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Bioeconomy has been identified to hold a great potential for reducing fossil fuel 
dependence and for maintaining and creating economic growth. Large parts of 
the combined heat and power (CHP) sector, which successfully have contributed 
in the transition towards a fossil free society, are at present facing stagnation. 
District heating actors are facing challenges due to warmer climate, better 
insulated buildings and competition from heat pumps. The forest industry where 
CHP plants supplies processes with heat is facing structural changes foremost in 
the graphic segments.

The emerging bioeconomy and the stagnation for the existing business models 
in large parts of the CHP sector form the background for the examination of 
additional value-creating processes in the existing CHP structure presented in 
this thesis. The technical viability for integration of fast pyrolysis, gasification and 
leaching with existing CHP plants has been analysed as well as the motivation 
and ability of the CHP incumbents to participate in a transition towards the 
bioeconomy by developing their plants to biorefineries. 
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“The important thing is not to stop questioning… 
Never lose a holy curiosity” 

 
- Albert Einstein     
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Abstract 

The present work, where additional value-creating processes in existing 

combined heat and power (CHP) structures have been examined, is 

motivated by a political- and consumer-driven strive towards a bioeconomy 

and a stagnation for the existing business models in large parts of the CHP 

sector.  

 

The research is based on cases where the integration of flash pyrolysis for 

co-production of bio-oil, co-gasification for production of fuel gas and 

synthetic biofuels as well as leaching of extractable fuel components in 

existing CHP plants have been simulated. In particular, this work has 

focused on the CHP plants that utilize boilers of fluidized bed (FB) type, 

where the concept of coupling a separate FB reactor to the FB of the boiler 

forms an important basis for the analyses. In such dual fluidized bed (DFB) 

technology, heat is transferred from the boiler to the new rector that is 

operating with other fluidization media than air, thereby enabling other 

thermochemical processes than combustion to take place. The result of this 

work shows that broader operations at existing CHP plants have the potential 

to enable production of significant volumes of chemicals and/or fuels with 

high efficiency, while maintaining heat supply to external customers.  

 

Based on the insight that the technical preconditions for a broader operation 

are favourable, the motivation and ability among the incumbents in the 

Swedish CHP sector to participate in a transition of their operation towards a 

biorefinery was examined. The result of this assessment showed that the 

incumbents believe that a broader operation can create significant values for 

their own operations, the society and the environment, but that they lack both 

a strong motivation as well as important abilities to move into the new 

technological fields. 

 

If the concepts of broader production are widely implemented in the Swedish 

FB based CHP sector, this can substantially contribute in the transition 

towards a bioeconomy. 
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Sammanfattning  
I denna avhandling har integrering av ytterligare värdeskapande processer i 

existerande kraftvärmeverk analyserats. Arbetet motiveras av en politisk och 

konsumentdriven strävan mot en bioekonomi och stagnerade affärsmodeller i 

stora delar av kraftvärmesektorn.  

 

Analysen baseras på fall där integration av snabb pyrolys för samproduktion 

av biooljeproduktion, samförgasning för produktion av bränngas och 

biodrivmedel, samt lakning av bränslekomponenter i existerande 

kraftvärmeverk har simulerats. Arbetet har i huvudsak inriktats på 

kraftvärmeverk som har pannor baserade på fluidiserad bäddteknik (FB). 

Möjligheten att till sådana pannor koppla en separat fluidiserad bäddreaktor 

är en viktig bas för detta arbete. I sådan s.k. kommunicerande bäddteknik så 

överförs värme från pannan till en ny reaktor som arbetar med annat 

fluidiseringsmedium än luft, vilket möjliggör att driva andra termokemiska 

omvandlingsprocesser än förbränning i den nya reaktorn. Resultaten från 

detta arbete visar att en breddad verksamhet vid befintliga kraftvärme- 

anläggningar kan möjliggöra produktion av betydande volymer av 

kemikalier och/eller biodrivmedel med hög effektivitet och med bibehållen 

värmeleverans till kraftvärmeverkets externa kunder. 

 

Utifrån insikten att de tekniska förutsättningarna för en breddad verksamhet 

är gynnsamma har motivation och förmåga hos de svenska kraftvärme- 

aktörerna undersökts. Denna studie visade att aktörerna anser att en breddad 

verksamhet skulle kunna generera värden för såväl företaget som för 

samhälle och miljö, men att de saknar starka drivkrafter och viktiga 

förmågor för att expandera in i dessa nya tekniska områden. 

 

Om en breddad verksamhet införs i stor del av kraftvärmesektorn kan detta 

väsentligt bidra i omställningen mot en bioekonomi. 
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1 Introduction 

1.1 Background 

Since the industrial revolution took off in the 18th century, vast amounts of 

fossil resources have been used. As a consequence, the concentrations of 

several elements have increased in the biosphere. The increase of carbon in 

the form of CO2 has attracted the greatest attention due to its contribution to 

global warming, and climate change is at present considered to be one of the 

most important global challenges (IPCC 2014). A vast majority of the 

world’s countries have committed themselves to reduce their CO2 emissions 

(UNFCCC 2015).  

 

Within the EU the ambition to reduce CO2 emissions is expressed in the 

legally-binding short-term commitments “2020 climate and energy package” 

as well as in mid-term targets “2030 climate & energy framework” and a 

long-term vision “2050 low-carbon economy”. This structure for the 

commitments is also represented on a national level for Sweden where the 

2020 targets are combined with ambitions for national fossil-independence 

by 2030 and a vision about a fossil free society by 2050. Substitution of 

fossil fuels by biomass has been identified as an important measure to 

decrease CO2 emissions (IPCC 2011). When the optimum use of biomass 

from a CO2 mitigation perspective has been analysed, the substitution of coal 

in stationary power plants has been found to be more beneficial than e.g. 

transportation fuel production, if biomass is considered as a limited resource 

(Joelsson 2011), (Steubing et al. 2011). Although correct from a CO2-

mitigation perspective in the short term, combustion of biomass in stationary 

power plants will not alone fulfil the vision of a fossil-independent or fossil-

free society as significant amounts of fossil energy carriers are used in the 

material-, chemical- and transportation fuel sector. 

 

Historically, the utilization of wood resources has been more diversified than 

the present usage that essentially is limited to the production of lumber, pulp, 

paper and fuel. In the 19th century, wood was also used for the production of 

char coal and tar as well as acetic acid, methanol, lubricators etc. as 

described in (Leufvenmark 1874).  
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The term Bioeconomy that has entered the discussion during the recent years 

and become widely used has been adopted and elaborated by the OECD and 

the Seventh Framework of the European Commission. In the white paper 

“The European Bioeconomy in 2030” (BECOTEPS 2011), the following 

definition of bioeconomy was used:  

“The Bioeconomy refers to the sustainable production and conversion of 
biomass into a range of food, health, fibre and industrial products and 
energy. Renewable biomass encompasses any biological material as a 
product in itself or to be used as raw material.” 

