Wood pellets
prices are assumed to be the same as local coal prices (per energy unit) in order to find 
out whether wood pellets are competitive or not in these areas. The Swedish technology 
has been chosen to precede the techno-economic analysis. An analysis process is applied 
to investigate the project feasibility. In this process, the market-only-based scenario, i.e. 
without considering any instruments and subsidies, is first presented. Possibilities of in-
creasing projects’ profitability are investigated in the new scenarios. Furthermore, the 
potential CO2 emission reduction achieved by replacing coal with wood pellets in one 
industrial boiler is presented. 

Wood pellets development in Sweden 
Sweden started wood pellets production when the oil crisis occurred in the 1970s. The
pellets production reached a peak of 50,000 tonnes yearly by the first half of the 1980s. 
However, the use and production of wood pellets depend on the price of oil. When the oil 
market recovered, the use of wood pellets decreased. In the early 1990s Sweden intro-
duced a new tax on CO2 emission for fossil fuels, making wood pellets competitive again
compared to the fossil fuels in the energy market. In Sweden wood pellets are primarily
used as a substitute for coal in large-scale power plants (Van Loo and Koppejan, 2002).
Figure 1 gives the price trends for wood pellets and coal. The figure indicates that the 
taxes on CO2, SOx and energy strongly affect the energy market. The figure also shows
that coal is much cheaper than wood pellets without taxes, and is cheaper than wood pel-
lets even including energy and SOx tax. However, wood pellets become cheaper than coal 
when levying a CO2 emission tax on coal. The CO2, SOx, and energy taxes on coal are 
70%, 10%, and 20% of the total tax respectively.  Consequently, the Swedish pellets con-
sumption has been steadily increasing, and amounted to 667,000 tonnes in 2001. This 
made Sweden the largest pellet user and producer in Europe and the second producer in 
the world after the United States (O.Oe. Energiesparverband, 2004).
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Method

The analysis process 
In order to investigate the feasibility of a project for producing and using wood pellets to 
substitute for coal, five steps of analysis have been applied in this paper (Fig. 2), as 
shown below: 

Input data selection and characteristics: the basic data, such as technical parame-
ters and initial investment, are needed in order to calculate the financial indices 
for the project feasibility assessment. These data have been collected from one 
wood pellets plant in Sweden. The local input data, e.g. resource availability, la-
bour cost, raw material cost etc, are from our survey in China. 
Assumption and simplification: some assumptions and simplifications are made,
e.g. the standard discount rate, project construction time, project lifetime, etc. 
Selection of economic analysis methods: some financial indices are selected to 
conduct the economic analysis, such as net present value (NPV), internal rate of
return (IRR), etc. 
Project profitability evaluation: based on the data collected, the results of these fi-
nancial indices are further analyzed to evaluate the project’s profitability.
Possible further improvements (new scenarios): some influence factors are dis-
cussed and possible improvement measures or instruments are proposed which 
will form several new scenarios. The update data and some additional input data 
(marked with a dashed line in Fig. 2) are put into the flow sheet of the economic
analysis. The analysis process loop will be run again to examine possible changes.
New results for project profitability are therefore obtained.

There are two group scenarios in the analysis process. The first one, illustrated from step 
1 to 4, is a so-called market-only-based scenario in which input data is taken from one
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real plant based on the current market. The second one consists of several sub-scenarios, 
all of which are based on the in-depth analysis of the first scenario. Some possible 
changes of the project profitability will result from these new scenarios. The methodol-
ogy used in this paper can be applied to techno-economic analysis for other kinds of pro-
jects in the same way. 

Figure 2 Illustrative flow sheet of analysis process

Project and process description 
A virtual project has been designed to study the feasibility of using pellets to substitute
for coal. This project will be a large-scale wood pellets production, and is designed based 
on a large-scale wood pellets plant in Sweden.  The Swedish plant has a yearly wood pel-
lets production of 80,000 tonnes. The production process scheme is shown in Figure 3 
and includes drying, comminution, pelletisation, cooling and products storing.

Project’s profitability &
evaluation

Economic analysis methods
selection and use: 

-  NPV, IRR…… 

Possible improvement meas-
ures (as the source of new
input date described with
dashed line) 

Input data selection and
characteristics:
-  Technical parameters
-  Initial investment cost
-  Operation cost
-  Resource availability
-  Standard discount rate 
-  Production scale 
-  Project lifetime
 -  Tax and subsidies
 -  Bank loan,
 -  Regulatory requirements

Price regulation
Environment

 -  International instruments 
  …… 

- Tax and subu sidies
- Bank loan,
- Regulatoryrr requirements

Price regulation
Environment

-  International instruments 
  ……

  Results Results

Pellet storageCooling

Screen

Pelletisation

Raw material Drying and
comminution

Assumption&Simpification

Figure 3 Diagram of the wood pellets production process
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Financial indices used 
In this work, the following indices are used for the purpose of economic assessment: net 
present value (NPV), internal rate of return (IRR) and year-to-positive cash flow.

NPV is a traditional valuation method used in the discounted cash flow measurement
methodology. NPV is expressed by the value of difference between the present value of 
all in-flow cash and outflow cash. The value of NPV determines whether or not the pro-
ject is profitable. Positive NPV values are an indicator of a potentially feasible project.
(DeGarmo et al., 1979; Adeoti et al., 1999) 

The internal rate of return represents the true interest provided by the project over its
year. It is the discount rate at which the NPV of a project equals to zero. If the project’s 
IRR is equal to or greater than the rate required by the investor, this project is likely to be 
considered acceptable, and vice versa.

The year-to-positive cash flow represents the length of time that it takes for the owner of
a project to recoup the initial investment out of the generated project cash flow. It is the 
year in which the NPV of a project equals to zero, and can be easily obtained by reading 
the NPV vs. Year curve.

The NPV equation used in this work is shown in Equation (1). In this study, the project’s 
construction period is assumed to be six months. The biomass energy project in China
assumed that the main equipment and other facilities can be used for 15 years without
heavy repair (Lu et al., 2003), therefore the project life time in this study is 15 years.
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I0: the initial investment;
C0: the operation cost including raw material, labour cost, maintenance cost, etc.; 
B0: the revenue of the wood pellets, where, QPB0 , P is the assumed price of wood 
pellets (EUR/tonne), and Q is the wood pellets production (tonnes/year).

Input data and production cost estimation 
The basic data used to calculate the financial indices is shown in Table 1. The wood pel-
lets production scale, the initial investment and the maintenance cost are taken from Hirs-
mark’s report (Hirsmark, 2002), and the data for raw material cost, electricity and heat 
cost is based on our survey in China. In this work, we assume that wood pellets prices are
the same as coal (per energy unit)1. Other assumptions are also made which can be found 
in Table 1. Generally, a discount rate range of 6-10% is used to assess the cost-effective 

1 In order to calculate the financial indices of the project, the wood pellets price needs to be assumed in
advance. We choose coal price as the price of wood pellets by per energy unit because coal is the domi-
nated fuel in China, whether wood pellets could share energy markets in China or not, one simple but co-
gent reason is that wood pellets have price competitiveness with coal, either lower than coal, or at least 
equal to coal price.
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potential from a society perspective (Worrell et al., 2001) and in this work 8% of the dis-
count rate is used. The transportation cost, value-added tax (VAT) and equipment depre-
ciation are not taken into account in our calculations. 

In China, the area of woodland biomass is about 1.86 million km2 (Zhang et al., 2000), 
but these wood forests are distributed unevenly. Previous studies have shown that some
areas can be selected for potential wood pellets production because the wood residues in 
these areas are rich (Zhang et al., 2000; Wang, 2003). In this study, four provinces with 
rich wood residues have been selected as the location for the potential wood pellets pro-
duction project. They are Inner Mongolia, Hei Longjiang, Fujian and Jilin. 
Table 1 Technical performance, cost parameters, project life and other economic parameters of the 

project

Annual wood pellets production (tonnes per year) 80,000
Project lifetime (years) a 15
The standard discount rate (%) 8
Initial investment (103 Euro)
Dryer 2400
Hammer mill 360
Pellet mill 600
Counterflow cooler 240
Conveying system, dust separation 870
Peripheral equipment 435
Civil construction b 300
Installation and technical service c 400
Operation and maintenance annually (103 Euros per year)
Raw sawdust d 813
Labour cost 50
Maintenance cost 249
Electricity cost 229
Heat cost 577
Other costs 24
Data source: Hirsmark (2002)
Note: all costs have been calculated in euros at an exchange rate of 7.2054 ERU/CNY as of June 2001,

CNY: Chinese currency (yuan).
a This includes a project construction period of six months.
b The civil construction cost is adjusted according to the Chinese situation, and the assumption made here is 
that the construction cost accounts for 6% of the initial investment cost.
c Assumption: the installation and technical service fee is about 8% of the initial investment cost. 
d The price is based on the dry basis.

In China, there are no wood pellets production plants so far. However, the production 
cost of wood pellets can be estimated. Production cost is combined costs of raw material
and labour incurred in producing goods. The production cost of wood pellets in China 
will be about 24.3 EUR/tonne by estimation according to the data from Table 1, while the 
production cost of wood pellets in Sweden is around 47.4 EUR/tonne if only raw material
cost and labour cost are considered in Hirsmark report (Hirsmark, 2002).
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Economic analysis

Market-only-based scenario 
Coal prices in different areas vary, which is due to different coal types and the distance to 
the coalmines. As shown in Table 2, coal prices in Inner Mongolia, Hei Longjiang and 
Jilin are cheap as there are large-scale coalmines in these regions. The coal prices have 
been converted to the unit of EUR/GJ, assuming that wood pellets price is the same as 
coal (per energy unit) in selected areas. On this basis the corresponding prices of wood 
pellets in Euro/tonne can be calculated.  The price can also be found in Table 2. The heat-
ing value of wood pellets used for unit conversion is 18 GJ/tonne wood pellets in dry ba-
sis (Swedish National Energy Administration, 2003). 

