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Summary
The use of biomass-based combined heat and power (CHP) plants is considered by
the EU administration to be an effective way to increase the use of renewables in the
energy system, to reduce greenhouse gas emissions and to alleviate the dependency
on imported fossil fuels. At present in Sweden, most of the CHP plants are operated in
part-load mode because of variations in heat demand. Further use of the potential heat
capacity from CHP plants is an opportunity for integration with other heat-demanding
processes. Retrofitting the conventional CHP plants by integration with bioethanol
and pellet production processes is considered a feasible and efficient way to improve
the plants’ performances.
Modeling and simulation of the CHP plant integrated with feedstock upgrading,
bioethanol production and pellet production is performed to analyze the technical and
economic feasibility. When integrating with bioethanol production, the exhaust flue
gas from the CHP plant is used to dry the hydrolysis solid residues (HSR) instead of
direct condensation in the flue gas condenser (FGC). This drying process not only
increases the overall energy efficiency (OEE) of the CHP plant but also increases the
power output relative to the system using only a FGC. Furthermore, if steam is
extracted from the turbine of the CHP plant and if it is used to dry the HSR together
with the exhaust flue gas, pellets can be produced and the bioethanol production costs
can be reduced by 30% compared with ethanol cogeneration plants.
Three optional pellet production processes integrated with an existing biomass-based
CHP plant using different raw materials are studied to determine their annual
performance. The option of pellet production integrated with the existing CHP plant
using exhaust flue gas and superheated steam for drying allows for a low specific
pellet production cost, short payback time and significant CO2 reduction. A common
advantage of the three options is a dramatic increase in the total annual power
production and a significant CO2 reduction, in spite of a decrease in power efficiency.
The retrofitted biomass-based CHP plants play a crucial role in the present and future
regional energy system. The total costs are minimized for the studied energy system
by using wastes as energy sources. Analyses of scenarios for the coming decades are
performed to describe how to achieve a regional fossil fuel-free energy system. It is
possible to achieve the target by upgrading and retrofitting the present energy plants
and constructing new ones. The conditions and obstacles have also been presented
and discussed through optimizing the locations for proposed new energy plants and
planting energy crops.
Keywords: annual performance, combined heat and power, drying, ethanol,
integration, part-load.
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Sammanfattning
Användningen av biomassaeldade kraftvärmeverk (CHP) anses av EUs administration
vara ett effektivt sätt att öka användningen av förnybar energi, minska utsläppen av
växthusgaser och minska beroendet av importerade fossila bränslen. För närvarande i
Sverige körs de flesta kraftvärmeverk med överkapacitet i värmeproduktionen på
grund av variationer i efterfrågan på värme. En möjlighet för att utnyttja
värmeöverkapaciteten från kraftvärmeverk är att integrera kraftvärmeverk med
värmekrävande processer. Integration av befintliga konventionella kraftvärmeverk
med bioetanol-och pelletsproduktionsprocesser anses vara ett genomförbart och
effektivt sätt att förbättra kraftvärmeverkens prestanda.
Modellering och simulering av ett kraftvärmeverk, som är integrerat med
uppgradering av råvara, bioetanolproduktion och pelletsproduktion, utförs för att
analysera den tekniska och ekonomiska genomförbarheten. Vid integrering med
bioetanolproduktion används rökgaserna från kraftvärmeverket för att torka den fasta
återstoden från hydrolys (HSR) i stället för direktkondens i rökgaskondensatorn.
Torkningen ökar inte bara den totala energieffektiviteten i kraftvärmeverket utan ökar
också uteffekten i förhållande till systemet som använder sig av enbart
rökgaskondensering. Dessutom, om ånga tas från kraftvärmeverkets turbin för att
torka HSR tillsammans med rökgaserna kan pellets produceras och
bioetanolproduktionskostnaderna minskas med 30% jämfört med ett
bioetanolkombinat.
Tre olika tillverkningsprocesser för pellets har studerats, som integreras med en
biobränsleeldad kraftvärmeanläggning och som använder olika råmaterial för att
fastställa prestandan på ett år. Alternativet där pelletsproduktionen integreras med ett
befintligt kraftvärmeverk och rökgaser och överhettad ånga används för torkning ger
en låg pelletsproduktionskostnad, kort återbetalningstid och betydande
CO2-minskning. En gemensam fördel för alla tre alternativ är en dramatisk ökning av
den totala årliga elproduktionen och en betydande CO2-minskning, trots en minskning
av energieffektivitet.
Ombyggda biobränsleeldade kraftvärmeverk spelar en avgörande roll i det nuvarande
och framtida regionala energisystemet. De totala kostnaderna minimeras för de
studerade energisystemen genom att använda avfall som energikälla. Analyser av
scenarier för de kommande årtiondena utförs för att beskriva hur ett regionalt
energisystem fritt från fossilt bränsle ska uppnås. Det är möjligt att uppnå målet
genom uppgradering och ombyggnation av nuvarande energianläggningar och genom
byggnation av nya. De villkor och hinder som finns har också lagts fram och
diskuterats genom att optimering utförts för lokalisering av föreslagna nya
energianläggningar och platser för plantering av energigrödor.
Nyckelord: årliga prestation, kraftvärme, torkning, etanol, integration, del-last.
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1 Introduction
1.1 Background
The continuously increasing use of fossil fuels to meet the majority of the world’s
energy demand leads to an increased concentration of CO2, one of the main
greenhouse gases (GHG), in the atmosphere. Slowing or preventing further increases
in the CO2 concentration requires substantial emission reductions by exploiting,
implementing and utilizing novel technological processes that provide CO2-lean
energy [1, 2]. The ratification of Kyoto protocol by the main industrialized and
developing countries created GHG emission limits based on the 1990 level, and now
it is becoming a significant challenge to meet these emissions goals. Meeting these
ever-tightening limits will require a thorough understanding of GHG emissions and
their drivers, available mitigation options, the development of new technologies and
an understanding of the associated costs and ancillary benefits of reducing GHG
emissions globally [2]. It is well-recognized that a significant reduction in GHG
emissions is strongly dependent upon a number of factors [3, 4, 5], including the
following:
 Increasing the energy supply from renewable energy sources (RES)
 Improving conventional combined heat and power (CHP) plants (e.g., retrofitting)
 Increasing the energy efficiency of the energy systems
At present, the European Union (EU) Commission has issued a directive for the
promotion of CHP production in the internal European market with the goal to reduce
fossil-fuel usage and thereby, to mitigate CO2 emissions by replacing aging
conventional condensing power plants by high efficiency CHP plants [6]. In addition,
the EU is also creating a community framework for promoting RES for power
production, which has a high priority for several reasons. These reasons include
security and diversification of the energy supply, environmental protection and social
and economic cohesion. Increased use of RES-based CHP plants is also generally
considered by the EU administration to be an effective way to improve energy system
performance, including increasing the use of biomass, reducing GHG emissions and
alleviating the dependency on imported fossil fuels [7]. The combustion of fossil fuels,
widely used in all sectors, contributes to more than two-thirds of total global CO2
emissions [1]. As shown in previous studies [8, 9], the economic performance of a
CHP unit mainly depends on the technical feasibility, investment costs, fuel prices,
policy instruments, heat-load characteristics and annual operation time for the unit.
However, the economic performance of a CHP unit is usually assessed by its cost of
electricity production (COE), which can be compared with the market price of
electricity to assess whether or not the unit is competitive. The traditional economic
feasibility metrics of payback time, net present values (NPV) and rate of return are
also important. The COE depends on the amount of electricity that can be generated,
which in turn depends on the annual operation time for the unit. A district-heating
(DH) system causes the heat-load to vary substantially over the months of the year;
1