Bioeconomy has been proposed as a path towards sustainable resource 

management and economic growth in Europe (EU Commision 2012),  (de 

Besi & McCormick 2015). Biomass is hence identified as a resource with 

higher potential value than merely as a tool for climate change mitigation.  

  

The concept of biomass firing for combined heat and power (CHP) 

production has since 2003 been financially supported by means of green 

certificates for renewable power and the already established concept has 

gained even broader industrial application in Sweden since then, foremost in 

the forest industry and in the district heating (DH) sector. At present, about 

50 TWh of solid biomass is fired annually in Sweden (SEA 2015), 

corresponding to approximately 10 million tons of dry solids (DS). However, 

in recent years the market conditions for biomass based CHP has become 

less favourable due to low electricity prices. As the time-limited incentives 

for bio-based power production have expired for many actors, these 

producers have witnessed the revenues from power production to drop by 

well over 50% during the last five years. In addition to the falling revenues 

from power production, several actors in the Swedish DH business are facing 

stagnant or declining demand for heat as a consequence of warmer climate, 

gradually more energy efficient buildings and strong competition from heat 

pumps (Magnusson 2012), (Rydén et al. 2013). 

 

An emerging bioeconomy and stagnation for the existing business models in 

large parts of the CHP sector form the background for the examination of 

additional value-creating processes in the existing CHP structure presented 

in this thesis. Previous works that have addressed integration with CHP 

plants, e.g. (Heyne 2013), have not specifically studied load variations for 

the CHP plants and the impact on the capacity for co-production that follows 
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from such variations. Other previous works that have considered load 

variations, e.g. (Starfelt 2015) have based the integration evaluation on 

process configurations not specifically developed for CHP integration. 

1.2  Aim and scope 

The present work is based on the hypothesis that existing CHP plants can be 

utilized for production of a wider portfolio of bio-based products and that 

waste heat from the additional production processes can be utilized in these 

plants. Furthermore, that such utilization can result in an increased efficiency 

compared to stand-alone production of the bio-based products.  

 

The overall aim of this thesis is to increase the understanding about the 

technical potential for a broader value-creation at large scale combustion 

plants and the CHP sector’s ability to contribute in the transition towards a 

bioeconomy. The specific objectives are to: 

1. Examine a number of potential co-production concepts in CHP plants 

with scale and configuration that is representative for the Swedish 

CHP sector: 

a. Pyrolysis oil (Paper I) 

b. Fuel gas (Paper II) 

c. Fine chemicals (Paper III, case betulin) 

d. Automotive fuels (Paper IV) 

2. Examine perceived values associated with a broader utilization of 

CHP plants in Sweden among Swedish CHP actors as well as 

perceived drivers and constraints and the actors’ interest and capacity 

to overcome identified barriers (Paper V). 

 

The work includes systems analysis on three levels: 

a) Individual CHP plants:   

In the studied cases in manuscript I-IV, the potential for broader 

operation and the related impact on the boiler plants have been 

examined. The potential production capacity and the achievable 

production efficiency have been sought for. Impact on the present 

boiler operation and the power production has been examined. The 

studied CHP plants are chosen as being representative for a large 

number of industrial combustion plants based on fluidized bed (FB) 
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technology in terms of used fuel, process configuration, design 

capacity and capacity utilization. 

b) CHP plants in different industrial sectors:  

The general applicability of the examined concepts for broader 

operation are analysed and discussed for the two main sectors: (i) 

Industry and (ii) District Heating. 

c) The total CHP platform in Sweden:  

The potentials of the examined concepts for broader operation are 

analysed and discussed in the context of the entire group of FB based 

boiler plants in Sweden. The total national production potential of the 

examined products in relation to domestic market size as well as value 

aspects is discussed. Implications for research and strategy in the 

transition towards a bioeconomy, particularly in the transportation 

sector, are discussed. 

 

The scope of this work primarily covers the part of the large scale CHP 

sector that utilizes fluidized bed boilers for firing of forest residues, bark and 

other types of woody solid biomass. Waste incineration plants as well as 

small grate-boiler based combustion plants with or without power generation 

has been excluded. Also, plants for combustion of biomass in the form of 

spent cooking liquor are excluded from this work. 

1.3  Thesis outline 

Some fundamentals about woody biomass, combined heat and power, 

thermochemical biomass conversion and extraction are given in chapter 2, 

where also some transition theory is included. The methods for modelling 

and evaluation are described in chapter 3. In chapter 4, the results of the 

work are presented. The chapter starts with the rationale for the chosen cases 

and a summary of the appended papers I-V. Thereafter, the results are further 

elaborated in terms of production capacity, production efficiency and 

implications on present operation for a CHP plant. In chapter 5, value and 

relevance of broader production are discussed and the results are put into 

context of the total Swedish CHP sector and the Swedish bioeconomy 

ambitions, especially addressing the ambitions to achieve a sustainable fossil 

independent and fossil free transportation sector. In chapter 6 the results and 

their potential implications for the CHP sector’s innovation actors and for 

 



   
 
   
 
 

5 

 

policy makers are concluded. In chapter 7, future areas of research are 

outlined based on the current work. 
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2 Technology background 

In the CHP sector, biomass is at present solely utilized as a fuel for firing. 

Hence, the ultimate target is to transform the biomass to carbon dioxide and 

water with minimum supply of air, thereby releasing the heat of combustion 

with minimum flue gas losses. Properties of importance in a firing 

application are the proximate and elemental composition of the fuel whereas 

the structures and properties of the different wood components are paid less 

attention.  

 

The added value-creating processes in the CHP sector examined in this 

thesis are based on a broader view of biomass than merely as a carrier of 

accumulated energy to be released in the plant. The extended production 

concepts entails the development of a CHP plants towards a biorefinery as 

defined by IEA “the sustainable processing of biomass into a spectrum of 

marketable products and energy” (IEA 2009). 

 

Figure 1: Illustration of the processing of biomass into a spectrum of marketable 

products and energy (IEA 2009). 

The transformation towards such extended CHP concepts implies that the 

chemical composition of the woody biomass raw material and the 

mechanisms for decomposition are of greater importance. Also, such 

transformation would have an impact on the present CHP operation, both 

from a technical and a commercial point of view. This chapter gives a 

theoretical background covering: 

 Combined heat and power technology in industry and district heating 

sector 

 Biomass as an organic polymer 

 Conversion of biomass by extraction and thermochemical conversion 

 Technological transition theory 
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2.1  Woody biomass 

Like all lignocellulosic materials, woody biomass is a complex polymer 

composed of a network of connected polymeric components, commonly 

grouped in; (i) cellulose, (ii) hemicellulose and (iii) lignin. In addition to 

these three major components, biomass also contains (iv) extractives and (v) 

minerals. The content of these different components varies between 

softwood (SW) and hardwood (HW), with indicative figures according to 

Figure 2. As can be seen, the cellulose content is similar whereas the content 

of lignin and hemicelluloses differs between SW and HW.  