Table 2 The market price of coal in selected regions in July, 2002

Coal Wood pellets
Province Price

(CNY/tonne)
Price

(EUR/tonne)
Price

(EUR/GJ)
Production

area
Assumed Price
(EUR/tonne)

Inner Mongolia 199.20 27.65 1.02 Wuhai 18.30
Hei Longjiang 224.10 31.10 1.14 Hegang 20.58
Fujian 307.10 42.62 1.57 Datong 28.20
Jilin 212.48 29.49 1.08 Datong 19.51
Average 235.72 32.71 1.20 N/A 21.65
Note: The above coal prices do not include value-added tax (VAT)

Coal types: Datong  is mixed coal; Hegang is anthracite. Wuhai is bituminous coal. (CCTD, 2003).
Heating value of coal: 27.2 GJ/tonne. (Swedish National Energy Administration, 2003)

Based on the average price of wood pellets in these areas, the NPV calculated by using
Equation (1) is -6890083 EUR. The minus value means that the project is not profitable. 
NPV values in different areas in Figure 4 show that wood pellet projects in these areas 
are not profitable.
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Figure 4 Net Present Value in selected four provinces (coal prices input)
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Critical price of wood pellets
The price of wood pellets is a critical factor for the calculation of financial indices. It is 
important to know the lowest price of wood pellets that the investor is willing to accept in 
order to sell them. For simplicity, this price is called the critical price, Pcr. To make wood 
pellet project feasible without subsides they should be sold at Pcr or higher. However, 
wood pellets can only compete with coal when Pcr is lower than the coal price. Pcr can be 
calculated according to Equation (2).
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00
000 0

12
1
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  (2)

By calculation, Pcr of the wood pellets is 32.29 EUR/tonne. Wood pellets prices in all se-
lected areas shown in Table 2 are lower than Pcr and result in negative NPVs in these ar-
eas.

Factors Influencing NPV
Equation (1) can be expressed in mathematical terms as follows:

)1(
1

0 RI
NPV

< 0         (3)

Qk
P

NPV
> 0         (4)

Equations (3) and (4) show that NPV will change with the changes of initial investment
and product price. The decrease of I0 and increase of the product price will result in high
NPV, thus making the project more profitable. Equipment cost is one main factor that 
will influence I0. Government interference, such as government subsidies, e.g. bank loans 
and tax incentives, will lead to changes of the sales price of wood pellets. Carbon credits 
on the wood pellets through some international instruments will influence the project’s
NPV in other ways. In this paper, an international instrument, the clean development
mechanism (CDM), is discussed.

Scenarios with consideration of introducing other instruments 

Changes of the initial investment and equipment cost 
The critical price of wood pellets, 32.29 EUR/tonne, is chosen as input P in Equation (1) 
to show the influence of the investment cost on NPV. Figure 5 shows that the NPV will 
increase with the decrease of investment cost. Based on the design data (Table 1), the 
equipment cost accounts for 87.5% of the initial investment. A decrease of the equipment
cost will significantly increase the profitability of the project. Figure 6 illustrates the in-
fluence of equipment cost changes on NPV. Obviously, manufacturing of the equipment
in China instead of Sweden will help to decrease the cost of equipment.
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Bank loan 
A bank loan could affect a project’s NPV and the NPV value will depend on the amount
of the bank loan (Bokos and Soursos, 2002). Equation (5) shows the NPV function with 
the viability of the bank loan, L. The assumed loan payback period and interest are shown 
in Table 3.
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Li, loan principle payment and loan interest payment in year i.
Table 3 Loan payback period and loan interest and different case scenarios

Loan payback period (year) 7
Loan interest (%) 6.21a

Case scenarios
Case a the project was funded 60% by the bank loan
Case b the project was funded 40% by the bank loan
Case c the project was funded 20% by the bank loan
Case d (reference case) the project was funded 100% by the owner

Source: a, (Lu et al., 2003) 

In this work, the reference case is based on the assumption that the project was funded 
100% by the owner. The other three cases are described in Table 3.  Figure 7 shows the 
relation between the bank loan and Pcr. Pcr will decrease with the increase of the bank 
loan. Figure 8 shows that NPV will increase with the increase of the bank loan. 
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Energy and environmental tax 
Equation (4) indicates that increasing the sale price of wood pellets could make the pro-
ject more profitable. However, it is difficult to raise the price of wood pellets further be-
cause compared to coal price, the wood pellet price is already high. The change of coal 
price will influence the wood pellets production’s viability. When the coal price is higher 
than the Pcr of wood pellets by energy unit, wood pellets can compete with coal in these 
areas and wood pellet projects will consequently be profitable. Coal price will fluctuate 
with the market demands. Our calculation (in Figure 9) shows that when the coal price is 
raised to 39.3 EUR/tonne, wood pellets can start to compete with coal. 

The increase of the coal price could also be achieved by levying a tax on coal. The Swed-
ish experience has shown that the introduction of energy and environmental tax on fossil 
fuel plays an important role in increasing the market for using wood pellets. Equation (6)
is used to calculate the minimum energy or environmental tax at which wood pellets 
could be competitive with coal in China.

PPP crtax          (6)

where, Pcr = Critical sales price of wood pellets. (EUR/GJ) 
P = Coal price in different areas. (EUR/GJ)
Ptax = the minimum energy and environmental (SO2, CO2, etc.) tax required on coal. 
(EUR/GJ)
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Table 4 lists the minimum energy and environment taxes levied on coal. With these taxes,
the coal price will rise to the price at which the project’s NPV in different areas will be
greater than zero, meaning that the wood pellet project will be viable.

 Table 4  Potential minimum energy and environmental taxes in different regions in China 

Minimum energy and environmental taxes
Province

(EUR/tonne coal)
Inner Mongolia 21.2
Hei Longjiang 17.7
Fujian 6.2
Jilin 19.3
Average 16.1

Note: The energy and environmental tax on coal (CO2-tax and SO2-tax) for industrial and domestic user in 
2001 in Sweden is 66.8 EUR/tonne, while CO2-tax, SO2-tax account for percentage of total tax is 76% and
24%, respectively. (Swedish National Energy Administration, 2002)

Figure 10 illustrates the difference between coal prices with the critical price of wood 
pellets in different areas individually and on average. This difference shown by the arrow 
in Figure 10 is the minimum taxes needed to levy on coal. 
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Note: The average price of wood pellets in Sweden is 6.14 EUR/GJ. 

Carbon credits on wood pellets – CDM credits 
Carbon credits could help to improve the project’s profitability using wood pellets to sub-
stitute for coal.  The certified emission reduction (CER) is one kind of carbon credits.
The CER concept was proposed from the clean development mechanism (CDM) which is 
one of three flexible mechanisms created under the Kyoto Protocol (KP) in 1997. The 
objective of CDM is to promote wide utilization of clean and renewable energy in devel-
oping countries with the help of industrialized countries. The reduced CO2 emission
caused by these projects could be sold to the developed countries in the form of CER.
The developed countries can then use these CERs to fulfil their legally binding quantita-
tive obligations laid down in the KP.

Wood pellets as one kind of renewable energy will contribute to CO2 emission reduction 
and some carbon credits will be generated if some fossil fuels are replaced. We assume 
that wood pellet projects in the selected areas are rewarded as or linked to CDM projects, 
thus carbon credits generated are added to wood pellets. In order to quantify the corre-
sponding NPV, the CER in the unit of EUR/tonnes of CO2 needs to be converted to 
EUR/tonne of wood pellets. For simplicity, the reduction of CO2 emission from using 
wood pellets can be seen as the amount of CO2 emitted from coal burning in order to ob-
tain the same quantity of heat. When wood pellets are substituted for coal, 1.6 tonnes of 
CO2 emissions will be reduced for each tonne of wood pellets. Taking CER benefits into 
account, Equation (1) will change to Equation (7) as shown below.
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where, E = CER benefits, EUR/tonne wood pellets 

Today, the CER price preference range is 3-6.5EUR/tonne CO2 among the Annex I par-
ties (PointCarbon, 2003).  The average will be 4.75 EUR/tonne CO2 and as for Sweden 
the preferable CER is 5 EUR/tonne CO2. Taking CER benefits into account, Figure 11 
shows NPVs in different areas when the CER price is set low, middle, high, and as in 
Sweden. The calculation results show that NPVs in Fujian are positive in all cases while 
NPVs in the other three areas, Inner Mongolia, Hei Longjiang and Jilin, are negative in 
all the cases.  
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Figure 11 The project’s NPV in selected regions with low, middle and high CER prices and Sweden’s 
case CDM credits 

As for the Fujian case, the corresponding NPV, IRR and year-to-positive in this area are 
shown in Table 5. The range for NPV, IRR and Year-to-positive are 461-4089 KEUR, 
9.6-21.2%, 13.0-6.6 year, respectively. We found that for Sweden’s case, the correspond-
ing financial indices values are in a position between Middle and High.  

Table 5 Financial indices value in different cases in Fujian province

 Low Middle High Sweden 
NPV (1000EUR) 461 2275 4089 2534 
IRR (%) 9.6 15.6 21.2 16.4 
Year-to-positive (year) 13.0 8.7 6.6 8.3 

Discussion 
The price of wood pellets is the main impact factor for NPV. In this work, the price of 
wood pellets is assumed the same as coal in selected areas. The reason for choosing the 
coal price is that coal is the dominating fuel in China. Whether wood pellets can have a 
potential market in these areas depends on its price competitiveness with coal locally. 
The market-only-based scenario shows that the wood pellet project is not profitable in all 



the selected areas. This is because the wood pellets price assumed is lower than the criti-
cal price of wood pellets, Pcr.

New scenarios show several possibilities to make the wood pellets production project vi-
able. In general, reduction of the initial investment, for example through reducing equip-
ment cost, could increase the project’s NPV value to some extent. Increasing the amount 
of bank loan will lower the critical price of wood pellets, thus improving the project’s 
profitability.

Levying energy and environmental tax on coal has proven successful in Sweden. The av-
erage energy and environmental tax needed in China is 16.1 EUR/ tonne coal, which is
about 25% of that in Sweden. The tax will still need 50% increase of coal price in China. 
However, we think that whether this tax instrument is effective or not will depend on how 
Chinese government attitudes and efforts on climate change mitigation are directed in the 
future.

Adding high tax to coal would not be possible within a short term in China considering
the heavy dependence on coal in Chinese economy. However, adding some carbon cred-
its, e.g. CDM credits, on wood pellets might be a good alternative because CDM is a 
market-based mechanism and it is an incentive to both host and investor countries. Our
calculation shows that only Fujian has the positive NPV meaning carbon credits added to 
wood pellets might be effective in some, but not all areas. We should point out that in this 
study coal is selected to be replaced. If other fossil energy carriers are replaced, e.g. natu-
ral gas, a much more expensive fuel than coal in China, the wood pellet project will be-
come more profitable, thus wood pellets will be more competitive in more areas.