therefore, a CHP unit is most often operated in a part-load mode. One way to increase
the annual operation time and to improve part-load performance for the CHP units is
to deliver heat to external consumers, such as industrial process plants with a more
constant heat load, as discussed in [10, 11]. Retrofitting conventional CHP plants by
integration with other industrial processes is an attractive possibility because it avoids
the huge investment costs associated with building a new plant, which helps to
improve their economic feasibility. If integrated with other bioenergy production
processes, such as bioethanol and pellet productions, the use of biomass is increased,
and more bioenergy products can be produced to displace fossil fuels usage. As a
result, this type of integration can both help mitigate GHG emissions and improve the
performance of existing CHP plants.
However, changes occur in existing CHP plants after being integrated with the
bioethanol or/and pellet production processes, which may include changes in the
power efficiency, power production, other bioenergy products, economic feasibility
and GHG emissions. The effects of integration need to be studied in detail to
comprehensively assess the integrated CHP plants. In addition, the integrated CHP
plants are optional for future use in a regional energy system studied in the thesis.
Modeling the regional energy system is supposed to provide an optimized way to use
the energy more economically. In this thesis, the existing CHP plants integrated with
fuel feedstock upgrading, bioethanol and pellet productions are modeled and
simulated to provide a detailed analysis of the technical and economic feasibilities,
and potential GHG reduction. A regional energy system model with the conventional
and retrofitted CHP plants is also constructed to analyze the potential and challenges
of arriving at a regional fossil fuel-free energy system.

1.2 Objectives
One of objectives of this thesis is to retrofit the existing conventional biomass-based
CHP plants by integrating them with fuel feedstock upgrading, a cellulose-based
ethanol process and pellet production to improve the energy system performance,
such as increasing the yearly electric power output, reducing bioethanol and pellet
production costs and mitigating GHG emissions. Another is to create new proposed
biorefinery systems that can help to accelerate the replacement of fossil fuels with
renewables. A model of a regional energy system is constructed with the purpose to
find the possible paths to achieve a sustainable society without fossil fuels involving
both conventional and retrofitted biomass-based CHP plants.

1.3 Methodology
1.3.1 The procedure for work
In this licentiate thesis, studies are conducted using both theoretical analysis and
process modeling and simulation, including field studies for data collection in the
existing CHP and bioethanol plants. All the models of the functional units and
2

processes are validated with data from the existing plants and literature before
creating new designs and configurations.
The methodology applied in this study includes the following steps:
1. Unit Models Set-up and Testing: The complicated processes in stand-alone plants
are simplified into separate functional units, physically linked by mass and energy
streams. Then, the functions of different units need to be determined so that the
differential equations describing the mass and energy transfer can be written.
After that, mathematic algorithms are used to convert the differential equations
into a format editable for the software tools. Mass and energy balance equations
are made or modified according to new technical requirements and operating
conditions. The final unit models need to be validated with collected on-site data
from the existing plants and experimental or industrial data from literature.
2.

Process Design and Testing: The validated unit models are then connected with
mass or energy streams according to the logical physical flow to form a complete
process or sub-process. However, when one or more unit models are connected to
a formerly incomplete process or sub-process, the newly formed process also
needs to be validated with the data available.

3.

Data Collection: Part of the data collection is conducted by field studies at the
existing CHP plant in Sala and the bioethanol pilot plant of SEKAB in
Örnsköldsvik, with the help of the technical staff. The annual real-time heat and
power production are obtained from the operational central control system of the
existing CHP plants. Another part of the data used for validation of the unit and
process models came from the literature. The final part of data from local energy
plants was collected by surveys and contact with personnel at the facilities.

4.

Integration of Industrial Processes with the Existing CHP Plants: The biorefinery
integrated system configurations are designed by integrating different industrial
processes, such as a bioethanol process or pellet production, with the existing
CHP plants. The integrated biorefinery systems are also needed to be validated
with the operational data from the plants, which includes, for example, the
temperature and pressure of steam in different functional units.

5.

Performance Analysis of Integrated Biorefinery Systems: The results from
simulations performed with the relevant parameters serve as the basis for the
technical and economic analysis. Methods from the literature are used to evaluate
the economic, environmental and energy efficiency performances, allowing a
general and comprehensive understanding of the integrated biorefinery systems.
The results are also compared with similar studies from other research literature.

6.

Construction of the Regional Energy System: The stand-alone or integrated CHP
plants are the critical parts in the present or future regional energy system,
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too [12]. Whereas IPSEpro is power generation-orientated, and its open-code nature
offers the most “educative” approach and is easier to use for this specific purpose.
There are two major components of IPSEpro, the Design Suite and the Plant
Operation Suite. Two fundamental modules are used in this thesis, the Model
Development Kit (MDK) and the Process Simulation Environment (PSE).
For the model of regional energy system, the GAMS linear programming software is
used because it only requires concise and exact specification of entities and
relationships. In addition, the GAMS language is formally similar to commonly used
programming languages. It is therefore familiar to anyone with programming
experience, which simplifies the definition of entities and understanding the logic of
the studied linear programming problem. These advantages are the main reasons why
GAMS is chosen to model the linear programming problem in this study.

1.4 Thesis outline
This licentiate thesis describes background information relevant to retrofitting the
conventional CHP plants to form an integrated biorefinery system and a regional
fossil fuel-free energy system. Relevant research in this field is reviewed to find
potential problems to be resolved. The characteristics of part-load performance for the
existing small-scale CHP plants are described in detail to strengthen the potential
capacity for integration. Furthermore, the thesis consists of the following six chapters:

Chapter 1

Introduction: Including the background, objectives, methodology,
thesis outline and the commercial software used in the research.