 

 

Figure 2: Indicative composition of HW and SW, adapted from (Alén 2011) 

As between different species of trees, there are also varying composition for 

different parts of a tree. The compositions of top and roots are similar to that 

of stem wood, whereas bark, needles and branches contains less cellulose 

and higher shares of lignin and extractives. 

2.1.1 Cellulose 

Cellulose, the main part of woody biomass is an unbranched polysaccharide 

of linked D-glucose units (C6H10O5)n. The β-(1-4) glycosidic bonds 

connecting the monomers allow it to be arranged as a linear polymer that 

contains up to 15000 glucose units. Several polymer chains in parallel, 

linked by hydrogen bonds in one plane and van der Waals bond in the other 

forms microfibrils with low solubility and low reactivity (Ek et al. 2009). 

The structure of a cellulose polymer is illustrated in Figure 3.  
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Figure 3: The structure of a cellulose polymer. The solid lines between two 
monomers illustrate the β-(1-4) glycosidic bonds whereas the dashed lines 
illustrate the intra- and intermolecular hydrogen bonds (Lu et al. 2014) 

2.1.2 Hemicellulose       

Hemicellulose is found in the matrix between the cellulose fibrils in the cell 

wall. In contrast to cellulose, hemicellulose is a heterogeneous 

polysaccharide that may contain a variety of monomer units. Based on the 

origin, SW or HW, the composition and structure of the hemicellulose vary. 

The main hemicellulose in coniferous wood (SW) is glucomannan, whereas 

xylan is the main hemicellulose component in HW. Examples of structure 

for these main components are illustrated in Figure 4. The hemicellulose 

molecular structures differ from the cellulose molecule as they lack 

crystalline structures. This difference in structure and the fact that 

hemicelluloses are more low-molecular weight polymers, result in higher 

solubility and reactivity compared to cellulose.  

 

Figure 4: Examples of molecular structure for SW Xylan and Glucomannan 
(Dutta et al. 2012) 
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2.1.3 Lignin 

Lignin, serving as binder for the fibrous cellulosic components, accounts for 

25-35% of the organic matrix of wood. Lignin is a three-dimensional, highly 

branched, polyphenolic polymer. The three most commonly encountered 

phenylpropanes (monolignols) units are p-coumaryl alcohol, coniferyl 

alcohol and sinapyl alcohol, illustrated in Figure 5. 

 

 

Figure 5: The main three phenylpropane units in lignin 

A three-dimensional structure occurs by radical polymerization during lignin 

biosynthesis through various carbon-carbon and ether (carbon-oxygen) 

bonds. Figure 6 gives a schematic structure of native lignin. 

 

Figure 6 Hypothetical schematic structure of native lignin (Zhu 2015) (Adapted 
from Adler 1977) 

This complex structure results in a polymer with low solubility and low 

reactivity.  
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2.1.4 Extractives 

Wood extractives are compounds that are extractable from wood with neutral 

organic solvents or water (Ek et al. 2009). Extractives consist of a large 

variety of compounds and can be both lipophilic and hydrophilic. The term 

“resin” is often used as a collective name for the lipophilic substances that 

are insoluble in water (Alén 2011). Aliphatic compounds like terpenes, 

terpenoids, alkanes, fatty acids and esters of fatty acid are the most frequent 

extractives in woody biomass. Phenolic compounds and small amounts of 

water soluble polysaccharides called gums are also present. The extractive 

compounds have relatively low molecular weight (<C40) compounds in the 

lower molecular mass range can be considered volatile (i.e. having a boiling 

point below approximately 250 ᵒC (EC 2004) whereas compounds in the 

higher molecular mass range are non-volatile. 

 

The total amount of extractives is normally only a few percent of the wood, 

but it can be considerably higher in parts like bark and branches and is 

normally also increased in wounded wood. 

2.1.5 Inorganic components 

Woody biomass contains small amount of inorganic matter (ash), foremost: 

Al, Ca, K, Na, P and Si. The concentration in stem wood is low, in the region 

of 0.5% whereas the concentration in the other parts of the tree is higher 

(Strömberg 2012). Forest residues containing bark, needles, branches and 

tops can typically have ash content in the region of 2-3%. Even though the 

concentration of inorganic components in woody biomass typically is low, 

their presence can be of great importance, not least in thermochemical 

conversion operation as many compounds have catalytic properties, effecting 

the composition of formed compounds during pyrolysis and gasification. 

 

In this context, it shall be pointed out that biomass-derived fuels can contain 

significant additional ash amounts, originating from sand and soil that enter 

the biomass during handling and transport. 

2.1.6 Elemental and proximate composition of woody biomass 

The composition of biomass as described in section 2.1.1-2.1.4 is normally 

paid less attention to in a combined heat and power operation where the 
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ultimate aim of the combustion process is to transform the biomass to carbon 

dioxide and water, thereby releasing the heat of combustion. 

 

Properties of importance in a firing application are the proximate and 

elemental composition of the fuel. Typically data for forest residue biomass 

used for CHP production is (Oasmaa & Kuoppala 2003): 

 Proximate composition 

 Moisture  30-50% 

 Ash   1.7-2.8%, dry basis 

 Volatiles  73.2-77.9% dry basis 

 Elemental composition 

 Carbon, C  51.1-53.3% 

 Hydrogen, H  5.9-6.5% 

 Nitrogen, N  0.5%  

 Oxygen, O  38.3-40.0% (by difference) 

2.1.7 Biomass conversion 

Unless the inherent structure of wood is desired, as in the case of sawn 

timber, it is necessary to separate and/or modify the different wood 

components in order to achieve a useful product and/or energy for 

subsequent utilization. Several routes exist for such separation and 

modification and the following categorization is often used (Alén 2011): 

 Extraction 

 Chemical conversion 

 Biochemical conversion 

 Thermochemical conversion 

The context of this thesis is valorization of fuel grades of woody biomass 

and the combustion processes at existing CHP plants. Based on this, the 

exploration of thermochemical production routes is obvious. Furthermore, 

fuel grades of woody biomass including bark, branches and needles contain 

higher concentrations of extractable compounds than the stem wood that 

form the basis for lumber-, pulp- and paper industry. Consequently, 

extraction of wood components is an area explored in this work. 
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2.2  Thermochemical conversion of biomass 

In thermochemical conversion processes, heat is applied to enable chemical 

reactions to take place. Chemical reactions are mainly of free-radical type 

where molecules with unpaired electrons break bonds in the biomass 

constituents, forming new compounds in complex chain reactions. 