By further examining the calculation results, we found that the areas that are far away
from coalmines, like Fujian, will be the potential and ideal locations for wood pellets 
production. On the other hand, although the wood residues are also abundant in Inner 
Mongolia, Heilong Jiang and Jilin, there exist coalmines in these areas resulting in a low 
coal prices there. Therefore, wood pellets cannot compete with coal in these areas even if 
CDM credits are considered.

Replacing coal with wood pellets could result in global benefits due to reduction of CO2
emissions. Our calculation shows that a global environmental benefit of about 13000 ton-
nes of CO2 emission reduction could be gained annually if wood pellets were used to re-
place coal in a 7 MWth, coal-fired industrial boiler with the thermal efficiency of 80%
and 5000 hours of operation time The reduction corresponds to 62000 EUR of CER un-
der the average CER price of 4.75 EUR/tonne CO2. The detailed calculation is shown in 
an appendix.

The profitability of the wood pellet project will change with the fluctuation of coal price. 
It has been noticed that when the coal price is raised to 39.3 EUR/tonne due to the pres-
sure of market demands, the wood pellet project starts to compete with coal in these re-
gions.

It should be pointed out that the transportation cost is not considered in our calculation,
while the coal prices in different areas have already included the transportation cost.
Hence, the results shown in this study can be taken as the reference for local areas.
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Besides the factors of investment and product price which have already been discussed, 
according to Equation (1), discount rate, project life time and construction time will also 
influence the project’s NPV. A sensitivity analysis which is based on CDM credits sce-
nario has been carried out in order to study how these three factors affect the project’s 
profitability. Figure 12 shows the result. As shown in the figure, the project time has the 
largest effect on the project’s NPV. Compared to the assumed project life time of 15 
years, the project’s NPV will increase around 50% by increasing the construction time by 
5 years and it will significantly decrease around 70% when the project life time is de-
creased to 10 years. 
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Figure 12 Different factors affecting the project’s net present value. 

It is obviously impossible to foresee the exact construction time of the project. In this 
study the assumed time of 6 months is considered. Figure 12 shows that the construction 
time is a minor influential factor based on the given span time. However, a de-
crease/increase of 2 months will result in 3% of the project’s NPV.  

Conclusions
The market-based-only scenario shows that the wood pellet project would not be profit-
able in selected areas in China by transferring technology from Sweden.  

In general, new scenarios show that reducing the initial investment and increasing the 
amount of bank loan could help to increase the project’s profitability. Adding high tax 
(energy and environmental tax) to coal is one alternative, but whether it could be effec-
tive or not will depend on the Chinese government’s future efforts on climate change 
mitigation. However, adding carbon credits to wood pellets through CDM could give 
wood pellets a nich-market in some areas in China.  



The method developed in this paper could be used for techno-economic analysis of other 
kinds of projects in the same way and the analysis made can serve as a benchmark for a 
wood pellet production project in China. 
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Appendix

Global benefits estimation
In the global benefits estimation of CO2 emission reduction, wood pellets are substituted 
for coal in one industrial boiler with the capacity of 7MWth (Mega Watt thermal output). 
The parameters for this boiler and the properties of the substituted coal are shown in 
Table 6.

Table 6 Parameters of the industrial boiler and properties of the coal

Industrial boiler
Nominal thermal capacity 7 MW
Thermal efficiency 80%
Operation time 5000 hours per year
Coal
Carbon content (tC/tCoal) 0.6375
Fraction of carbon oxidized 0.97
Heating value (J/kg) 27.13 × 106

Coal consumed (tonne/year) 5800
CO2 emission reduced (tonne/year) 13000

Given that the wood pellets come from sustainably managed forests, the combustion of 
wood pellets can be regarded as CO2 neutral since CO2 released from the combusted
wood pellets is again sequestrated in new biomass in growing trees. The CO2 emissions
from wood pellets combustion are thus zero, and the CO2 emission reductions are equal 
to the baseline emissions which can be expressed with  the following equation. 

baseline
CO

reduced
CO EE

22

where, CO:
2

reduced
COE 2 emissions reduced (tCO2/y)

CO:
2

baseline
COE 2 emission in the baseline (tCO2/y)

Assuming that CO2 emissions during the project construction and operation can be ne-
glected:

tC
tCOfCCmE oxcoal

baseline
CO 12

44 2
2

where, Coal consumed per year (t/y):coalm
:CC Carbon Content (tC/tCoal)
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:oxf Fraction of carbon oxidized
therefore,

tC
tCOfCCmE oxcoal

reduced
CO 12

44 2
2

By using above equation, around 13000 tonnes of CO2 emission could be reduced by the 
coal substitution per year.
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Abstract

Residue materials generated in the metallurgical industry have gained an increasing 
importance, both from the points of view of both energy and material supply. A joint process 
integration model for the integrated steel plant system is developed and used in this paper. It 
takes into account both residue materials and energy recirculation for the system. The 
potential for increased recirculation and the effect on the system from an environmental point 
of view is presented, and implementations and practical experiences are discussed. The model
developed can serve as a benchmark for different steelmaking operations and constitute a
basis for the continuous work involved in material, energy, environment or economic analyses 
for the steel production system.

1



Introduction
The residue materials produced in the iron and steel plant include slag, sludge, dust, mill
scales. Some of these residues are recycled and reused onsite as raw material for the processes
since they contain valuable components, such as iron, carbon and slag formers. Some residues
have a composition which makes them suitable for applications such as construction material,
road building, concrete aggregate and thermal insulation, and these residues are therefore 
often reused externally. Some residues need special treatment, e.g., landfill treatment, which 
is associated with costs for both the treatment and the deposition.  Augmented taxes increase 
this cost. Thus, minimization of the landfill becomes more and more important and could be 
achieved by increasing the recycling and reuse of the residue materials internally or
externally. The recycling rate is depending on factors such as environmental requirements,
energy use and economical and technological feasibility.

Previously, two types of methods have been used for the waste management system in the 
iron and steel plant. One is the life cycle assessment (LCA) approach, the main objective of 
which is to describe, compare and evaluate the overall environmental impact of single 
products or services over their complete life cycle [1]. This method usually includes an 
analysis of their waste management. Birat [2] and Scaife et al. [3] took CO2 minimization and
energy needs into account in their LCA models. Emi and Seetharaman [4] and Akisawa et al.
[5] suggested that minimizing energy consumption and waste management could be done by 
integration of the steel industry and other industries with the LCA perspectives. Besides the 
LCA approach, the mathematical programming method has been used. Gielen and Moriguchi 
[6] used a linear programming approach for waste reduction in the steel plant. In this
approach CO2 emission reduction potentials were analysed as well.

The mixed integer linear programming (MILP) method used to develop a process integration 
model for the purpose of global energy optimization in the steel plant, was proved effective 
for systems with flows of different characteristics and useful for energy optimization in the 
integrated steel plant [7,8]. In this paper, this model is further developed for optimization of
residual flows with the comprehensive and systematic consideration of its influence on
energy, economy and environment impacts is presented. The integrated steel plant SSAB 
Tunnplåt AB in Luleå (SSAB) and the specialised residue recycling company, BDX Industri 
AB (BDX), have been chosen as a case study. 

Recycling and utilization of by-products at SSAB Tunnplåt AB 

Generated by-products 

SSAB Tunnplåt is one of Europe’s leading developers of high-strength strip steels. SSAB 
Tunnplåt AB has ore-based steel production in Luleå and strip steel manufacture in Borlänge.
As shown in Figure 1, the total amount of by-products generated was about 1.29 million
tonnes in 2002 [9]. The solid by-products may be mainly classified as three types: slag, steel 
scraps, and iron-bearing by-products such as dust, scale and sludge. The largest portion of the 
solid by-products at SSAB is slag with 60% of the weight of the by-products. The others are 
steel scrap (17%), dust and sludge (10%), pellets fines (8%) and nut coke (7%). Nearly 90% 
of the by-products were recycled or reused in 2002.  For the reuse of by-products, half of the
total amount was recycled in internal processing (BDX recycling unit) and the other half was 
utilised in an external way.

2



Present recycling routes

The general strategy of by-product 
management at SSAB is to 
minimise the quantities that are 
discarded by increasing the
company’s own recycling and
looking for commercial uses [10]. 
The general philosophies at SSAB 
are recycling within the plant,
selling as raw materials for other 
users, further processing into new
products, and to landfill (must
decrease). Totally around 527,000 
tonnes of by-products were 
recycled in internal processes in
2002. They consisted of mainly
three parts, (i) the iron and steel scrap recycled to the BOF; (ii) BOF slag used as slag former
in the blast furnace and (iii) the fine particle materials agglomerated to the briquettes to be 
charged into the BF.
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Figure 1. The by-products recycling, storage, export and 
landfill at SSAB Tunnplåt in Luleå, [9]

Recycling of dust and sludge through BF by cold bond briquetting
In 2002, around 110,000 tonnes of briquettes were produced by BDX, a coordinated partner 
of SSAB, and recycled through the blast furnace. The production results indicated that the 
cost for producing briquettes by far lowers the value of the briquettes. Cold bond briquetting 
proved to be technologically viable, economically attractive and environmentally safe for by-
products recycling. At present about 60-80 kg of briquettes/tHM are charged into BF, which 
means around five percent of the total burden material. This limit depends on several 
variables, such as the properties of by-products, the zinc content of materials, the strength of
the cold bond briquette and the reduction conditions [11].

Utilisation of slags and scraps
To increase the amount of recycled materials, a separation plant at BDX was set up for the 
treatment of BOF-slag, desulphurisation slag and BF-slag, including weighing capacity, two-
stage crushing, sieving and magnetic separation. The different size fractions of the slag after 
magnetic separation are returned to suitable processes within the steel mill or celled and
deposited [11]. BF slag is sold as pavement structure material for road building.
Approximately half of the BOF slag is recovered in the blast furnace and the fine size fraction
(0-10 mm) is used internally. For the desulphurisation slag, non-magnetic parts are deposited 
and magnetic part is recycled by briquetting for BF or sold externally. Internal steel scrap is a
very valuable material for the steel production. The steel scrap can be cut by using a ferro-
cutting machine. The different size fractions of the scraps after handling are prepared for 
internal use.

Alternative recycling routes

Several studies have been conducted at SSAB to test different possibilities of recycling by-
products. Two suitable methods, recycling of dust and sludge through BOF by cold bonded 
pelletizing and injection into the BF, will be considered to be used for recycling dust and
sludge in the future. The results of studies that have also been tested in full-scale operation 
and proved feasible, are used as input data to the optimisation model:
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1. Injection of blast furnace flue dust has been tested in the LKAB experimental blast 
furnace and in full scale tests, the results are described in [12,13].