Chapter 2

Previous studies and literature review: A summary of CHP systems
integrated with the drying process and bioethanol production, and
regional energy system modeling.

Chapter 3

Thesis originality: A summary of the originality of the appended
papers.

Chapter 4

Results and discussions: Detailed description of research results based
on the appended papers.

Chapter 5

Conclusions.

Chapter 6

Future work.
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2 Previous studies and literature review
In previous decades, several innovations for conventional CHP plants had been driven
by fast technical evolution in the energy sector, such as the combustion process in the
power plant [13]. CHP plants are widely acknowledged for their large potential in
terms of energy efficiency with respect to the separate productions [13]. Nowadays,
much attention has been still given to the CHP plants because of the emergence of
energy utilization and environmental concerns related to sustainable energy
production [14, 15]. Some studies have investigated the methodologies of optimizing
different CHP plants with different demands on different systems [16, 17, 18], e.g.,
combined the cooling, heat and power systems. As a result, further performance
improvements of the existing conventional biomass-based CHP plants usually depend
on integrating other industrial processes to form a so-called biorefinery system [19].

2.1 CHP plant integrated with a drying process
In a biomass-based CHP plant, the combustion of biomass can be divided into three
phases: drying the biomass fuel, gasifying the volatile contents and combusting the
final solid residues. Whether to dry the biomass fuel first outside can be optional.
However, especially for the boilers with power production less than 5 MW, a dry
biomass fuel is a must, even if for larger ones, the dry biomass is still preferred. As
reported in [20], three types of dryers can be adopted: hot air dryer (including flue
gas), superheated steam dryer and vacuum (hot water) dryer. The former two are
predominantly used for biomass drying to produce solid biofuels or dried feedstock
for combustion in the boilers or gasification. If a superheated steam dryer could be
integrated to a local biomass-based CHP plant to lower the moisture content (MC) of
biomass fuels, a dried biofuel can lead to less heat loss in combustion. It is because of
higher temperature flue gas and therefore, the plant needs a less quantity of biomass
fuels or biofuels, and consequently, less cost of transportation for biomass is needed
[21]. For a gasifier-engine CHP energy system, a drying process may be always
inevitable considering the quality of product gas. The model from [22] addresses the
influence of feedstock MC, both before and after drying with the flue gas, on the
performance and cost of a biomass-based gasifier-engine system for CHP production
at a given scale and feedstock cost. The results positively show that a lower MC in the
feedstock to the gasifier yields a higher overall energy efficiency (OEE). Additionally,
a lower COE is also obtained from integrating a drying process of into this type of
CHP energy system. A life cycle analysis on a similar system is made in [21], where a
superheated steam dryer is integrated into the district CHP plant to obtain a dried
biofuel. A dried biofuel can make the integrated CHP plant generate the same output
with less input, compared to the cases without the integration of a drying process.
The existence of potential excessive heat during part-load periods for a CHP plant can
just provide a big potential to integrate a drying process for biomass feedstock
upgrading, which usually needs large amounts of thermal energy. A new approach
described in [23] is used to investigate an energy system where a conventional CHP
6

plant is integrated with a pellet plant, where part of heat energy from the CHP plant is
used to dry the biomass fuel feedstock used for pellet production. This unique
integration can benefit the part-load performance and extend the annual operating
horizon of the CHP plant. Another advantage is that upgraded biofuel of pellets can
reduce GHG emissions by replacing fossil fuels used elsewhere and by decreasing the
transportation costs compared with fresh biomass.

2.2 CHP plant integrated with bioethanol production
Ethanol from lignocellulosic biomass has become an increasingly popular alternative
to fossil fuels in the transportation sector. However, the production of bioethanol from
food crops (first generation biofuels) has resulted in an undesirable concern about
direct competition with food supplies [24], land use, and other environmental and
social impacts [25]. A switch to a more abundant and inedible plant material should
help to reduce pressures on food crops and land management. The use of
lignocellulosic biomass for ethanol production from agricultural residues, wood,
fast-growing trees, perennial grasses, macro-algae and municipal waste is considered
one of most promising choices [25]. For the bioconversion of lignocellulosic biomass
to ethanol, two major steps are defibration and fermentation of carbohydrates. Among
the proposed processes for defibration, the steam explosion method is one of the most
important. Several features of steam explosion make it preferential to auto-hydrolysis,
pulping or other methods for biomass processing. These benefits include the
following: 1, a significant potential reduction of impact on the environments; 2, low
investment costs; 3, energy use [26]. After the fermentation process, the raw broth
needs to be filtered and dewatered before extracting the dehydrated ethanol by
distillation, which is a process that consumes a large amount of steam. Typical CHP
plants are operated in part-load mode for most of periods [10] during a year because
of the seasonal heat load variations due to heat demand from the local DH system.
Integrating the steam-explosion, hydrolysis and dewatering processes in
biomass-based ethanol production with conventional steam-turbine CHP plants
creates a big potential to make full use of the unexploited steam production capacity.
A case study is examined in [27] for the wood-based ethanol production process
integrated with a CHP plant. This process really makes full use of the hydrolysis solid
residues (HSR) by four proposed ways of generating power and heat with a
back-pressure steam power plant. In return, the process steam and power required in
the ethanol process are provided by the HSR-fueled power plant. Similarly integrated
biorefinery systems have been suggested by [28, 29], with comparative estimates of
power production achieved by using HSR in a steam cycle to achieve better process
economics. However, the analysis does not present alternative uses for HSR, and no
details are presented about CO2 emissions. Optimization of the operation parameters
for ethanol production integrated with the CHP plant is given from an energy-use
point of view, which gives the potential indications for thermo-economic
improvements for this type of integrated system [30]. In reference [31], a model of
wood-to-ethanol process integrated with an existing biomass-based steam-turbine
CHP plant is constructed. Two superheated steam streams are extracted from the
7

turbine and used for a two-step hydrolysis (called semi-hydrolysis and complete
hydrolysis) and the distillation processes. The results show that the total biomass
consumption is reduced by over 10% to produce the same amount of power, heat and
ethanol, compared with separate production in stand-alone plants. Another salient
point is the improved part-load performance and increased total annual bio-power
production from the CHP plants.