 

The following chapters aim to provide an overview of woody biomass 

conversion by means of thermochemical conversion processes as well as 

subsequent upgrading processes included in this work. Thermochemical 

conversion of biomass can be divided in three steps: 

1. Drying 

2. Devolatilization/Pyrolysis 

3. Conversion of char and volatile components 

The different thermochemical conversion steps and the practical processes 

utilizing these steps are described in the following sections.  

2.2.1 Drying 

Woody biomass which is the focus of this work typically has moisture 

content around 50%. Fuel grades derived from woody biomass typically 

have a moisture content ranging from 30 to 50% depending on the conditions 

during storage. Drying of the biomass prior to subsequent thermochemical 

processing is important from several aspects: 

 To avoid provision of heat for evaporation at the elevated 

temperatures used in the conversion processes. Drying prior to 

pyrolysis and gasification thereby increases the energy efficiency in 

these subsequent unit operations. 

 Any water entering with the biomass will follow the volatile 

compounds from the subsequent pyrolysis. This is a special concern 

in flash pyrolysis aiming for production of bio-oil (pyrolysis oil, 

pyrolysis liquid, etc.) as high water content is known to induce phase 

separation of the bio-oil, causing practical problems during handling 

and usage. 

The energy demand for evaporation at ambient temperature is around 2.4 

MJ/kgevaporated, representing the theoretical minimum energy demand for a 

one-stage drying operation without utilization of open or closed heat pumps 

cycles. In addition to this theoretical energy demand there are unavoidable 

additional energy demands related to heat losses and temperature difference 
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between inlet and outlet flows to the drying system. Hence, practically 

achievable energy consumption is normally substantially higher. Multi stage 

dryers, with or without heat pumps, can enable specific energy consumption 

lower than 2.4 MJ/kgevaporated, however at the price of increased complexity 

and cost. For an overview of available drying technologies for woody 

biomass, see e.g. (Pang & Mujumdar 2010)(Amos 1998). The choice of 

optimal drying technology depends on site-specific conditions and price 

relation between biomass and electrical power. In this work, bed dryers have 

consistently been applied, enabling utilization of low-grade heat and thereby 

yielding low emissions of volatile organic compounds (VOC) to the 

atmosphere (Granström 2005).  

2.2.2 Pyrolysis 

When a lignocellulosic material is heated in the absence of oxygen, the 

material is decomposed and volatile compounds are released. Three main 

groups are formed (i) char (ii) vapours, condensable at ambient conditions 

and (iii) permanent gases, mainly CO, CO2, H2, CH4, and other light 

hydrocarbons with up to 3 carbon atoms (C3). 

 

Based on the pyrolysis temperatures and heating rates, pyrolysis is 

commonly divided in the following two sub-groups (i) slow pyrolysis and 

(ii) fast pyrolysis. Slow pyrolysis is characterized by low heating rate, 

typically less than 50 °C/min. Depending on temperature this group is further 

divided in two groups: 

 Torrefaction 

Used for production of brittle material to be used as energy carrier, 

typically coal substitute, takes place at a temperature about 300 °C. 

 Carbonization 

Production of charcoal takes place at a temperature about 400 °C. 

 

Low heating rate, such as applied in slow pyrolysis, always yields higher 

char content than pyrolysis with high heating rate, partly due to dehydration 

of cellulose. An incomplete release of volatile compounds at the relatively 

low temperatures employed in slow pyrolysis further explains the high yield 

of solid product from these processes. Some positive integration effects have 

been identified when torrefaction is co-located with existing CHP processes 

(Gustavsson et al. 2015). In this work however, only fast pyrolysis has been 



   
 
   
 
 

14 

 

examined as a production process. Fast pyrolysis is characterized by fast 

heating rates, >100 °C/s and short residence times. When used for production 

of bio-oil (pyrolysis oil) operating temperatures around 500 °C are used, 

aiming to maximize yield of condensable compounds.  

 

The chemical degradation behaviour outlined in this chapter is relevant for 

bio-oil production by fast pyrolysis but also for pyrolysis as an initial step in 

gasification, further elaborated in section 2.2.3. The temperature of 

degradation/volatilization and formed compounds differ between different 

biomass constituents and several simultaneous decomposition reactions 

typically occur. Pyrolysis is not a process at thermodynamic equilibrium and 

the compounds formed during devolatilization can also further react during 

secondary reactions in gas-phase. Hence, for biomass pyrolysis, the 

composition of the formed gases and vapours are highly complex and 

impossible to predict in detail. 

 

Even though the elemental compositions of most woody biomass fuels are 

rather uniform, their contents of the different components described in 

section 2.1.1-2.1.5 vary. Since each of these components exhibits different 

behaviour during pyrolysis, the composition of the volatiles formed from a 

specific fuel is a combination of those formed from the fuel’s different wood 

components. In general, thermal decomposition of biomass ranges between 

200-700 °C, but those limits are not absolute. The main devolatilization 

occurs below 550 °C. Among the major wood components (cellulose, 

hemicellulose and lignin), hemicellulose has the lowest pyrolysis 

temperature range. The main conversion takes place in the range 200-

350 °C. For cellulose the corresponding range is 300-390 °C. Lignin has a 

broader pyrolysis temperature range, spanning from approximately 200-

450 °C (Collard & Blin 2014).  

 

Empirical data regarding product distribution i.e. yield of char, liquid and 

gas as well as gas composition are available in the literature from many 

laboratory- and pilot plants e.g. (Oasmaa et al. 2003), (Wang et al. 2005). 

Data from a large number of experiments over a wide temperature range 

have been gathered and used to establish empirically based models for 

prediction of pyrolysis yields as a function of temperature (Neves et al. 

2011). In order to maximize the yield of condensable vapours, fast pyrolysis 
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is typically carried out in the temperature range 450-550 °C. Different 

concepts have been proposed and tested for pyrolysis oil production, e.g., 

ablative pyrolysis, rotating screw pyrolysis, and auger reactor pyrolysis 

(Ringer et al. 2006). But commercial plants realized thus far have mainly 

used circulating fluidized-bed (CFB) and bubbling fluidized-bed (BFB) 

reactor technologies. The practicable obtainable yields from fast pyrolysis of 

clean wood are typically (Oasmaa et al. 2005): Char 12%, bio-oil 76% (64% 

organic liquids + 12% reaction water), permanent gases 12%. Fast pyrolysis 

of forest residues and bark results in lower liquid yield. 

 

The formed bio-oil consists of hundreds of different compounds. Most of 

them are present in very low concentrations. Typical compound classes in 

bio-oil are organic acids, aldehydes, ketones, phenolics and alcohols 

(Mahfud 2007). The heterogeneous composition of the bio-oil that also 

contains significant amounts of water makes the further utilization far from 

straight forward. Even though applications for bio-oil as refinery feedstock 

and for usage in diesel engines and gas turbines have been explored 

(Bridgwater 2012), these concepts have yet not found any broad commercial 

application and the utilization of bio-oil has mainly been limited to use as 

heavy fuel oil substitute in stationary combustion plants. 