2. Mill scale briquette for the blast furnace, replacing blast furnace flue dust with mill
scale [14]. 

3. Cold bonded pelletizing of the sludge and dust using cement as binder in order to 
increase the recycling of fine sludge and dust disposed normally in landfill [15].

Model development 

Description of the optimization model

The analysis method is based on mathematical programming. The model constructed to depict 
the industrial system is based on MILP. The steel plant model is solved by optimisation of an 
objective function for a fixed steel production resulting in an operation for the different sub-
processes, a commercial optimisation routine* has been used. The optimisation is defined as a 
minimisation problem, where the objective function defines what to be minimised and is 
comprised of the variables from the model description that are of interest. 

Inputs

Coke

BF

BOF

CC Product

Production line Environment

Process unit 

Material

Energy

User-end product

Residue treatment

LandfillResidue solid

BDX

Steel plant

System boundary steel plant

System boundary,

Steel plant/ CHP/ recycling unit

Residue flow, recovered energy

End product

End waste

Energy

Residue liquid

Residue gas Emission

Effluent

Material and energy flow

CHP

Figure 2. Schematic description of the modelled system, integrated steel plant 

Model description of the integrated steel plant 
The steel plant is a BF/BOF route based system. The ingoing processes: coke plant, BF, BOF
converters, alloying processes CASOB and RH-vacuum oven and the continuous casting unit 
(CC) are modelled separately and connected together by primary products, i.e. coke, hot metal
(HM) and liquid steel (LS), and secondary by-products. The process gases produced from the 
coke oven, BF and BOF are recovered as coke oven gas, BF gas and BOF gas. The gases are 
used internally as primary fuel: the coke oven plant is under-fired with pure coke oven gas, 
and the hot stoves for the BF are fired with a mixture of BF gas and coke oven gas. The coke 
oven gas is also used in various heating burners at the steel plant as well as for primary fuel in
a steam boiler and in a lime furnace. Since the rolling mill is located at another company site, 
a surplus of process gases arises. The surplus is therefore used as primary fuel in a combined 
heat and power plant (CHP), producing steam, heat and electricity. The major energy and 
material flows in the model are illustrated in Figure 2.

* ILOG CPLEX 8.0
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The different processes have been modelled on the basis of mass- and energy balances, and 
the efficiencies and specific process-related data used are based on internal industrial
databases from the steel plant, CHP plant and the residue treatment plant (BDX). A boundary 
is placed for the production of first-rate steel slabs, which results in a liquid steel (LS), hot
metal (HM) and coke demand. The development of the energy model has been described in 
previous studies [8,9,16] for which the energy efficiency of the integrated steel plant and a 
renovation of the coke ovens have been analysed. This model has been further developed with 
regards to the residue material production and handling system present in the system.

The produced residue material, e.g. dust, sludge and slag, are modelled on the basis of the 
source of generation. For the coke oven plant, the residues included are the coke fines, which 
are modelled on the basis of the coke production. For the BF flue dust, sludge and slag, the 
generation is based on the different operation practice for the BF as well as the production
rate. The desulphurisation slag is based on the hot metal rate into the BOF, while dusts, 
sludge and slag are based on the production in the BOF. In the existing steel plant model, two 
recycling alternatives are included. These are top charged briquette and BOF slag into the BF. 
A sub model for the waste handling system (BDX recycling unit) has been developed, based 
on the different residues generated in the system. In the system four new recycling
alternatives have been included, Table 1. Other treatment methods included in the model are 
external use and to the landfill. Residue materials not used in the model are by definition
destined to landfill.
Table 1. Recycling possibilities, BF briquette and BOF cold bonded pellets, [%].

Process
unit

BOF
sludge

fine

BOF
sludge
coarse

BOF
slag BF

dust
Mill

scales
Steel
scrap

Desulph.
Scrap

Briq.
Fines

filter
dust cement

Existing
 Briquette1, normal BF - 14.8 - 26.0 - 23.2 8.8 8.7 8.0 10.5
 Top charged BF - - 100 - - - - - - -
New possibilities

Briquette2, mill scale BF - 14.8 - - 26.0 23.2 8.8 8.7 8.0 10.5
 Injection BF - - - 100* - - - - - -

CB pellet1 BOF 40 20 - 20 10 - - - - 10
CB pellet2 BOF 51 26 - - 13 - - - - 10

*BF flue dust mixed together with PCI. 

Objective function
The minimisation goal, the objective, for the MILP model is described by the objective 
function. The objective function is independent of the model. Hence, several objectives can be
used for the same model but only one objective function at a time. The objective function 
defined in the analysis is minimisation of residue material to landfill and is based on different
variables in the system describing the solid residue material to landfill, i.e. dust, sludge and
slag. The optimised results are used to evaluate two other objectives defined for the system,
but not included in the optimisation, i.e. CO2 emission and energy use. The CO2 emission and
energy use are calculated on the basis of the optimised model results of the landfill
minimisation.

Studied cases

Eight cases and one reference case have been analysed. For the reference case (case 1), the
model has been set to simulate the material and energy system including the production of
residues according to the production in 2002 and is used as comparison for the different cases. 
A short description of the different cases is shown in Table 2. Possible changes within the 
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different production units, BF and BOF are evaluated one at a time in the cases 2-7. For cases
8-9, the system is optimised for minimising the amount of residue to landfill. The model is set 
free to optimise among the different recycling alternatives described in Table 1.
Table 2. Description of analyzed cases 
Case Description
1 Reference, model based on production in 2002 
2 Mill scale briquette used in BF 
3 – 5 BF flue dust injection in BF, different amounts of BF flue dust injection, [5.0, 1.0, 2.2 kg/tHM] 
6 – 7 Cold bonded pellets, CB1 and CB2 used in BOF 
8 Optimisation between different alternatives cases 2 - 7 
9 Optimisation as case 8, external mill scale allowed 

Results
The residue material balance including the different residue materials produced, re-circulated, reused 
and taken to landfill is summarised in the Table 3. The residues are separated on the basis of the place 
of generation, e.g. all residues produced in the coke oven plant are summarised under “coke oven” in
the table. All figures are based on hourly production. For the different cases, the balance between
produced residues, internal recirculation, external use and landfill is shown. For cases where more
residue material is used than produced, this balance is negative. This is a consequence of a static 
modelling of the residue material system that in the real case is a dynamic system with a history of 
residue generation. In the real system storage of different residues exists, but this is not included in the 
model. In the model, the residues produced but not reused or re-circulated go to landfill. Therefore,
when modelling the real cases, where residue materials have been generated over a long period a
negative balance might occur, and still be a feasible solution. In this table the minimisation goal for 
the system, i.e. minimisation of landfill, is highlighted.

Table 3. Summary results of residue material flows of different process units in different alternatives
and optimization (ton/h)

Case
1 2 3 4 5 6 7 8 9

Coke oven
    Quantity 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3
    External reuse 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3
BF
    Quantity 61.2 59.6 56.8 61.3 60.0 61.7 61.2 68.4 68.6

Internal recirculation 15.0 12.5 16.1 16.5 16.8 15.7 15.0 27.1 27.0
    Landfill 2.7 5.1 0.8 2.1 1.2 2.4 2.6 1.0 1.0
    External reuse 43.6 42.0 41.2 42.7 42.7 43.6 43.6 40.3 40.6
BOF
    Quantity 40.5 40.5 40.5 40.5 40.5 41.2 41.3 38.0 38.0

Internal recirculation 22.8 23.0 22.6 24.0 23.9 24.2 24.3 22.1 22.1
    Landfill 13.2 13.1 13.4 12.3 12.4 12.6 12.6 11.8 11.8
    External reuse 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.1 4.1
CC
    Quantity 1.382 1.382 1.382 1.382 1.382 1.382 1.382 1.382 1.382

Internal recirculation 0.849 3.553 0.780 1.239 1.218 0.849 0.849 1.325 1.476
    Landfill 0.533 0.121 0.602 0.411 0.411 0.533 0.533 0.057 0.057

Produced 109.5 107.8 105.0 109.6 108.2 110.6 110.3 114.1 114.3
Internal re-circulation 38.7 39.1 39.5 41.7 41.9 40.8 40.1 50.5 50.6
Landfill 16.4 18.2 14.8 14.8 13.9 15.5 15.8 12.9 12.9
External reuse 54.4 52.7 52.0 53.5 53.5 54.3 54.4 50.7 51.0
Balance 0.0 -2.3 -1.3 -0.5 -1.1 0.0 0.0 0.0 -0.1

Validation of the residue material model

For the reference case (case 1), the produced residues were calculated to 109.5t/h. From the
environmental report, the total amount of residues produced with exclusion of the process 
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scrap was 110.4t/h. For the BF system, the calculated total amount of residues generated and 
the corresponding amount from the environmental report were the same, 61.2t/h. For the 
BOF, the same comparison is 40.5t/h compared to 41.8t/h; and for the CC, the amount of
residues produced in the reference case is 1.38t/h, the same amount as that reported in the 
environment report. If the comparison is made for the landfill, there is less agreement, 16.4t/h 
compared to 10.9t/h for the total system. A more detailed analysis of the different sources 
yields 2.7t/h for the BF, compared to 2.5t/h, for the BOF, 13.2t/h compared to 7.8t/h and for 
the CC, 0.5t/h compared to 0.4t/h. The large deviation for the BOF is found for the 
desulphurisation slag. Since the agreement between the inventory analysis and the model for 
the residues produced was good for the BOF system, the difference in distribution between 
landfill and internal and external use is the explanation. New values for the distribution of the 
desulphurisation slag from SSAB have therefore been used, resulting in this deviation. If this 
is corrected for (desulphurisation slag was calculated to 5.6t/h), the total amount of residues to 
landfill is 10.8 compared to the 10.9t/h.