2.3 Model and optimization of the regional energy system
Two areas of great importance when it comes to sustainable development are the
waste management system and the energy system [32]. With the rapid development of
sustainable technologies for waste-to-energy processes, a number of mathematic
planning models are applied for municipal waste management and optimization of
regional energy systems [33, 34, 35]. These models are intended to address the
uncertainties and complexities necessary to secure an efficient, economic and
environmentally friendly energy system. A regional energy system model to optimize
the heat supply is proposed in [36], with the aim to reduce the potential GHG
emissions. Another mixed integer programming model for methanol production from
agricultural and forestry waste is utilized to optimize the locations of plants to
minimize total cost [37]. A dynamic, inexact model for municipal energy system
planning is also presented in [38] to aid in formulating a GHG emissions policy and
economic evaluation. A case study for a city in Canada is analyzed in detail by
modeling the regional energy system to promote renewable energy use for mitigation
of GHG emissions [39]. As a result, a model of a regional energy system is a very
good method to support the long- or short-term energy strategy for a certain area.
Summary: There are a few studies that discuss the technical and economic feasibility
of biomass-based CHP plants integrated with other industrial processes, such as
cooling, drying and heating. However, detailed case studies do not exist related to the
following critical topics: 1, changes of power output; 2, changes of system energy
efficiency; 3, annual performance for this type of integrated CHP plant; and 4,
potential GHG emissions reduction after integration. Additionally, there are few
studies related to the static model of a regional energy system involving the
stand-alone and integrated CHP plants studied in this thesis, which is focused on using
waste-to-energy processes to achieve a regional fossil fuel-free energy system. This
type of model is important when analyzing the possibilities to steer away from the
usage of traditional fossil fuels to the sustainable energy for a certain region.
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3 Thesis originality
The originality of the study is presented in appended Papers I-IV, on which the
following summary is based.
Paper I: The influence of DH return water temperature on the back-pressure
condensation is also considered in the process design. The influence of integrating a
drying process into a biomass-based biorefinery system is studied, in which the
exhaust flue gas is used to dry the HSR to reduce the MC and increase its heating
values. During the drying process, the evaporated steam from the HSR is mixed with
the drying medium for consequent condensation to ensure that there is enough
humidity in the flue gas condenser (FGC) after the drying process. The influence of a
drying process and how it interacts with the FGC in CHP production as a part of the
biorefinery system is analyzed and evaluated.
Paper II: This study evaluates the techno-economic performance of a biorefinery
system that integrates an existing CHP plant with the production of bioethanol and
pellets using agricultural straw as feedstock. A sensitivity analysis on critical
parameters, such as the bioethanol selling price (BSP) and feedstock price, is
performed relative to the internal return rate (IRR) and NPV under a given payback
time. The bioethanol production cost is also calculated for two cases: ten-year
payback (PB10) and five-year payback (PB5). A feasible economic configuration
under the present technical and economic situation is proposed to make bioethanol
production competitive with traditional fossil fuels.
Paper III: A detailed study is performed for three optional pellet production processes
integrated with an existing biomass-based CHP plant using wood chips or HSR as the
feedstock. The year is divided into twelve periods, and the integrated biorefinery
systems are modeled and simulated for each period. The production for each period
for this integrated biorefinery system is modeled and simulated to deliver a pandect of
the studied systems. The annual economic performance of the three integrated
biorefinery systems is analyzed on the basis of the simulation results. The OEE is
systematically evaluated and compared for two cases, with or without condensation of
the drying steam, for each of the three options. The reduction of CO2 emissions,
compared with usage of fossil fuels somewhere else, are also calculated for the two
cases with all three options.
Paper IV: A static model of an energy balance for a certain region is developed to
simulate and optimize the energy system to minimize the total costs, including
collection, transportation and conversion of wastes, distribution of energy products as
well as import and export of wastes and energy products. A scenario analysis for the
coming decades of 2020 and 2030 is performed to describe how to achieve a regional
fossil fuel-free energy system by using different wastes. The potential and challenges
have also been presented and discussed through optimizing the locations for building
new plants and planting energy crops.
9

Performance improvement of CHP systems by process integration technology is
widely spread and applied throughout the world. There are tens of thousands of
successful cases in a wide range of industries from energy sectors through to food,
pulp and paper, and commercial building. The economic benefits have been both in
terms of increment of energy products production and increase of throughput. In some
cases, studies have been driven by the requirements to reduce the GHG emissions [40].
In Paper III, potential GHG emissions reduction, mainly CO2, is calculated in
comparison with usage of fossil fuels. The emergence of commercial software for
process integration for CHP plant, such as IPSEpro, one of the tools used in this thesis
is also fundamental for process design. Literature data is a very strong support to
validate different functional units, such as heat exchangers, turbines, fermentors and
dryers. Through access to physical property data from existing CHP plants,
modification and validation of integrated process models are made more efficiently.
The original models for the steam and flue gas dryers, steam turbines, biomass and
pellet streams and heat exchangers, as well as model modifications to the hydrolysis,
flue gas condensers and boilers are made in process modeling and simulation in first
three papers. Process design is also another important part of original work and
incorporated with ideas from supervisors, colleagues and technical staff from the
existing CHP plants.
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4 Results and discussions
Three types of proposed biorefinery systems are modeled and simulated, where the
biomass-based CHP plants are integrated with fuel feedstock upgrading (Paper I),
cellulosed-based ethanol production and pellet production (Paper II and III). All the
biorefinery systems are included for possible use in the regional energy system for the
future (Paper IV). However, they differentiate themselves from each other in spite of
sharing some similarities, as indicated in Table 1.
Table 1 Description of four papers included in the thesis
Paper II
Paper

Paper II
Paper
II

Paper III
III
Paper

Paper IV
IV
Paper

Object
Object

Enköping Energi
Energi CHP
CHP
Enköping
plant
plant

Sala-Heby Energi
Energi
Sala-Heby
CHP plant
plant
CHP

Sala-Heby Energi
Energi
Sala-Heby
CHP plant
plant
CHP

County of
of
County
Västmanland
Västmanland

System type
type
System

CHP plant
plant integrated
integrated with
CHP
with
ethanol
production
ethanol production and
and

CHP plant
plant integrated
integrated
CHP
with
ethanol
and pellet
pellet
with ethanol and

CHP plant
plant
CHP
integrated
with
integrated with

A regional
regional energy
energy
A
system
system

fuel feedstock
feedstock upgrading
fuel
upgrading

productions
productions

pellet production
production
pellet

Products
Products

Power, heat,
heat, ethanol
ethanol and
and
Power,
upgraded fuel
fuel
upgraded

Power, heat,
heat, ethanol
ethanol
Power,
and pellet
pellet
and

Power, heat
heat and
and
Power,
pellet (ethanol)
(ethanol)
pellet

Power, heat,
heat, biogas,
biogas,
Power,
ethanol, pellet,
pellet, etc
etc
ethanol,

Focus
Focus

Energy efficiency
efficiency
Energy

Economic analysis
analysis
Economic
and
energy
efficiency
and energy efficiency

Comprehensive
Comprehensive
annual performance
performance
annual

A regional
regional energy
energy
A
balance
balance

Similarity
Similarity

Power generation
generation increment
Power
increment for
for the
the CHP
CHP plants
plants

4.1 A drying process integrated with the CHP plant
In Paper I, a drying process is integrated into a biorefinery system, where a
cellulosed-based ethanol plant is combined with an existing CHP plant using woody
biomass as feedstock to produce power, heat, ethanol and upgraded fuel feedstock, as
illustrated in Fig. 2.