 

A separation of bio-oil into separate fractions is believed to facilitate further 

refining (Chen et al. 2011). For ex-situ fractionation, extraction has attracted 

the greatest interest. Extraction with water can form a simple first separation 

step (Vitasari et al. 2011) whereas other polar and non-polar solvents or 

aqueous salt solutions (Chen et al. 2011) can be used for further separation. 

Fractional distillation is generally considered less feasible due to occurrence 

of polymerization reactions and related severe viscosity-increase at elevated 

temperature. Fractionation by staged condensation offers an opportunity for 

in-situ control of the bio-oil’s water content (Westerhof et al. 2007) as well 

as an opportunity to separate different groups of components with dissimilar 

volatility (Pollard et al. 2012) (Westerhof et al. 2011). In addition to being a 

method for fractionation of bio-oil components, the increased temperature in 

the initial condenser(s) of a staged condensation train can enable part of the 

heat of vaporization to be recovered and utilized in the plant, thereby 

enabling increased production efficiency. 
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2.2.3 Gasification 

Gasification is a process to transform a carbon-containing fuel to a product 

gas, ultimately syngas which consist of CO and H2 only. Even though 

commonly spoken about as a separate process, biomass gasification is a 

technology where the previously described drying and pyrolysis steps are 

complemented with a third converting step, aiming to convert char, higher 

hydrocarbons (C2+C3) and condensable vapours (tar), all formed in the 

pyrolysis step, to permanent gases. Several simultaneous and subsequent 

chemical reactions are involved in the transformation of solid carbon 

(making up a large fraction of char from the pyrolysis step) to synthesis gas. 

The most important gasification reactions are: 

 

C+½O2 → CO   ∆Hr
0 = -109 kJ/mol  (partial oxidation)        (R1) 

C+CO2 ↔ 2CO  ∆Hr
0 = +172 kJ/mol (reverse Boudouard)    (R2) 

C+H2O ↔ CO + H2 ∆𝐻𝑟
0 = +131 kJ/mol (water gas reaction)     (R3) 

 

For dual bed gasification, the gasification technology assessed in this work, 

R1 is of less importance as the oxygen concentration in the gasification 

reactor is very low and the carbon conversion primarily takes place 

according to R2 and R3.  

 

Tar reforming in a dual fluidized bed gasifier can be expressed with the 

following global reaction (Larsson 2014): 

 

OC+α1H2O+α2CO2→α3OC*+α4CxHy+α5CH4+α6CO+α7H2+            (R4) 

α8C(s)+α9CO2 

 

In this equation OC represents all organic compounds with more than 3 

carbon atoms and OC* represent the residual OC after reforming. Unlike 

reactions R1-R3, the reaction R4 cannot be used for precise prediction of 

product composition as this would require detailed knowledge about the 

composition of the organic compounds before and after the reforming as 

well  as of the formed char. However, the reaction summarizes the 

compounds involved and can be used to understand the overall impact of the 

tar reforming.  
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Two other reactions of importance in the process of transforming biomass to 

syngas of the desired quality in the gasification reactor or in subsequent gas 

conditioning steps are: 

 

CO + H2O ↔ CO2 + H2   ∆Hr
0 = -42 kJ/mol (water gas shift)            (R5) 

CH4 + H2O ↔ CO + 3H2 ∆Hr
0 = +159 kJ/mol  (steam reforming)        (R6) 

2.2.3.1 Gasification technologies 

Gasification can be accomplished with various technologies. Drying is often 

carried out as a separate process step prior to the gasification process in 

which the two last transforming steps occur. For gasification, several 

different reactor designs are available. Fixed bed gasification is a simple, 

robust technology well suited for the gasification of biomass in small scale 

(<10 MW).  For large scale gasification however, the reactor type is non-

feasible due to difficulties in obtaining uniform flow conditions in form of 

flow and temperature. Main groups applicable for large scale gasification are 

illustrated in Figure 7: 

 

Figure 7: Principle design of EF, FB and DFB gasifiers (Larsson 2014)   

Entrained flow (Suspension) 

In this type of reactor, very small fuel particles are mixed with the 

gasification agent and introduced into a high temperature reaction chamber. 

This reactor type gives uniform heat distribution and is easy to pressurize, 

thereby enabling very high capacities. The high temperature yields a gas 

with low tar content. 

 

Fluidized bed 

A fluidized bed gasifier operates in a similar manner as the fluidized boilers 
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described in section 2.2.3. Oxygen supply is restricted in order to maintain 

the gasification temperature (normally 800-1000 ºC), without heat removal 

from the reactor. 

 

Dual fluidized bed 

In a dual fluidized bed gasifier (DFBG) two FB reactors are employed. The 

pyrolysis and gasification reactions take place in one of the reactors, whereas 

char combustion takes place in the other. Heat is transferred between these 

two reactors by circulation of bed material. As no air is entered into the 

gasification reactor in this concept, the product gas is not diluted with 

nitrogen.  

 

In this work, due to the ability for deep integration with FB boilers, only 

DFBG is further described and examined, see chapter 2.4. For a more 

comprehensive overview of gasification technologies and their present level 

of development, see e.g. (Molino et al. 2016) and (Heyne et al. 2013). 

2.2.3.2 Gas cleaning technologies 

The gas exiting the gasifier contains a variety of unwanted compounds such 

as particulate matter, condensable hydrocarbons (i.e. tars), sulphur 

compounds, nitrogen compounds, alkali metals (primarily potassium and 

sodium), and hydrogen chloride (HCl) (Woolcock & Brown 2013). 

Furthermore the gas may have an unwanted composition for its intended use 

e.g. unwanted concentration of CH4 or CO2 or unfavourable H2/CO ratio. 

Particulate matter contains inorganic compounds originating from the 

biomass and/or the bed material as well as residual unconverted char from 

the gasification reactor. The particles may be removed from the gas stream 

by (multi-)cyclones, ceramic or textile filters or by scrubber separators. 

Depending on the scrubbing media and its temperature the latter option can 

also be efficient for tar removal. 