Specific results

For the different cases 2-7, different recycling alternatives are analysed. The different 
amounts of residues produced, recycled and taken to landfill vary between the different cases.
The total amount to landfill in the reference case is 16.4t/h. In the analysed recycling
alternatives the corresponding figure is 18.2 – 13.9t/h. By implementing BF flue dust 
injection (case 5), the total amount to landfill is decreased to 13.9t/h, which is the lowest 
value for the residue to landfill. In this alternative the low value has been obtained by 
decreasing the amount produced and increasing the internal recirculation. For the optimised
cases (cases 8 and 9), the total amount to landfill is further decreased by implementing a mix
of the different recycling alternatives. The specific changes in the BF and BOF system are 
shown in Table 4.
Table 4. Operation parameters for BF and BOF

BF BOF
Case 1 8 9 1 8 9

Pellets 1380.8 1371.8 1369.4 Hot metal 921.5 844.1 844.1
Coke 336.1 335.9 339.1 Scrap 92.5 137.6 137.6
PCI 129.9 134.1 134.6 Pellets 18.9 0 0
Flue dust 0 2.5 2.8 CB pellets1 0 0 0
Lime 59.0 46.5 46.4 CB pellets2 0 1.9 1.9
Briquette1 40.3 42.3 40.0
Briquette2 0 5.4 7.7
BOF-slag 36.6 39.6 40.0
Slag 170.3 162.8 164.3

Note: unit in BF, kg/ton hot metal (HM); unit in BOF, kg/ton liquid steel (LS).

For the optimization cases, the BOF slag, briquette and flue dust are increased while the 
amounts of lime, and pellets are decreased compared to the reference case. The decrease in 
the use of pellets and lime are consequences of the increased recycling of BOF slag, and 
briquettes. For the BOF, the pellets are replaced by CB pellets and increased use of scrap. 
There are small differences in the BF operation practice for the two optimised cases, while 
there are no differences for the BOF operation practice. 

The relative changes in energy use and CO2 emission for the cases 1-9, based on the 
minimisation to landfill objective are shown in Table 5. The calculations are based both on 
actual emissions/energy use in the processes on site and on material preparation of raw 
material (e.g. pelletisation) and recovery of by-products (e.g. process gases) outside the 
system. For the optimised cases (cases 8-9), the total amount of residues to landfill is
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decreased by around 22%. By doing this the energy and CO2 emission are decreased by
around 2% at the same time.
Table 5. Relative change for different cases in energy use and CO2 emission based on minimization of 
residue to landfill [%]

Case
Objectives 1 2 3 4 5 6 7 8 9
Energy 100.0 105.7 101.9 101.3 100.1 100.0 100.0 98.0 98.7
CO2 100.0 105.4 101.8 101.4 100.0 100.1 100.0 97.7 98.4
Residue 100.0 111.2 90.3 90.3 85.0 94.6 96.1 78.6 78.6

Discussion

Importance of an optimising analysis method

Characteristics of a process integration tool are that they include some kinds of feature for 
optimisation, not just simulation of predefined cases. The importance of this distinction may
be illustrated by Figure 3. Cases 2-7 show alternative routes or parameter combinations that, 
in the experience of the group, were expected to influence the amount of landfill. The diagram 
shows the landfill among these cases by simulation. Moreover, it shows that the improvement
can be taken one step further if the optimisation routine in the model is used, resulting in a 
global decrease of the total amount of residues to landfill by 31 000 tonnes on a yearly basis.
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Figure 3. Comparison of amount of landfill in the different calculation cases 

Of the simulated cases the ones with flue dust injection (3-5) seem to give the best result. The
case with the lowest value for landfill (No. 5) corresponds to injection of 2.2 kg/tHM. When
the model is left free to optimise (cases 8-9), it also suggests a flue dust injection of the same
magnitude as case 5, combined with an increased recirculation of mill scale, both in BF 
briquettes and as pellets into the BOF. In the optimised case 8, only residue material produced 
on site is considered. For the case 9, external mill scales are taken into account i.e. from the 
rolling mill.

Most residues to landfill originate from the BOF where desulphurisation slag and the fine 
sized BOF gas cleaning sludge account for 41.5% and 39.9% respectively. For the BF the 
main source of residue to landfill is the BF sludge; all BF dust is recycled. In all recycling 
alternatives except the BOF slag and BF dust injection, the coarse BOF sludge is used. This 
residue material is at present limiting the amount recycled. In order to increase the amount
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recycled, one recycling alternative should be to utilise another residue material instead of the 
coarse BOF sludge. Hence, the analysis indicates that a new recycling alternative should 
consider the desulphurisation slag, fine sized BOF sludge and not be based on the coarse BOF
sludge or the BF flue dust.

Parameters not included in model

The recycling alternatives analysed are based on the “best” situation, that is, process 
disturbances that might occur during the recycling are not included. The recycling alternatives
are based on real process data, but these are for short-time testing. Since the models are based 
on average for the production period, extremes are not modelled which might influence the 
results. There are also physical limitations to how and where different residue materials
should be recycled. Residues with a high content of sulphur should not be recycled into the 
BOF, since the desulphurisation has been made earlier in the process chain. How a higher slag
volume or an increased activity in the BOF during the processing affects the process are other
aspects of the recycling. This is not included in the model, instead we rely on the know-how 
from of experts in this field.

Energy and environmental aspects on recycling

The minimisation of residue material to landfill is connected to the increased internal and 
external recycling. Increased internal recycling might lead to reduced energy use and CO2
emission from the system because the recycled residue material is reintroduced into the
production chain closer to the final product [2]. Less primary raw material might be needed in 
the optimization cases, resulting in decreased use of primary raw material accompanying with
a decreased energy use and CO2 emission. A decrease in landfill results in lower values of 
energy and CO2 emission, which is something that often happens, not a general rule. In 
principle, a good efficient practice usually, but not always, leads to better energy efficiency
and decreased emissions. The relation between the cost and the residue minimisation of 
landfill can also be shown in a similar way. 

Conclusions
A model for residue material recycling has been developed taking into account the 
material and energy system for SSAB Tunnplåt AB. The model has been validated
against real process data and been used to analyse different recycling possibilities and 
to minimise the residue material to landfill at the site.

It has been proved that there are great similarities in analysis method for energy, 
material and residue material minimisation.

The residue material optimization model developed has taken into account the aspects 
of economy, environmental impact and energy which makes it a first step towards a 
sustainable optimization system. The model developed can serve as a benchmark for 
different steel making operations and constitute a basis for the continuous work
improving the material and energy efficiency. 

The results can be improved if an optimization function is used in the computation.

Acknowledgments
This work has been financed by the Process Integration research programme at the Swedish
Energy Agency. We would like to thank SSAB Tunnplåt AB for allowing us to perform this 
study, and Håkan Johansson at BDX Industri AB for valuable remarks.

9



REFERENCES
1. W. Hogland, J. Stenis: “Life cycle analysis & modeling of waste management”,

(Internal report 1997:2. Lund University, Lund, Sweden, 1997). 
2. J-P. Birat: “Recycling and by-products in the steel industry”, (Paper presented at 

the Recycling and Waste Treatment in Mineral and Metal Processing, Luleå,
Sweden, 16-20 June 2002), 59-68 . 

3. P. Scaife, J. Nunn, A. Cottrell and L. Wibberley: “Towards sustainable steelmaking
– an LCA perspective”, ISIJ International, 42 (2002), S5-S9. 

4. T. Emi and S. Seetharaman: “Future steelmaking plant with minimized energy
consumption and waste evolution”, Scandinavian Journal of Metallurgy; 29(2000), 
185-193.

5. A. Akisava, Y.T. Kang, Y. Shimazaki and T. Kashiwagi: “Environmentally
friendly energy system models using material circulation and energy cascade-the
optimization work”, Energy, 24 (1999), 561-578. 

6. D. Gielen andY. Moriguchi:  “CO2 in the iron and steel industry: analysis of 
Japanese emission reduction potentials”, Energy policy, 30 (2002), 849-863. 

7. M. Larsson, J. Dahl: “Reduction of the specific energy use in an integrated steel
plant - the effect of an optimisation model”, ISIJ International, 43 (2003), 1664. 

8. C-E. Grip, M. Larsson, J. Dahl: “Energy optimization by means of process 
integration in an integrated steel plant with surrounding community”, (Paper 
presented at 84th steelmaking conference, Baltimore, Maryland, March 2001), 543. 

9. Environmental Report 2002, SSAB Tunnplåt in Luleå, Sweden.
10. G. Berglund, F. Su and H-O. Lampinen: “Recycling and utilisation of by-products 

at SSAB Tunnplat Metallurgy”, (Paper presented at the International Symposium
on Metals and Energy Recovery, Skellefteå, Sweden, June 2003). 

11. G. Carlsson, G. Berglund, E. Nilsson and F. Su: “Integrated steel making – 
Handling of residues without a sinter plant”, (Paper presented at the TMS Fall 2002 
Extraction and Processing Division Meeting, Luleå, Sweden, June 2002),17-26. 

12. P. Sikström and L. Sundqvist Ökvist: “Recycling of flue dust into the blast 
furnace”, (Paper presented at the TMS Fall 2002 Extraction and Processing
Division Meeting, Luleå, Sweden, June 2002),119-128.

13. B. Jansson and L. Sundqvist Ökvist: “Injection of BF flue dust into the BF- a full-
scale test at BF No. 3 in Luleå”, (Paper to be presented at SCANMET II, Luleå,
Sweden, June 2004). 

14. A. Wedholm: “Karaktärisering av två typer av restproduktbriketter genom 
laboratorieförsök och utvärdering av driftförsök” (Master thesis, Luleå University 
of technology, 2003). 

15. F. Su, H-O. Lampinen, R. Robinson and L-E. Eriksson: “Recycling of sludge and 
dust through the BF and BOF by cold bonded pelletizing at SSAB Tunnplat”, 
(Paper presented at the TMS Fall 2002 Extraction and Processing Division 
Meeting, Luleå, Sweden, June 2002), 139-148. 

16. M. Larsson, P. Sandberg, J. Dahl, M. Söderström, H. Vourinen: ”System profits of 
widening  the system boundaries - renovation of the coke oven battery at an 
integrated steel plant”, (Accepted for publication in Int. J. Energy Res). 

10



Paper IV 
Wang C, Larsson M, Yan J and Dahl J. Impact on 
CO2 emission allowance of EU emission trading 
scheme (ETS) in a Swedish steel plant by clean 
development mechanism (CDM), conf. proc. of the
International Green Energy Conference 
(IGEC-1), 12-16 June 2005, Waterloo, Ontario, 
Canada.