Fig. 2 The conceptual biorefinery diagram for the CHP plant integrated with
bioethanol production and the feedstock drying process

11
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If the MC of all the biomass fuel feedstock, including woody biomass and HSR, for
the CHP plant is assumed to be dried from 0.55 to 0.3 kg/kg, the OEE of the existing
CHP plant, with the FGC considered in the biorefinery system, can be increased from
80% to 85%, and the power-to-heat ratio rises from 0.41 to 0.45, see Table 2.
Table 2 Results of simulated CHP plant with different MC biomass
Ratio of

Delivered 0.55 MC

Equivalent

Equivalent

Power

FGC

feedstock to CHP

MC=0.30

MC=0.55

generation

(MW)

(kg/s) (MW)

(kg/s)

(kg/s)

(MW)

12.47 (94.81)

---

12.47

21.89

8.75

45.14

0.41

80%

12.47 (94.81)

8.02

---

24.82

4.71

50.91

0.45

85%

DH
(MW)

power to

OEE

heat

Note: OEE is calculated for the CHP plant, excluding the bioethanol plant

However, the amount of exhaust flue gas from the CHP plant is not enough to dry all
the biomass feedstock to 0.3 kg/kg MC. As a result, only part of biomass feedstock,
assumed to be only the HSR from the bioethanol production process, can be dried to
0.3 kg/kg MC. Its proportion in the final fuel feedstock to boiler is 0.31 kg/kg.
However, the OEE of the CHP plant can also be increased to 83%, which is still 3%
higher than that of using pure 0.55 kg/kg MC biomass (see Table 3). The most
attractive point is that upgrading the fuel feedstock can increase the power generation
by 5.5% compared with the case without upgrading. From an energy quality point of
view, it is of higher economic value because the biorefinery system without the drying
process just produces more condensation heat of exhaust flue gas to DH from the
FGC.
Table 3 Results of simulated CHP plant with a drying process in biorefinery system
Produced 0.3 MC

Delivered 0.55 MC

Equivalent

Equivalent

feedstock to CHP

MC=0.30

MC=0.55

(kg/s)(MW)

(kg/s)

(kg/s)

7.36(57.31)

---

7.36

2.42

5.11(37.50)

3.29

---

0.87

feedstock by

Power

FGC

DH

exhaust flue gas

(MW)

(MW)

(MW)

23.09

7.50

47.51

(kg/s)

Ratio of
Power- to

OEE

-Heat

0.42

83%

Note: OEE is calculated for the CHP plant, excluding the bioethanol plant

4.2 Pellet and bioethanol productions integrated with the CHP plant
The amount of flue gas is usually not enough to dry all the HSR MC to the 0.3 kg/kg
or less to 0.1 kg/kg, necessary to produce pellets (Paper I). In fact, the by-products of
bioethanol production integrated with the existing CHP plant can be exploited further,
such as the production of pellets with the HSR to reduce the cellulose-based ethanol
production costs. A second proposed biorefinery system, studied in Paper II, is created
by integrating the existing stand-alone CHP and bioethanol production plants with
drying processes (using the flue gas and superheated steam as drying media) to
produce power, heat, pellets and bioethanol, as illustrated in Fig. 3.
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Fig. 3 Biorefinery system for heat, power, bioethanol and pellet production
A method is presented (Paper II) for the economic evaluation of the second
biorefinery system. The model determines the economic configuration necessary to
make the bioethanol production competitive with traditional fossil fuels under present
technical and economic situations. A sensitivity analysis on critical parameters of the
bioethanol selling price (BSP) and feedstock price is performed in terms of the IRR
and NPV under given payback time (Paper II). The costs for bioethanol production
integrated into the biorefinery system are then calculated, analyzed for two different
cases: five-year payback time (PB5) and ten-year payback time (PB10). This
biorefinery system is also compared with conventional cogeneration plants of
bioethanol and solid fuels that are not integrated with the existing CHP plant.
The production cost is calculated through income, operation and capital costs. The
only cost difference for the two cases is the depreciation of assets because of the
different payback times. The final bioethanol production costs are 2.56 SEK/l and
7.72 SEK/l before tax for PB10 and PB5, respectively (Fig. 4). For the conventional
cogeneration plant without integration with the CHP plant, the production costs are
5.49 SEK/l, 5.45 SEK/l, 4.37 SEK/l [41] and 4.54 SEK/l, 4.25 SEK/l, 4.15 SEK/l [42]
for feedstock of salix, corn stover and spruce, respectively. Therefore, the case with
PB10 is more competitive because it allows a more than 30% reduction in production
costs.
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Income

Operation Cost

PB10
PB5

Capital Cost
10.32

10
8

7.72

6
5.01

4.69

5.16

Cost (SEK/l)

4
2.58

2.56

2
0

pellets

heating
depreciation
production cost
feedstock
working capatial
interest

-2
-4
-5.04

-6

Production Cost Composition

-8
-10

-9.85

--

- - F e eWd sot rok ci nk gD eC pa rpei tc ai alI tn iPto ernor ed sut c t i o n C o s t

Fig. 4 Bioethanol production cost distribution

Table 4 Overall capacity and efficiency of the studied biorefinery system
Item

Unit

Value

Straw feed rate to CHP plant (MC=0.45 kg/kg)
Straw feed rate to bioethanol plant (MC=0.8 kg/kg)

kg/s
kg/s

4.73
3.25

Total straw feed rate to biorefinery system (MC=0.45 kg/kg)

kg/s
MW
MJ/kg
MJ/kg
MJ/kg

5.91
52.07
8.81
16.9
26.74

MW
MW
MW
kg/s
MW
kg/s
MW

9.00
22.46
27.83
0.15
4.01
0.73
12.34

LHV of straw (MC=0.45 kg/kg)
LHV of pellets (MC=0.1 kg/kg)
LHV of bioethanol
Power
Heat for DH (CHP plant; before integration)
Heat for DH (biorefinery system; after integration)
Bioethanol
Pellets (MC=0.1 kg/kg)
Overall energy efficiency

102%*

* Defined as (power out + DH output + bioethanol output + pellets output)/fuel input (LHV).