 

Tar is a complex mixture of condensable organic compounds and is often 

defined as “all hydrocarbons with molecular weights greater than that of 

benzene” (Maniatis & Beenackers 2000), i.e. M>78.11 g/mol. This definition 

of tar hence differs from the “OC” class of compounds used in reaction R4 

(Chapter 2.2.3). However, most chemical species included in the definition 

of OC are also included in the definition of tar. Removal of tar is often 
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needed, at least in more advanced applications, as it can cause fouling in 

subsequent process equipment or cause coke or soot formation in catalytic 

conversion or in a combustion process. Principally, the content of tar in the 

gas can be reduced by two separate approaches: (a) Capture and removal of 

the tar (b) Reforming of the tar as described in reaction R4, thereby 

converting the harmful substances to useful low-molecular gases. Utilizing 

the former approach, the tar is physically removed by means of 

condensation, absorption or adsorption. Reforming (cracking) of tars can be 

accomplished by means of high temperature alone (thermal cracking) or in 

the presence of a catalyst (catalytic cracking). Non-catalytic tar treatment by 

partial oxidation of the product gas is recognized as a cheap, simple, robust 

and infinite lifetime solution for tar treatment. However, the method is often 

questioned because of the reduction of the calorific value of the product gas 

and the creation of excess heat. Non-catalytic tar treatment includes both 

cracking and polymerization chemical reactions, and the formation of some 

soot because of tar polymerization typically occur during this process. High 

temperature and presence of hydrogen, steam, and oxygen favours the 

cracking reactions and suppresses the polymerization reactions (van der 

Hoeven 2007). In order to achieve a substantial tar conversion, harsh 

conditions are required. Temperatures in the range 1100-1300 ºC for a few 

seconds are typically employed (Woolcock & Brown 2013). 

 

For removal of sulphur (mainly H2S, COS), nitrogen (mainly NH3, HCN) 

and chlorine compounds (mainly HCl), different absorption and adsorption 

processes are utilized. In these the impurity compounds are dissolved in a 

liquid or a solid (absorption) or adhered to the surface of a solid or liquid 

(adsorption). Several commercial processes exist where these unit operations 

are used independently or together. Syngas cleaning is further discussed in 

section 4.1   

2.2.3.3 Gas for combustion 

Removal of tars and particles is often sufficient for utilization of the gas in a 

variety of combustion applications. Direct combustion in a gas burner is a 

proven application that is well demonstrated. In case of a fuel-switch from 

oil to syngas the entire fuel feeding and burner system needs to be replaced. 

In addition, the lower flame emissivity and adiabatic flame temperature 

associated with syngas combustion should be taken into account as well as 
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the higher specific flue gas volume. In case of fuel-switch from another 

energy gas such as LPG or natural gas the gas handling system and the 

burners also need to be adapted as a number of parameters such as 

diffusivity, flame speed etc., are effected when syngas is introduced 

(Lieuwen et al. 2010). The energy density is considerably lower for gas 

derived from biomass gasification. A widely used fuel interchange parameter 

developed to address this is the Wobbe index, defined as: 

 

IW =
LHV

√SG
       (1) 

 

Where SG is the specific gravity defined as the ratio between the gas density 

and the density of air. Any gas fuels having equal Wobbe index will generate 

the same amount of heat when combusted at same pressure and temperature. 

Utilization of gas in internal combustion engines has been successfully 

demonstrated and is put forward as a logical concept for small scale CHP 

due to the high electrical efficiency (Ahrenfeldt et al. 2013). Utilization of 

syngas in gas turbines are also demonstrated, e.g. at the Värnamo IGCC 

plant (Ståhl & Neergaard 1998). This concept enables high electrical 

efficiency for medium and large scale CHP applications, such as the 

examined IGCC integration with a pulp and paper mill (Wetterlund et al. 

2011). Combustion of gas in burners and in gas turbines has been examined 

in Paper II. 

2.2.3.4 Catalytic syngas conversion to biofuels 

Catalytic conversion of syngas to various types of biofuels is a vast research 

area. Numerous books and articles deal with cleaning and conditioning of 

raw gas and conversion of syngas to various gaseous and liquid fuels. For an 

overview, see e.g. (Luque & Speight 2014), (Spath & Dayton 2003). 

 

A catalyst is a substance that increases the rate of reaction toward 

equilibrium without being appreciably consumed in the process. A wide 

variety of hydrocarbons and oxygenates can be produced from syngas by the 

utilization of heterogeneous catalysts, Figure 8. 
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Figure 8: Catalytic conversion of syngas to various fuels and chemicals  
(Tunå 2013) 

In this work, three different biofuels have been examined (Paper IV): 

SNG 

The conversion of syngas to methane takes place according to the following 

main reaction: 

 

CO + 3H2 ↔ CH4 + H2O  ∆Hr
0= -206 kJ/mol             (R7)  

 

Furthermore, CO2 can be converted to methane according to the Sabatier 

reaction: 

 

CO2 + 4H2 ↔ CH4 + 2H2O  ∆Hr
0= -164 kJ/mol             (R8) 

 

This reaction R8 is a linear combination of the water gas shift (reaction R5, 

section 2.2.3) and reaction R7. The highly exothermic methanation reactions 

typically take place at a pressure of about 20 bar and a temperature of about 

300 °C. In addition to the most frequently used methanation catalyst Ni, 

other metals such as Fe and Pt can be used. Ni-catalysts are sensitive to 

several gas impurities such as sulphur, chlorine and alkali metals.  
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MeOH 

Conversion of syngas to methanol takes place according to the exothermic 

reaction: 

 

CO + 2H2 ↔ CH3OH ∆Hr
0 = -91 kJ/mol               (R9) 

 

As illustrated in Figure 9, low temperature and high pressure yields high 

methane conversion.  

 

Figure 9: Methanol conversion equilibrium1 (Tunå 2013) 

But as high temperature increases the rate of reaction, the choice of operating 

parameters shall be made on total production economy, including the 

conditions for heat recovery/integration at the specific plant.  

 

Industrially, Cu/Zn catalysts are employed. These are very sensitive to 

sulphur and even more stringent sulphur cleaning than for the SNG case is 

required. From reaction R9, the optimum H2:CO ratio is seemingly 2. But as 

CO2 plays a role in the reaction the optimum H2:CO ratio shall be somewhat 

higher. To obtain a fast methanol synthesis, a few percent CO2 shall be 

                                                 
1
 For gas composition H2/CO/CO2: 2/1.05/0.01 (vol%) 
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targeted (Larsson 2014),(Tunå 2013). The following expression is often 

used: 

M =
H2−CO2

CO+CO2
       (2) 

The ideal value for Module M is 2. Industrially, somewhat higher values are 

used. High concentration of CO2 has been reported to yield high CH4 

formation. 