1

IGEC-1 
Proceedings of the International Green Energy Conference 

12-16 June 2005, Waterloo, Ontario, Canada 
Paper No. 058 

IMPACTS ON CO2 EMISSION ALLOWANCE OF EU EMISSION TRADING SCHEME (ETS) 
IN A SWEDISH STEEL PLANT BY CLEAN DEVELOPMENT MECHANISM (CDM)

Chuan Wang1, Mikael Larsson2, JinyueYan1,3, Jan Dahl1

1Division of Energy Engineering, Luleå University of Technology 
SE-97187 Luleå, Sweden 

2 MEFOS - Metallurgical Research Institute AB 
Box 812, SE- 97125 Luleå, Sweden 

3Malardalen University, Dept. IST, Box 883  
SE-721 23 Vasteras, Sweden 

chuan.wang@ltu.se  
mikael.larsson@mefos.se

yanjy@ket.kth.se 
jan.dahl@ltu.se

ABSTRACT 

The implementation of EU Emission Trading Scheme 
(ETS) started on January 1st 2005 according to 
national plans for allocating emissions rights. The 
steel industry is one of the industrial sectors included 
in this scheme. The objective of this paper is to 
investigate and evaluate the optimum solution(s) in 
the steel mills to meet their emission allowance with 
low reduction cost. An optimization model is 
developed and used for a case study in a Swedish 
steel plant. Three scenarios were created in the 
model, i.e. internal changes within the steel plant, 
ETS, and the Kyoto Protocol’s clean development 
mechanism (CDM). For the last scenario, China was 
selected as a country of the non-Annex I Party for 
the emission trading by CDM. The modeling results 
show that the studied plant will face an emission gap 
between allowed and calculated emissions in the 
near future. Compared to the ETS, the 
implementation of CDM projects will make the plant 
reduce CO2 emission at a lower cost. The internal 
changes within the plant will also play an important 
role for the solution of low abatement cost.

Keywords: Emission allowance, Emission trading, 
Clean development mechanism, Steel plant, CO2
emission, Sweden, China 

INTRODUCTION 
The European Union (EU)’s target under the Kyoto 
Protocol (KP) is to reduce its greenhouse gas 
emissions by 8% during 2008-2012 compared to 
1990 level. In order to comply with this Protocol’s 
commitment, the EU decided to introduce an 
emission trading scheme (ETS) to curb Europe 
industry’s emissions. The so-called ETS is an EU 
internal market to trade carbon dioxide emissions 
which enables companies exceeding individual CO2
emissions targets to buy allowances from 'greener' 

ones. Under this EU ETS, some 12,000 plants 
across the 25 EU member states have been able, 
since 1st January 2005, to buy and sell permits to 
emit carbon dioxide, covering about 40% of the EU's 
total CO2 emissions. The national targets are spelt 
out, for each individual plant, in a National Allocation 
Plan (NAP) previously approved by the Commission. 
Under the EU scheme, companies exceeding their 
quotas are allowed to buy unused credits from those 
doing better at cutting their emissions. Fines of 40 
euros per excess tonne of CO2 emitted will be 
imposed on companies exceeding their target, rising 
to 100 euros three years after the entry into force of 
the directive (Directive 2003/87/EC, 2003). 

The EU ETS starts with a pilot phase running from 
2005 to 2007, followed by a second phase from 
2008-2012. Each member state is required to submit 
its NAP, and these NAPs are reviewed by the EU 
Commission during period of time. In its first phase, 
CO2 emission from the sectors like combustion 
installations (>20MW), oil refineries, ferrous metals, 
minerals and pulp&paper are included (Directive 
2003/87/EC, 2003). 

According to the European Commission Directive, 
the ETS should be compatible with Member States’ 
KP mechanisms (Directive 2003/87/EC, 2003), thus 
the Clean Development Mechanism (CDM) and Joint 
Implementation (JI) are linked to the ETS. It is 
permissible to convert certified emission reductions 
(CERs) and emission reduction units (ERUs) into 
allowances of total quantity of allowance allocated by 
the EU Member State. (Lohner, 2004; Carbon Trust, 
2005) Although the Directive itself has not clearly 
stated the linkage between ETS and KP 
mechanisms and there are some debates on how 
the EU ETS links to JI/CDM (Jepma, 2003), this 
linkage may provide opportunity that the emission 
reduction could take place towards where the cost of 
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the reduction is lowest thus decreasing the overall
costs of combating climate change.

As one member of the EU, Sweden has taken part in
the EU ETS. In Sweden, the Swedish Energy
Agency (STEM) is responsible for CO2 emission
inventory which was submitted to UNFCCC and
used for its KP targets setting, and the Swedish
Environmental Protection Agency (Naturvårdsverket)
allocated CO2 emission allowance for the period of 
2005-2007 for all industries/companies and power
sectors.

In this work, the selected industry is the Swedish
steel industry, and SSAB Tunnplåt AB in Luleå 
(SSAB) is chosen as a specific case. SSAB is an 
integrated iron and steel plant. As one member of 
steel industry, SSAB has joined in ETS program and 
was allocated CO2 emission allowance by
Naturvårdsverket, which is the largest in all plants in 
Sweden (around 17.5% of the total). This paper
studies whether there is an emission gap, what the
influence will be by ETS with CDM, and how to fill up
the emission gap in the most cost effective way if 
there exist such emission gaps.

The structure of the paper is organized as following.
Firstly the production process and CO2 emission
sources at the steel plant analyzed is briefly
presented. In the following section, the model 
developed and used in this work is described; the 
model boundary and objective function used are
presented, and the alternatives included are also
described in detail in this part. The modeling results
are presented and discussed in the following two 
sections. The paper is ended up with some
conclusions.

DESCRIPTION OF SSAB TUNNPLÅT AB
The studied system is an integrated steel plant,
located at Luleå, the North of Sweden. The annual
steel slab production in 2003 was 2,140 kilo tonne.
The current CO2 emission at SSAB is around 3850
kilo tonne per year. According the allowance
allocation for the first ETS period the CO2 emission
allowance is 4,016,253 tonne per year (SPEA,
2004).

The SSAB system consists of one coke oven plant,
one blast furnace (BF) with hot stoves, two basic
oxygen furnaces (BOF converters), secondary
metallurgy processes and two slab casting
machines. The blast furnace is operated on 100%
pellet, the system is therefore not equipped with a
sinter plant. The final product from the steel plant is 
steel slab, the rolling mill is located in another 
geographical part. This gives rise to a surplus of
process gases which instead of the rolling mill are 
used as primary fuel for a combined heat and power
plant (CHP). In Fig.1, the main production line
connected through the primary products from each of
the main processes, e.g. coke, hot metal (HM) and
liquid steel (LS), is shown. These main processes

are also the main source of CO2 emissions. As
shown in Fig.1, the CO2 emission inventory covered
at SSAB also includes the CHP plant and a lime 
furnace. The heat generated meets the demand for
the local district heating network, and the electricity
production covers the needs of the steel plant and
the surplus electricity is sold to the national electricity
grid. The primary fuel used in the CHP plant is the 
mixture of gases from the main processes i.e. the
coke oven plant, BF and the BOFs. When these
process gases are combusted to generate heat and
electricity at the CHP plant, CO2 is emitted. It should
be noted that not all process gases are used in the
CHP plant, some of these gases are used as internal
fuel within the steel plant and as main fuel for the 
lime furnace. From the lime furnace CO2 is emitted
from both the actual combustion and from the 
calcinations of the lime stone.

BF BOF CC

CHP plant

Coke HM LS
Coke oven

CO2 CO2 CO2

CO2

Lime furnace

CO2

Power

Heat

Steel and CHP plant

Slabs

BFG BOFGCOG

Power

Coal

Pellet

Oxygen

Additives

Scrap

Oil

Fig.1 Schematic process units layout of the SSAB steel mill and CHP 
plant with CO2 emission sources.

METHOD
In this paper, measures investigated to lower cost for 
CO2 emission reduction in the integrated steel plant
include the internal changes, allowance purchase via
the emission trading market, and buying credits
through KP’s CDM. A computer-based optimization
model which is based on mixed-integer linear
programming (MILP) was developed. This model has
been used to simulate CO2 emission under the
above measures in order to find out the optimum
solution i.e. low reduction cost and high emission
reduction.

The analysis of CO2 emission in the specific case
was conducted by using an iron and steel industry
model1 (ISIM). This model has already been used to 
simulate the entire energy system, optimize the
interchanges between energy and raw material use,
to analyze and minimize environmental impacts for 
the steel industry (Larsson & Dahl, 2003; Larsson et
al., 2004). In this work, the model was further
developed to simulate the CO2 emission allowance
for the SSAB steel mill under the EU emission
trading scheme and KP’s CDM. A model developed
for CO2 emission trading analyses for the iron and

2

1 The development of the ISIM and the modeling tool reMIND is a 
cooperation between the steel producer SSAB Tunnplåt AB and the 
universities: Luleå University of Technology (Ltu) and Linköping
Institute of Technology (Lith).
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steel industry from a global perspective can be found 
in Hidalgo et al. (2005). This model covered 
emission trading within EU and beyond. However, it 
is of interest to know the emission trading by other 
KP instruments like CDM and JI. In our model, in 
addition to emission trading within EU, CDM is 
studied as well. Instead of analyzing the CO2
emission trading from the whole steel industry point 
of view, our model is created on the basis of an 
existing steel plant, the analysis thus was made 
based on the modeling results for the specific case. 

Model Description 
The model developed in this work is based on a 
previous model designed for SSAB, described more 
in detail in (Larsson & Dahl, 2003). The main 
processes in the steel production chain, i.e. coke 
oven plant, BF, BOFs and CC (continuous casting) 
units, are modelled separately and are connected by 
primary product interactions (coke, HM, and LS) and 
by-product interactions. The steel demand from the 
CC units will determine the LS demand from the 
BOF, which in turn will determine the HM production 
from the BF and so forth. The material use is based 
on the process requirements for each sub-process.  

SSAB

 CO2...

EU ETS

CDM (CHINA)  Inter. measures

Time step 
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2 
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o
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Fig.2. A schematic outline of the modeled system.       , boundary of 
original ISIM;           , boundary of new model 

As shown in Fig.2, the new model extends the 
boundary of the original ISIM. In order to simulate 
the influence by ETS and CDM on the CO2 emission 
allowance, two sub-models of ETS and CDM are 
created and together with the original ISIM consist of 
the boundary for the new model. For the CDM part, 
China is chosen as one developing country as the 
emission trading partner. In the model, a function of 
time step is used since both CDM and ETS are time-
step based schemes.  