The income from co-products is also very important for reducing the cost of
bioethanol production from straw and contributes to a reduction of 85% for PB10 and
66% for PB5. In addition, if the consumption of bioethanol is located near the
production site, the transportation costs for the feedstock and bioethanol fuel can be
14

reduced significantly, which can make bioethanol more competitive with traditional
fossil fuels and imported ethanol. A detailed view of the OEE for the studied
biorefinery system is presented in Table 4. The power-to-heat ratio is much lower in
the integrated system than in the stand-alone CHP plant because the steam extraction
for ethanol production decreases power production. However, more bioenergy
products, like ethanol and pellets, could be produced to replace traditional fossil fuels
usage elsewhere.

4.3 Annual performance analysis for the CHP plant integrated with
pellet production
Considering that most of the time CHP plants are operated in part-load mode, it is
critical to analyze the performance of the integrated CHP plants during different
periods of the year in terms of power and heat production, variations in the production
of different bioenergy products and system energy efficiency. In the third studied
biorefinery system (Paper III), the pellet production is considered in terms of
continuous steps.
In this study, the heat load during the year 2007 is divided into a series of periods with
an interval of 30 days according to the descending order of heat load for the existing
stand-alone CHP plant. The beginning and ending points (BP and EP) of each period
are selected from the simulation of the CHP plant for two cases: with (first) or without
(second) drying steam condensation. Three optional integrated processes are proposed
for the CHP plant, as shown in Fig. 5.
•

•

•

Option 1: Pellet production integrated with the existing CHP plant with wood
chips from the outside as the raw material, using only steam for the drying
process;
Option 2: Pellet production integrated with the existing CHP plant with wood
chips from the outside as the raw materials, using steam and flue gas for the
drying process;
Option 3: Pellet production integrated with the existing CHP plant and a
small-scale bioethanol plant. The raw materials are the HSR from the hydrolysis
process in bioethanol production, and the drying process uses steam and flue gas
as the drying medium.
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Fig. 5 The configuration of the studied biorefinery system for Options 1&2 (left) and 3
(right)
Note: the difference between Options 1 and 2 is whether or not to use flue gas for drying

The specific initial investment cost of Option 3 is much higher than the other two
options because the bioethanol plant is a huge investment with a proportion of more
than 90% of the total investment. The specific pellet production costs are dominated
by the operational costs, including raw materials & personnel, and the bioenergy
product income, followed by the capital costs and maintenance costs. The operational
costs comprise almost the same share of the total pellet production costs as that of 59%
[43]. However, the comparison case in reference [43] has the price of raw materials
(sawdust) as 36 €/t on a dry basis (d.b.), which is only 38% and 42% of the prices
used in this paper for woodchips (95 €/t) and straws (87 €/t) on a d.b., respectively.
This indicates that the part of the operation cost that is not raw materials is relatively
low in the studied biorefinery system, compared with the case in the references.
The income from the condensation heat of the drying steam is a key factor to offset
the cost difference caused by the raw materials and has further potential to contribute
more than the assumed amount to reducing the pellet production costs (only 30% of
the condensation heat of the drying steam is sold to the local DH).
The payback time of Option 3 is presently more than 10 years; whereas Options 1 and
2 have payback times of less than two years (see Fig. 6). The big difference originates
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from the low bioethanol spot price (0.56 €/l) in the European market and the huge
initial investment for the bioethanol plant.

Payback Time of Option 1&2

Payback Time (year)

1,5

PB of Option1

1,3

PB of Option2

1,1
0,9
0,7
0,5
200

205

210

215
220
225
230
Price of Pellets (€/t)

235

240

245

250

Payback Time of Option 3
Payback Time (year)

25,0
PB of Option3
22,0
19,0
16,0
13,0
10,0
200

205

210

215

220

225

230

235

240

245

250

Price of Pellets (€/t)

Fig . 6 The influence of pellet price on the payback time for Options 1&2 and 3
The high-quality superheated steam from the CHP plant will undoubtedly be degraded
dramatically after the drying process and disposed of as waste heat if it cannot be used
for other purposes. The OEE of the biorefinery system is greatly dependent on the
usage proportion of low-quality heat from the drying steam condensation. The annual
average OEE values for the CHP plant and all optional biorefinery systems with their
distribution of bioenergy products are displayed in Fig. 7. For the first case of no
condensation heat from the drying steam, the OEE values are only 0.61, 0.70 and 0.76
for Options 1, 2 and 3, respectively, compared with a base-case value of 0.91.
Improving the use of the condensation heat from the drying steam significantly
influences the OEE of the system. With regards to pellet production, Option 2 should
be highlighted for its pellet proportion in all bioenergy products and the total annual
production (see Fig. 7).
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1,1
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0,8
0,7
0,6
0,5
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0,1
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Option2 Option2-2 Option3-1 Option3-2

Base

Fig. 7 Annual OEE and bioenergy products distribution (Case 1 and Case 2)
Note: Option 1-11 means Case 1 for Option 1

Table 5 Annual CO2 reduction comparison for all optional biorefinery systems
Bioenergy products

Option 1

Option 2

Annual added power production (GWh/year)

34.13

34.24

18.00

Annual power consumption of pellet and bioethanol plants (GWh/year)

2.18

4.35

2.10

Annual surplus-added
added power production (GWh/year)

31.95

29.89

15.89

Annual reduction of CO2 from power 1(kt/year)

11.18

10.46

5.56

Annual heat production for DH to replace oil boilers (GWh/year)

37.09

37.15

29.41

Annual reduction of CO2 from heat (kt/year)

9.15

9.16

7.25

Annual pellet production to replace heating oil (GWh/year)

55.72

131.28

98.30

Annual reduction of CO2 from pellet (kt/year)

13.74

32.37

24.24

Annual bioethanol production to replace gasoline (GWh/year)

N/A

N/A

33.57

Annual reduction of CO2 from bioethanol (kt/year)

N/A

N/A

8.29

24.92

42.84

38.09

34.07

52.00

45.34

Total annual reduction of CO2 (kt/year)2

Option 3

1: It is compared
ompared with natural gas combined cycle power plant.
2: Values are calculated with the assumption of 30% of drying steam being condensed to heat DH or no drying
steam condensed.

In addition, CO2 emissions
emission are reduced most in Option 2 by 42.84 kt/year and 52
kt/year for the two cases with or without drying steam condensation, respectively (see
Table 5).
). The power proportion hits the highest value for the stand-alone
stand alone CHP plant,
which means that integration with other industrial processes definitely sacrifices the
power efficiency, whereas another advantage that can be taken as an offset against the
18

decrease of power efficiency is the dramatic increase of the annual total power
production (see Fig. 8). The annual total production of bioenergy products for the
studied biorefinery systems are summarized in Table 6 for all options.