 

Fischer Tropsch (FT) fuel 

This process, named after the German scientist Franz Fischer and Hans 

Tropsch was invented in 1924 and exploited during the 2
nd

 world war to 

produce chemicals and substitutes for natural products e.g. butter (Davis & 

Occelli 2010). After the war the process was mainly developed and used for 

fuel production in South Africa. FT synthesis involves a series of chemical 

reactions that produce a variety of hydrocarbons, ideally alkanes having the 

formula (CnH2n+2). During synthesis, small amounts of alkenes and 

oxygenated hydrocarbons are also formed. The formation of hydrocarbons in 

the FT process is a complex network of several reactions. The main 

mechanism of the reaction is: 

 

CO + 2H2 → −CH2 −  + H2O              (R10) 

 

The -CH2- monomer is a building block for longer hydrocarbons. The 

combination of these building blocks into larger chains is determined by the 

chain growth probability α, which is defined as the ratio of chain growth rate 

and the sum of chain growth and termination rate. The value of α is 

determined by the type of catalyst and the operating conditions. The relation 

between the hydrocarbon yield and the chain growth probability is described 

by the Anderson–Schulz–Flory (ASF) distribution: 

 

Wn = αn−1 ∙ (1 − α)2 ∙ n     (3) 

 

In Eq. (3), Wn represents the weight fraction of a hydrocarbon with n carbon 

atoms formed in the FT synthesis. 

 

The predominant reactions forming alkanes and alkenes are highly 

exothermic. Depending on the types and quantities of FT products desired, 
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either low (200–240 °C) or high temperature (300–350 °C) synthesis is used 

with either an iron or a cobalt catalyst. For further information about the 

chemical reaction pathways and competing reaction associated with FT 

synthesis, see (Spath & Dayton 2003). 

 

All the catalysts used in the processes described above feature high 

sensitivity for several different impurities. If exposed to these compounds, 

the catalysts lose activity. The allowed concentrations of sulphur, nitrogen 

and halide compounds are generally in the level of a few ppm or lower. As 

the catalysts for fuel synthesis are generally very expensive, the use of  

additional  catalysts  or  adsorbents  to  protect  the  actual  process catalysts  

has  become  an  important  feature  of  operation. Such guard beds can 

capture relatively high amounts of hazardous compounds and feature high 

space velocities: E.g. Sulphur can be adsorbed in a bed of zinc oxide up to 

about 20 wt% and chlorine can be adsorbed in a bed of alkalized alumina up 

to 10-12 wt% at a space velocity 10 000-15000 h
-1

 (Lloyd 2011).  

2.2.4 Combustion 

Combustion aims to achieve a complete reaction between fuel and oxygen to 

obtain thermal energy and flue gas, primarily consisting of carbon dioxide 

and water. The overall reaction for combustion of biomass, considering the 

three main elements, is simple: 

 

CxHyOz + (x +
y

4
−

z

2
) O2 → xCO2 +

y

2
H2O            (R11) 

 

In reality though, this overall reaction is made up of numerous simultaneous 

and sequential radical elementary reactions. Hence, even if combustion of 

woody biomass has been managed by mankind for a quarter of a million 

years, the detailed reaction pathways are still not possible to predict and 

combustion of biomass is largely relying of empirically based knowledge 

about preconditions required to enable sufficient conversion of biomass to 

carbon dioxide and water with minimum formation of unwanted compounds.  

In industrial biomass combustion processes, primary airborne pollutants 

formed are (Brown 2011): 
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Oxides of sulphur and nitrogen  

Sulphur oxides (SOx) stem from sulphur present in the fuel. As the sulphur 

content in wood is low, the emission of SOx is generally less of a problem 

compared to those of nitrogen oxides (NOx) and no abatement is typically 

applied. NOx (with NO being the main species) can be formed by three 

principal mechanisms: 

 Fuel NOx   

Stemming from nitrogen in the fuel, this is typically the main 

source of NOx in biomass combustion.  

 Thermal NOx   

Resulting from high-temperature reactions between nitrogen and 

oxygen that increase exponentially with temperature, this can be a 

major source of NOx at high flame temperature. Different 

measures aiming to lower the flame temperature can be applied, 

e.g. staged air supply and water injection. 

 Prompt NOx  

Formed by the fast reaction between nitrogen, oxygen, and 

hydrocarbon radicals. This is generally a less important source of 

NOx at industrial combustion of biomass. 

 

Products of incomplete combustion 

The emissions of carbon monoxide and other unconverted organic 

compounds resulting from incomplete combustion are generally mitigated by 

the supply of excess combustion air and provision of good air/fuel mixture 

and sufficient residence time.   

 

Particulate matter 

Particulate matter (PM) includes mainly matter from incomplete combustion 

(soot, tar and char) as well as ash from the fuel and, if fluidized bed 

combustion is applied, elutriated bed material. Emission of PM are 

controlled by a proper management of combustion conditions, aiming to 

ensure more complete combustion as well as post-combustion control 

equipment, such as cyclones, filters, scrubbers or electrostatic precipitators. 

 

The content of volatile compounds and water in the biomass greatly affects 

the combustion properties. High moisture content affects the combustion 

process from several perspectives. On a global scale, the water entering the 
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combustion process with the fuel lowers the combustion temperature and the 

energy efficiency in a steam boiler due to the energy consumption related to 

the drying phase. The impact on the lower heating value (MJ/kg) from the 

moisture ratio, MR is: 

 

LHVwet = LHVdry − 2,44 ∗ MR      (4) 

 

On a local scale, the moisture content will affect the combustion mechanisms 

in the early phase of combustion when water is evaporated and volatile 

compounds are released from the fuel. High moisture content will decrease 

combustion rate and lower the temperature of the flame formed when the 

volatile compounds formed during devolatilization are burning. 

2.3  Combined heat and power 

The concept of CHP is based on the utilization of heat engines where both 

the generated mechanical work and the heat transferred from the heat engine 

are commercially exploited. The mechanical work is generally converted to 

electrical power by means of an electrical generator and the heat is typically 

used for heating of industrial processes or for space heating. A number of 

thermodynamic cycles can principally be employed for the realization of 

CHP. For industrial purposes the main cycles employed are the Rankine 

cycle and the Brayton cycle. CHP production based on solid fuel is almost 

exclusively based on the Rankine cycle where water is used as the working 

medium. This cycle was originally invented already in the 19th century and 

forms the basis for thousands of power plants worldwide.  

 

The steam flow in a CHP application is generally determined by the heat 

demand in the system coupled to the boiler plant and hence the steam flow 

through the steam turbine varies. Three principal methods for steam flow 

control exist: (i) Throttling control (ii) governing control and (iii) variable 

pressure control (Drbal et al. 1996). For biomass-fired CHP plants of interest 

in this thesis, governing (partial arc) control with fixed inlet pressure is the 

dominant method (Brodén et al. 2012). The isentropic efficiency for turbines 

controlled in this manner declines at part load operation. An empirical 

equation for the working turbine stages used by (Savola & Keppo 2005): 

 

η = 0.023521 ∙ ln(ν) + 0.749538     (5) 
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The average volume flow, ν, in eq. (5) is calculated as: 

 

ν =
m∙dhis

pin−pout
        (6) 

 

The equations (5) and (6) above yields that the isentropic efficiency for a 

turbine stage is unaffected by the load change and that the reduction in 

isentropic efficiency for the whole turbine observed at low loads is due to 

changes in efficiency of the regulatory stage and the losses at the turbine exit 

(Savola & Keppo 2005). Practically, the isentropic efficiency can be 

considered constant for turbine loads higher than 60-70%. This is also well 

in line with observation from the industrial plants studied in this thesis. 