The EU announced that the first ETS phase is 2005-
2007 and the second phase will cover the year from 
2008 to 2012. The time steps defined in this work is 
based on the Kyoto Protocol commitment period. 
Since 2nd ETS phase is exactly same as KP 
commitments period, the time steps are set as 

following: before Kyoto Protocol (BKP), Kyoto 
Protocol (KP), and post Kyoto Protocol (PKP) as 
shown in Table 1. Under the EU emission trading 
directive each member state will allocate the national 
emission permits to its various industries, Table 1 
shows the CO2 emission allowance allocated during 
the BKP period and assumed allowance for the steel 
plant during KP and PKP period. The calculated 
emission for each period assuming an increased 
production level (Table 1) is evaluated against the 
allowed emissions. 

Table 1. Time steps used in the model and steel production forecast in 
SSAB during the time steps 

Time step BKP  
(1st ETS) 

KP  
(2nd ETS)  

PKP  

Year span 2005-2007 (2008-
2012)

2013-
2020

Production
projection (%)a

100%a

(107%)
108% 108% 

CO2 emission 
allowance (kt/year) 

4016 3856b

(-4%)
3614b

(-10%)
a, Production forecast change is based on the production for 2003 
with an increased production in the end of the period. For the 
year of 2007 in BKP, production forecast is not assumed same as 
the first two years with 7% increase instead. Note that the 
increased production only is a calculation scenario and not a 
decided production plan. 
b, Assumed emission levels for KP (-4%, which is the same as 
Swedish national emission target) and PKP (-10%) of BKP level. 

Scenarios Description 
There are several possibilities to reduce the CO2
emission in the steel plant. These are divided into 
three scenarios, i.e. internal changes, CDM 
alternatives and EU ETS. To evaluate the different 
scenarios, three cases and one reference case have 
been used. The reference, which is a business as 
usual (BAU) case, is used as baseline, where the 
model has been set to simulate the material and 
energy use according to the production practice in 
2003. In case 1 ETS is evaluated while the steel 
plant system is operated as the reference plant. In 
case 2, CDM together with ETS is evaluated while 
the steel plant is operated as reference. In case 3, 
the effect of making changes within the steel plant 
system is analyzed together with CDM and ETS. 

Internal measures within SSAB
How the steel plant is operated will affect the 
emissions from the system. A summary of the 
different ways of changing the operation practice for 
the system is shown in Table 2. 
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 Table 2. Possible internal changes for cost and CO2 reduction within the 
steel production system 

Coke oven 
plant Blast furnace 

BOF plant
(incl. CC 

units) 
CHP

Coking coal 
mix 

PCI injection 
rates

(0-180 kg/thm) 

Recycling of 
residues  

(BOF slag, flue 
dust briquette) 

Hot blast 
temperature  

(1050 – 1200 C)

Raw material 
quality 

(coke, pellet, 
additives) 

HM/scrap 
rate

Decreased 
pellet cooling 

Back 
pressure/ 

condensing 
operation 

General (unspecified) 

Production 
rate (±) 

Decreased 
disturbances 
BF/BOF route 

Production rate 
(±)

Production 
rate (±) 

Production 
rate (±) 

From the optimization of the system the model 
provides an optimal operation practice which fulfills 
the requirements of production of steel slabs, heat 
and power. The effect of a change in operation for 
the different units will be evaluated on the basis of 
the overall efficiency for the total system (depending 
on the objective used). This makes it possible to take 
into account the different interactions between the 
many different sub-systems. 

CDM scenario
CDM is one of three KP’s flexible mechanisms. This 
mechanism enables a transfer of certified emission 
reductions (CERs) between non-Annex I parties and 
Annex I parties through investments in emission 
reduction projects. Since the marginal abatement 
cost (MAC) for CO2 emission in non-Annex I 
countries is quite low, it is possible to reduce more 
CO2 emission with the same/lower investment in 
these countries.  

In this work, China was chosen as the Non-Annex I 
country. Generally, the iron and steel industry in 
China has a characteristic of low efficiency and high 
emissions. In 1997, there were 1570 steel and iron 
plants in China, and around 97% of these plants are 
small-size with the annual production of less than 0.5 
Mt (Ma et al., 2002). In China most steel plants are 
using the BOF production process, and around 
82.8% of steel were produced by the BF/BOF route 
(Price et al., 2002). In this work, the CDM case is set 
for those small-size steel plants in China. The profile 
of this kind of target steel plant is shown in Table 3.  

Table 3. Profile of small size plant in China 
Parameter Value 

Production (Ton crude steel/year) <500000 
Carbon emission factor (t-C/GJ) 0.0419 

Energy use (GJ/tcs) 30.0 

The criterion for selection of candidate CDM projects 
used in this work is expressed by the following 
equation.  

0)()( tItVNPV   (1) 

where,  
NPV, net present value (US$). 
V(t), the sum of present values of energy cost saving 
from present until t time periods later (US$). 
I(t), the sum of present values of investment from 
present until t time periods later (US$). 

Most proposed CDM projects will use the state-of- 
the-art technologies from SSAB in this paper. The 
calculated abatement costs of proposed CDM 
projects are shown in Table 4. The abatement costs 
for all selected technologies are lower than 15 US$/t 
CO2. In Table 4, the investment cost consists of 
equipment cost and construction cost. The monetary 
values are expressed in 2001 US$ by using the 
Consumer Price Index (1982-84 = 100). In this work, 
we assume that the construction and installation of 
equipment is contracted in the host country. A 
construction cost coefficient of 0.16 and equipment 
cost coefficient of 0.8 assumed by Kaneko (2004) is 
used in our study to calculate the projects’ 
investment.  

Table 4. Proposed technologies transferred under CDM projects 
Process Investment 

(1000 US$ 
per year) 

Energy 
saving 

(1000US$ 
per year) 

CO2
reduced 
(kg CO2/t

steel) 

Abatement 
cost 

(US$/t CO2)

Recovery of BF gas 75.1 25.5 9.2 13.2 
Injection of natural gas 
to 140kg/thm 376.3 340.0 122.9 0.73 

Pulverized coal 
injection system for BF 705.1 582.5 131.9 2.3 

Waste gas recovery 
from oxygen converter 347.5 175.2 39.7 10.7 

Note: the project time span was assumed 15 years. 
Data calculated based on (Ernst Worrell et al., 2001; Kaneko, 2005)  

EU ETS scenario
The EU ETS is designed as an entity-based 
domestic cap and trade emissions allowance 
program. The scheme would reduce the compliance 
costs of fulfilling the KP targets for some EU steel 
sectors. The permit prices were estimated in different 
emission trading models. Springer (2003) 
summarized the permit prices on the basis of those 
available models, and found permit prices range 



from US$ 3 to 74 per ton of CO2 for Annex B2 trading
under the Kyoto Protocol, and the average will be 27
US$/t-CO2. Hidalgo et al. (2004) used POLES model
to estimated permit prices. According to this model,
for the EU-15 wide scenario, the prices vary with the
range of € 9 to 210 per ton of CO2, and the average
value is 28€/t-CO2. The permit price of 28€/t CO2
(29.6 US$/t CO2) was used in our model.

Objective Function 
The model has been developed to minimize the cost
for CO2 emission reduction. Two objectives, i.e. cost
and CO2 emission, have been derived for the 
system. In the optimization, one objective will be
optimized while the other is bounded to a certain
level.

The cost based objective, will constitute the objective 
function. Besides the material and energy flow 
variables that affect the system and its
corresponding costs, the objective function also
comprises different reduction costs generated from
EU ETS and CDM scenarios. The objectives have
been based on 2001 years cost levels. Future
changes in energy and raw material costs have not 
been taken into account. As reference currency US
dollar for 2001 is used. The exchange rate of SEK
and euro to US dollar are taken from Triacom (2005)
is 9.434 SEK/US$ and 1.057 €/US$, respectively.
The second objective derived for the system is a
CO2 emission inventory. The CO2 inventory includes
all emission from the steel plant including CHP plant 
and lime furnace. The model is bounded with CO2
allowance allocated to the steel plant and its
production forecast in the different time steps
according to this objective function.
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The analysis is made as a multi objective
optimization problem based on cost optimization
(production cost minimization) and bounded CO2
emission according to equations (2 and 3):

1 1 1
,,, )(min

n t m
tmntmnn xcba (2)

where,
xm,t is the variable m for the time step t.
cm,t,n is the coefficient for the variable m of objective 
n (cost) in time step t.
an and bn are coefficients which can be used to
normalize and scale the objective.

The CO2 objective is bounded according to (3): 

nCxC tntm
t m

ntm ,,,
1 1

,,
(3)

where,
Cn,t is a constraint for the objective for the different
time steps t and the whole analyzed period.

2 Annex B of the Kyoto Protocol contains 38 industrial countries
and countries with economies in transition.

RESULTS
The estimated emissions from the system for the 
different time periods are shown in Table 5.

Table 5. Summary of estimated relative CO2 emission for the reference
case (compared to T1) saved CO2 emission (ktCO2/yr) and cost for CO2
emission reduction.

BKP KP PKP
T1 T2 T3 T4

Year span 2005-
2006 2007 2008-

2012
2013-
2020

Reference
CO2 emission BAU 100% 107% 108% 108%
Gap CO2 emission, BAU – 
Allowance (ktCO2/yr) 0.0 129.6 274.1 516.0

Case 1 - only ETS
ETS 0.0 14.8 31.3 58.9
Abatement cost (US$/tCO2) 0 29.6 29.6 29.6
Case 2 - ETS and CDM
CDM 0.0 14.8 17.6 17.6
ETS 0.0 0.0 13.7 41.2
Abatement cost (US$/tCO2) 0 1.6 18.4 19.0
Case 3 - Internal change,
ETS and CDM
Internal change 14.9 16.5 16.6 41.2
CDM 0.0 0.0 14.8 17.6
ETS 0.0 0.0 0.0 0.0
Abatement cost (US$/tCO2) 0 0 9.6 13.6

Reference Case - business as usual (BAU) 
This scenario is a projection based on a series of
consistent assumptions. In this scenario, no
measures (including internal and external) were
taken to reduce CO2 emission in the steel plant. The
driving force in the model is the projected production
in the time steps.

The simulation results on CO2 emission are
presented in Figure 3. The figure shows that for the
first two years in the BKP period, the predicated CO2
emission will be lower than emission allowance
allocated. However, as indicated by the figure, the
predicted CO2 emission will exceed the allocated 
emission from the last year in the BKP period
through the whole time steps. Therefore, an
emission gap will be faced from 2007.
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Case 1 - ETS Simulation 
In this simulation, the EU ETS is used to fill up the 
emission gaps which were indicated in Figure 3. The 
model was bounded with the CO2 emission 
allowance. This simulation means that SSAB needs 
to buy the excess emission via the emissions trading 
market within the EU. Table 5 shows the price per 
unit allowance of 29.6US$/tCO2.