Annual Power Production Curve
Power Producion (MW)

10
8
6
4

Base
Option 1&2

2

Option 3

0
0

30

60

90 120 150 180 210 240 270 300 314 330 365
Time (day)

Fig. 8 Annual power production for the base case and all options
As calculated from the simulation results, the total annual power production is
increased by 97%, 83% and 68% for three options, respectively, compared with the
stand-alone CHP plant. The annual added power production also plays an important
role in the total income. Thus, with regard to the comprehensive performance
assessment for all options, Option 2 is the preferred configuration because of the
lowest pellet production cost (105 €/tpellet), greatest CO2 reduction (42.84 or 52
kt/year), shortest payback time (less than two years) and acceptable annual average
OEE (0.7 or 0.98) under the present situation. However, more attention should be
given to Option 3 because bioethanol is considered an alternative to fossil fuels in the
transportation sector, which is the largest contributor to CO2 emissions but the most
difficult part to be replaced by renewables economically. In particular, with the rapid
growth of crude oil prices in recent years, the 2nd-generation cellulose-based ethanol
production has attracted more countries than before to sponsor this technology,
including China, the EU, Brazil and America. This option is of greater potential and
may be more profitable than the other two options during the next decade.
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Table 6 Annual overall capacity and bioenergy products for the studied biorefinery
systems
Base Case

Option 1

Option 2

Option 3

61.57

138.96

138.96

117.94

N/A

19.35

44.85

N/A

N/A

N/A

N/A

31.17

Total input of the biorefinery system (GWh/year)

150.71

384.13

442.06

364.90

LHV of woodchips to CHP plant (MC=0.45 kg/kg) (MJ/kg)

8.81

69.29

69.29

53.15

108.84

109.02

90.78

232.48

232.86

188.83

Raw materials to CHP plant (MC=0.45 kg/kg) (kt/year)
Raw materials to pellet plant (average MC=0.5 kg/kg)
(kt/year)
Raw materials to bioethanol plant (MC=0.45 kg/kg)
(kt/year)

LHV of woodchips to pellet plant (average MC=0.5 kg/kg)
(MJ/kg)

8.18

LHV of straw (MC= 0.45 kg/kg) (MJ/kg)

8.81

LHV of pellets (MC=0.1 kg/kg) (MJ/kg)

16.90

LHV of bioethanol (MJ/kg)

26.74

Power production (GWh/year)

35.16

Heat production (GWh/year)

101.30

Pellet production (GWh/year)

N/A

55.72

131.28

98.30

Bioethanol production (GWh/year)

N/A

N/A

N/A

33.57

Annual OEE

0.91

0.61

0.70

0.76

0.93

0.98

1.02

1: The base case is calculated using 314 load-days per year, while the others use 365 load-days per year;
2: Heat production is based on all of the drying steam being condensed to 55 °C;
3: Heat production and OEE are calculated for two cases.

4.4 Analysis of a regional fossil fuel-free energy system
The conventional stand-alone or integrated CHP plants studied in Paper I, II and III
are crucial parts in the present and future regional energy systems. The research
results can provide a basic knowledge useful for regional energy system development.
A static regional energy system model, involving all types of energy plants in the
studied region (the County of Västmanland in Sweden), is constructed in Paper IV to
illustrate how to achieve a regional fossil fuel-free energy system in two scenarios.
The purpose is to find the optimum geographic position for the energy plants and
planting areas for energy crops through minimizing the total costs. These costs
include the collection cost of wastes for energy use, transport cost of wastes to energy
plants, production/treatment cost in the plants, distribution cost of energy products
and import or export cost of all types of wastes or energy products. For this study,
20

three target times are chosen with an interval of ten years, marked with M1, M2 and
M3 to represent the year of 2010, 2020 and 2030 in two scenarios (see Fig. 9 and
Table7). The annual growth of energy consumption per capita and population are both
assumed to be 0.5% (Paper IV).



















































































Fig. 9 Model for the regional energy system for the County of Västmanland
Table 7 Assumed annual changes in waste coefficients (% per year until 2030)
Reference
baseline
(2010)

Scenario 1:
Global
sustainability

Scenario 2:
European
sustainability

Waste from households

0

-2

-2.5

Waste from industry

0

0

0

Waste from agriculture
(biomass)

0

3

5

Waste from livestock

0

0.5

0.5

Source: [44]

The targets are defined for M2 and M3 in Table 8. At present for M1 (2010), almost
all the energy products, more or less except for heat have to be imported from outside
the region to satisfy energy demands. The fossil fuels are all imported, but more than
75% of the clean biogas can be self-sufficient for usage in public bus transportation.
The biggest energy carrier, electrical power, needs to be expanded three-fold (Paper
IV) for future demands. The energy carriers with the most potential for
1

self-sufficiency are clean and raw biogas.
Table 8 Targets for year of 2020 and 2030
Targets for M2 in 2020

Targets for M3 in 2030

1: 100% of coal will be replaced by biomass waste in the boiler for
power and heat production;
2: 100% of oil will be replaced by biomass, power, or other biofuels;
3: The biogas for public transportation is self-sufficient;
4: 30% of transportation fuel will be replaced by biofuel, such as
bioethanol and bio-diesel;
5: no landfill waste treatment;
6: 30% of liquefied petroleum gas (LPG) will be replaced by biogas
or other renewable fuel gas;
7: Power generation is from the potential capacity expansion of local
power plants, and the deficit is compensated by other non-fossil
fuel-fired power from outside.
1: No fossil fuel is imported to the County of Västmanland.
2: Power generation is from the potential capacity expansion of local
power plants, and the deficit is compensated by other non-fossil fuel
fired power from outside.

For M2 (2020), the landfill plants are shut down because of strict regulations and high
taxes on landfill treatment in Sweden. Considering the mature technology for
biomass-based ethanol production, the new ethanol plant with a capacity of 470
kt/year is integrated with one of the existing CHP plants [45] in Sala. However, both
scenarios will suffer from raw biogas import if 30% of LPG needs to be replaced by
clean biogas because only about 50% of raw biogas can be self-sufficient, see Table 9.
For Scenario 2 for M2, more than 20% of the total agricultural waste (biomass), equal
to about 555 kt/year, could be utilized for other purposes, e.g., biomass gasification
and solid biofuels. The first challenge is the shortage of the raw materials for
bio-diesel production. In 2009, there was only a yield 5.5 kt/year of rape for bio-diesel
production [ 46 ]. However, the demand of rape or similar oil plants will rise
dramatically up to 82 kt/year in M2, which is equal to the capacity of the new
bio-diesel plant. Simultaneously, the optimized locations for bio-diesel plant building
and raw materials planting in this model are given in Fig. 10, the area between
Västerås and Sala or Köping. The average yield of spring rape is about 1.68 t/ha [46]
in Västmanland County, which means that a total area of 488 km2 of arable land needs
to be planted with oil crops. In fact, planting oil crops will become much more
profitable than the planting of woods today, because of the high price of CO2 permits
and crude oil in the two scenarios. Another change of heat production (in M2) here is
that about 40% more than demanded needs to be sold out for external markets, or
some small heating plants could be shut down if other district heating networks can be
extended to these areas.
For M3 (2030), a regional fossil fuel-free energy system is constructed such that fossil
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fuels (e.g., gasoline, diesel, LPG, oil) are completely replaced by biofuels (e.g.,
bioethanol, bio-diesel, biogas or syngas, pellets). To achieve this purpose, a new
stand-alone biomass-based ethanol plant needs to be built with a capacity of 1264
kt/year. The optimized location is shown in Fig. 11, the area of north of Sala or
between Sala and Västerås, and the fuel gas must be produced by mature technologies
using sustainable sources.