Case 2 - ETS and CDM Optimization 
In this scenario, the emission gap will be filled up 
either by buying allowance permits via ETS or by 
purchasing CERs via CDM. The optimization model 
shows that CDM alternatives will be used to fill the 
gap in 2007, and both ETS and CDM scenarios will 
be chosen during KP and PKP (see Table 6). Since 
the reduction cost within the different alternatives in 
CDM scenario is different, not all CDM alternatives 
will be chosen. For example, in 2007 only two of four 
alternatives are chosen by the model. Table 6 also 
shows the CO2 saved yearly by different alternatives. 
The abatement cost for the different time steps 
decreases compared to case 1 (see Table 5). 

Table 6. CO2 emission reduction in the different alternatives under CDM 
and ETS scenarios (ktCO2/yr).  

BKP KP PKP
T1 T2 T3 T4

2005-
2006 2007 2008-

2012 
2013-
2020 

CDM scenario 
Recovery of BF gas 0.0 0.0 4.6 4.6

Injection of CH4 in BF 0.0 62.5 62.5 62.5
Injection of PC in BF 0.0 67.0 67.0 67.0
BOF gas recycling 0.0 0.0 20.1 20.1

ETS scenario 0.0 0.0 120.3 361.3 

Case 3 - Optimization Scenario 
The optimized cost objective strives to decrease the 
production cost for the system to its minimum while 
satisfying the CO2 emission limitation, hence 
minimizing the CO2 reduction cost. All possible 
alternatives are included in the model, i.e. internal 
measures, ETS and CDM scenarios. The model was 
set free to optimize among the different alternatives. 
In Table 7 the result from the optimization shows that 
through internal changes, the calculated CO2
emissions are reduced for all periods. Consequently, 
SSAB will not make use of CDM and ETS at all 
during the first period (including the year of 2007), 
the CO2 saved through the internal changes are 
enough to fill up the gap. However, from the KP 
period, the calculated CO2 emission will exceed the 
emission allowance allocated if only internal changes 
are taken by the plant. Thus, other measures need to 
be taken. The table indicates that ETS will not be 
used for filling up the emission gap even for the last 
two periods, instead the model will choose the 
alternatives under the CDM scenario due to its lower 
abatement cost. The resulting abatement cost for the 
third case is the lowest compared to the other two 
cases (see Table 5). 

Table 7. CO2 reduced in the different alternatives under CDM and ET 
scenarios (ktCO2/yr). 

BKP KP PKP
T1 T2 T3 T4

2005-
2006 2007 2008-

2012 
2013-
2020 

Internal Change 130.5 144.5 144.5 360.9 
CDM scenario

BF gas rec. 0.0 0.0 0.0 4.6
Inj. CH4 in BF 0.0 0.0 62.5 62.5
Inj. PC in BF 0.0 0.0 67.0 67.0

BOF gas recycling 0.0 0.0 0.0 20.1
ETS scenario 0.0 0.0 0.0 0.0

The operation practices chosen in the cost 
optimization case are shown in Table 8. All these 
internal changes at the steel plant result in less CO2
emission from the steel production as shown in Table 
5. Below some specific results on the main process 
are discussed. 

 For the coke oven the major changes are in 
the coking coal mix. The volatile matter (VM) 
in the coal mix is decreased compared to the 
reference case. This affects the coal-to-coke 
conversion ratio which is increasing, 
resulting in less coal needed per ton of coke 
produced. The lower volatile matter also 
results in less coke oven gas produced.  

 For the blast furnace the main change is in 
the hot blast temperature for the furnace. An 
increased hot blast temperature results in a 
shift in coke oven gas usage. The hot stoves 
producing the hot blast, which are fired on a 
mixture of blast furnace gas and coke oven 
gas, are using a higher share of coke oven 
gas in this operational mode. 

 For the BOF two tendencies are shown. For 
the first periods of BKP and KP the amount 
of hot metal (pig iron and hot metal) is kept 
at a high level, indicating that scrap has a 
higher cost than internal produced hot metal. 
However, when higher CO2 reductions are 
required, as for the PKP period, the 
additional costs for reducing the emission 
makes it more profitable to increase the 
scrap rate in the BOF by decreasing the 
amount of pellet cooling and hot metal.

 The resulting gas surplus from the coke 
oven, BF and BOF are used in the power 
plant. The ratio between the different gases 
is shifted for the optimized cases as a result 
of the internal changes made. The coke 
oven gas is decreased in the mixed gases. 
The oil needed is reduced, indicating that the 
energy from the process gases is enough for 
the heat and power production. The amount 
of condensing power for the optimized cases 



is increased, resulting in higher power
generation.

Table 8. Summary of specific operation practice changes proposed from
the cost optimization.

Ref. BKP KP PKP
T1 T2 T3 T4

2005-
2006

2007 2008-
2012

2013-
2020

Coke oven
Coking coal (t/hr) 102 98 97 97 98
VM (wt%) 24.8 20.5 19.8 19.7 20.3
Ash (wt%) 8.7 9.0 9.2 9.3 9.1
External coke (t/hr) 16.0 14.4 20.1 21.0 15.8
Coke oven gas prod. (knm3/hr) 40.8 33.9 32.7 32.5 33.6
Blast furnace
Pellet (kg/tHM) 1362 1385 1385 1385 1385
Coke (kg/tHM) 339 324 324 324 324
PCI (kg/tHM) 134 130 130 130 130
Blast temperature (ºC) 1130 1200 1200 1200 1200
V/V ratio Coke oven/ BF gas 0.071 0.114 0.114 0.114 0.114
BOF
Hot metal 84.5% 85.6% 85.3% 85.4% 83.3%
Scrap 10.2% 7.4% 7.7% 7.9% 13.7%
Iron ore 1.6% 2.0% 2.0% 2.0% 1.1%
Pig iron 3.8% 5.0% 5.0% 4.8% 2.0%
CHP
BF gas 71% 80% 81% 82% 80%
BOF gas 15% 18% 18% 18% 18%
Coke oven gas 6% 3% 1% 0% 2%
Heat value (MJ/nm3) 3.50 3.23 3.18 3.18 3.23
Oil 8% 0 0 0 0
Power (MW) 68 75 78 79 76
Back pressure/ condensing 1.122 0.932 0.850 0.839 0.902
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DISCUSSIONS
The BAU scenario result shows that there is surplus
of allowance during the first two BKP years, which
means that no needs for additional incentive to 
reduce CO2 emission during that period. However it 
will face emission gap from 2007. Given the surplus
of allowances earned during the first two BKP years 
is used for filling up the emission gap for 2007 and
parts of gap in the early KP period, it still will face 
emission gap from the first year in KP period. 
According to the EU emission trading directive, the
emitters without sufficient allowances to cover their 
emissions will pay a direct financial penalty (40
€/tCO2 from 2005-2007, 100 Euro thereafter) and
have to make up the deficit in subsequent
commitment periods. Therefore, some measures
have to be taken in order to avoid paying the high
financial penalty. These measures include changing
operation practices, investing in energy efficiency or
new processes. However, if faced by high costs to
reduce its emissions, according to EU ETS and KP, it 
can instead buy allowance or credits.

Fig.4 shows CO2 emission gap(s) according to BAU 
scenario. The figure illustrates the corresponding 
abatement cost for different cases in order to meet 
the emission allowance.
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Fig.4. CO2 emission and abatement cost needed in different time steps for
different scenario.

As indicated by Hidalgo et al. (2005) the cost for CO2
emission permits in Sweden could be substantial,
149 €/tCO2 (157.4 US$/tCO2). In the ETS scenario, if 
the predicated permit price within EU is chosen, the
cost for filling up the emission gap could be reduced 
to 29.6 US$/tCO2. When the CDM scenario is
introduced, the cost will be further reduced to around 
18.5 US$/tCO2 during KP and PKP period. In 2007,
the cost is extremely low since the emission gap
during this year is quite small. This is due to the 
lower abatement cost in the steel plants in China. 

It should be pointed out that for the studied case,
internal changes can play a major role in reducing
the abatement cost. When the internal changes are
taken during the whole BKP period, there will be no 
emission gap at all; instead there is an allowance
surplus which can either be used to fill up future gap
or bank them for the future trade. Consequently, in
the optimization case, the cost for CO2 reduction is
further lowered to 9.6 US$/tCO2 during the period of
KP and to 13.6 US$/tCO2 during the period of PKP.

In this analysis all costs have been fixed at 2001
years level. No corrections have been made to the
cost levels for the KP and PKP periods. Actually the 
raw material cost might change in the future due to
the change in production and demand. For instance,
the costs for iron ore and coke are today rapidly
increasing and will probably be so in the near future. 
This will influence the ratio between hot metal and
scrap which will affect the CO2 abatement cost. The
opposite might occur with a high cost for CO2
reduction which then might increase the demand and
price of steel scrap. However the analysis shows that 
by using this kind of analysis it is possible to
evaluate different measures for reducing the CO2
load and the effect these have on the operation of 
the system. The estimation of the costs for the
construction and equipment for an improved plant
are not considered in detail.

Sensitivity analysis on CO2 abatement cost for 
different scenarios and due to different changes in 
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energy and raw material prices is of interest to 
investigate in the future work.  

CONCLUSIONS 
The main conclusions drawn in this paper are as 
following:

 The reference case shows that there will be 
no CO2 emission reduction burden for the 
analyzed system during the first two years of 
ETS, however it will face the emission gap 
from the third year forth.

 Compared to EU ETS, a lower CO2
reduction cost could be achieved if CDM 
projects were implemented between SSAB 
and small-size steel plants in China. The 
reduction cost in average for the EU ETS is 
25.9 US$/t-CO2, compared to 15.4 US$/t-
CO2 for the EU ETS and CDM alternative. 
Including internal changes, the average CO2
emission reduction cost will be even further 
decreased to 9.8 US$/t-CO2.

 The optimized case shows that internal 
changes and CDM scenario will both 
contribute to help the studied steel plant to 
meet the emission trading allowance and 
future KP commitments.  

 The model developed in this work can serve 
as a benchmark for the future emission 
trading simulations purpose within the steel 
industry.  
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