Fig. 10 Optimized location for a bio-diesel plant and oil crops in M2 & M3 in both
scenarios

Fig. 11 Optimized location for a bio-ethanol plant and energy corps for both
scenarios in M3
Table 9 Simulation results for M2
Power Heat

Clean
biogas

Raw biogas

Solid
biofuel

Petrol Diesel LPG

Ethanol

GWh

GWh

thousand m3 thousand m3

GWh

Ml

Ml

Ml

Ml

Demand

3544

2250

7086

607

114

11.8

15.2

75.9

Produced

1316

3100

7086

7783 (7532*)

607

0

3.5

0

75.9

Import or export 2238

-850

0

7212 (7463*)

0

114

8.3

15.2

0

14995

*means Scenario 2
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Another problem is how to stimulate the planting rape or similar crops because the
self-sufficient rate of raw materials for bio-diesel production is only 3.4% and 4.9%
for Scenarios 1 and 2, respectively, representing a huge gap between demand and
supply. For M3, by analogical calculation as M2, a total area of 1760 km2 is needed to
plant oil crops to fulfill the raw materials demand for bio-diesel production with an
expanded capacity of 295 kt/year, see Fig. 10 for the optimized planting location. For
Scenario 1 in M3, more than one-fifth of demanded biomass waste (about 617 kt/year)
needs to be imported from outside the region, while for Scenario 2 in M3, a surplus of
417 kt/year can be gasified for fuel gas production. If an average yield of 0.18 m3/kg
[47] syngas from biomass in central Sweden can be achieved by gasification, the
Scenario 2 in M3 can ensure the achievement of a fossil fuel-free energy system. If an
average yield of 8-10 t/ha/year [48] for wood biomass is considered, a total area of
4260-5330 km2 is necessary for biomass production. However, the total area of
potential forestry land is estimated about 4430 km2 [46] in the studied region besides
the land for agriculture, which is assumed as potential use for energy crops planting.
After deduction of the land necessary for oil crops, the amount left for biomass
planting is only about 2670 km2. If so, more than 1380 or 1914 kt/year of biomass
must be imported from outside in the two scenarios for M3; otherwise it is necessary
to import fuel gas or fuel oil produced from renewables to replace the present energy
carrier of LPG and fuel oil. However, a very basic foundation for all analyses
presented above is that about two-thirds of power demand needs to be satisfied by
importation of other renewable power in the coming decades, which is similar to
present status.
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5 Conclusions
The biorefinery systems of fuel feedstock upgrading, pellet and bioethanol
productions integrated with the existing biomass-based CHP plants are evaluated
technically and economically. It is evident that there is a great potential to retrofit
existing CHP plants by integration with the proposed industrial processes to gain
performance improvements. Detailed conclusions are summarized below.
 If the drying process using only the exhaust flue gas is integrated into the
biorefinery system, in which bioethanol production is combined with a CHP plant,
the overall energy efficiency of the CHP plant can only be increased by 3%.
However, the power generation can be increased by 5.5%, compared with the
biorefinery system without the drying process. A drying process is a more
efficient way to upgrade the hydrolysis solid residues from woody biomass-based
bioethanol production than being directly combusted in the boiler.
 If both the steam extracted from the turbine of the CHP plant and the exhaust flue
gas are utilized for drying the HSR to form the second biorefinery system, where
an existing CHP plant is integrated with the bioethanol and pellet plants, the
bioethanol production costs can be reduced to a competitive level under certain
economic conditions. A techno-economic analysis for ten-year payback (PB10)
and five-year payback (PB5) periods is made for this type of biorefinery system.
The PB10 case, with a production cost of 2.56 SEK/l, is considered a feasible
economic configuration when compared with the conventional cogeneration
plants of bioethanol and solid biofuels without integration with the existing CHP
plants.
 Pellet production integrated with an existing CHP plant is an efficient way to
reduce the total production cost and the fraction of the cost associated with the
raw materials. Three proposed pellet production processes integrated with the
CHP plant show better performances than stand-alone processes. After integration,
the annual power production is increased by 97%, 83% and 68% for the three
different integration options, compared with the stand-alone CHP plant. Pellet
production integrated with the existing CHP plant, with the flue gas and steam
used for drying, should be considered significant for its pellet production cost
(105 €/tpellet), CO2 reduction (42.84 or 52 kt/year), short payback time of less than
two years and average annual overall energy efficiency (0.7 or 0.98) for two
different cases.
 The study of a regional energy system composed of conventional stand-alone
plants, integrated biomass-based CHP plants and other types of energy plants
shows the potential for a fossil fuel-free energy system in the year 2030.
Achieving a sustainable fossil fuel-free energy system for the studied region
would require that 1380 kt/year of biomass is imported from outside for biofuel
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production to replace LPG and fuel oil. The optimized sites on which to build the
bio-diesel plant and to plant oil crops are determined to be the areas between
Köping and Västerås or Sala and Västerås. Two bioethanol plants would need to
be built: one is integrated with an existing CHP plant in the area of Sala and
another stand-alone plant is located between Sala and Västerås. A prerequisite is
that the productions of bioethanol and bio-diesel have been applied economically.
However, about two-thirds of the power from renewable resources must still be
imported to meet the power demand before 2030.
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6 Future work
This thesis concentrates on retrofitting a conventional biomass-based CHP plant
by integrating it with several other industrial processes to improve the system
performance. However, all the modeling and simulation for the integrated
processes are performed with a static operation assumption. More knowledge is
needed to evaluate the daily, monthly and yearly dynamics, which are relevant to
the real situation. The construction and validation of dynamic process models
should be included in the future work. Furthermore, the scenario analysis is very
limited with respect to modeling the regional energy system in this thesis. More
influential factors need to be considered in the regional energy balance model,
such as different technical routes, CO2 permit prices and stimulative subsidies and
tax exemptions. Extension of the model to the national level or to different
regions of the EU would be a constructive future task and should shed light on the
viability of this approach on a broader scale.
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