Consequently, for the modelled cases (paper I-IV) that all induce moderate 

changes in steam flow through the turbine, a constant isentropic efficiency 

has been assumed. 

 

Swedish CHP plants are predominately found in the DH and forest industry 

sectors. The working conditions and process configurations vary between 

these two sectors in two important aspects:  

 

Steam pressure 

In the forest industry the steam pressures downstream of the steam turbine 

are fixed. Typical steam pressures are 3 and 10 bar(g). Sometimes also a 

third, higher, steam pressure level is employed for soot blowing and 

processes operated at high temperature. In the district heating sector the 

steam exiting the turbine is typically transferred to one or two steam 

condensers in series where the pressure varies with the seasonal variations in 

DH supply water temperature. The steam pressures in the DH steam 

condensers are always significantly lower than the fixed steam pressures 

employed in the forest industry. As the steam pressure downstream of the 

turbine has a very high impact on the obtainable power production, the 

power production is higher in the DH sector for any given boiler load. The 

power coefficient (also called the α-value) is defined as the ratio between the 

electrical and the thermal output from the plant: 

 

α =
Pel

Pheat
        (7) 
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Typical α-values for a forest industry plant are in the region of 20%, whereas 

for the DH sector α-values in the region of 35% can be considered typical. 

 

Flue gas condensation 

Biomass fired CHP plants are typically utilizing non-dried woody biomass. 

Hence, the fuel moisture content is high and typically varies between 30% 

and 50% during the year. This high moisture content in combination with the 

water formed by combustion of the hydrogen in the fuel, results in a water 

vapour concentration in the flue gases of 15-22 vol% (at a typical flue gas O2 

concentration 5 %wet). Assuming 50% moisture content, the latent heat of 

condensation for the water vapour in the flue gases is approximately 3.7 

MJ/kg fuel DS. In CHP plants in the district heating sector where return 

water can be used as a heat sink for low temperature energy, flue gas 

condensers are common. This utilization of flue gas condensers also lowers 

the flue gas temperature and consequently the efficiency of a district heating 

CHP plant is very high. Based on the lower heating value, which is the 

dominant unit used for biomass fuel trade, the efficiency defined in eq. (12) 

clearly exceeds 100% for a typical DH plant. 

2.3.1 Fluidized bed boilers 

For CHP based on biomass the FB boiler technology has become common 

due to its high fuel flexibility and ability to handle fuels with varying 

moisture content and large fuel particles, with low combustion temperature 

(Ragland & Bryden 2011). 

 

In a FB boiler the fuel is combusted in a bed of solid particles that is 

fluidized by an upward stream of gas. Depending on the gas velocity the bed 

material behaviour varies. The main regimes of a fluidized bed are illustrated 

in Figure 10.  
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Figure 10:  Fluidization regimes (UFL 2015) 

Based on the gas velocity, the boilers are categorized in two groups: (i) 

Bubbling (Stationary) Fluidized Bed (BFB) boilers and (ii) Circulating 

Fluidized Bed (CFB) boilers. Typical configurations of BFB and CFB 

boilers are illustrated in Figure 11. 

 

Figure 11: Typical configuration of a BFB and a CFB boiler (Olofsson 2011).  

The BFB technology is mainly employed for combustion of highly volatile 

and/or wet fuels where the need for heat removal from the bed material is 

low. A CFB is capable of firing all solid fuels and is more suitable than BFB 
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when anthracite and other dry, low-volatile fuels are used due to the 

improved ability to remove heat from the bed material.  

 

In a BFB, a high volatile fuel is combusted to a comparable extent in the bed 

and in the splashing regions of the combustor (Scala & Salatino 2002). 

Volatile matter, separated from the char at the top of the bed during 

devolatilization, burns predominantly in the splashing zone and in the 

freeboard, Figure 12. 

 

Figure 12 Vertical zones in a BFB, (Basu 2006) 

The char formed during devolatilization burns considerably slower and this 

combustion generally takes place within the bed. Very small char particles 

formed by defragmentation and attrition are elutriated and are partly 

combusted in the freeboard. Due to the low reaction rates of char particles, 

the combustion of these in the freeboard may be incomplete and result in fly 

ash with high carbon content. Air is supplied to a BFB at several levels. The 

primary air is introduced in the bottom of the bed and has a dual function: (i) 

acting as fluidization media together with recirculated flue gas (ii) supplying 

oxygen, primarily for combustion of char formed during devolatilization. 

About 60-80% of the oxygen supplied by the primary air reacts during char 

combustion in the bed (Ragland & Bryden 2011). The remaining combustion 

air is typically supplied at 2 different levels in the freeboard (secondary and 

tertiary combustion air). Typical oxygen concentration in flue gas exiting the 

boiler when wet solid biomass is fired is 4-6 vol% (dry). Typical flue gas 
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temperature to stack (when no flue gas condenser is employed) is in the 

region of 170 ºC. 

 

The CFB technology is mainly employed for the combustion of low-volatile 

fuels and/or fuels with low moisture content as the CFB configuration 

enables more efficient heat transfer from the bed material. Due to the high 

and controllable heat transfer from the bed material, a CFB can be used for a 

wide range of fuels, spanning from wet bark to coal. This concept is 

therefore preferred when dry wood and/or peat are considered. In industrial 

FB biomass boilers, inert silica sand is normally used. In BFB boilers a 

particle size of 0.5-1.0 mm can be considered typical whereas particle size 

<0.5 mm are used for CFB boilers. 

2.4 Dual fluidized bed technology 

In dual fluidized bed technology (DFB), two fluidized bed reactors are 

employed. The bed material is circulating between these two reactors as 

principally illustrated in Figure 13. Different fluidization media can be 

utilized in the two reactors. For gasification, steam is widely used as 

fluidization agent, whereas for fast pyrolysis, recirculated non-condensable 

gases are most common. The bed material can be inert or it can be 

catalytically- or chemically active. 

 

Figure 13: Principle of Dual Fluidized Bed configuration 

Within the field of biomass utilization, such DFB technology has been 

applied in combustion (Lyngfelt 2014) and gas reforming (Thunman et al. 

2014). Commercially, DFB technology is available for biomass pyrolysis 
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and gasification. The utilization of an existing FB combustion reactor in a 

CHP plant for the formation of a DFB system was first proposed in 2007 

(Thunman et al. 2007), when a retrofit of the existing 12 MWth CFB boiler at 

Chalmers University of Technology was proposed. This concept was later 

realised when a BFB gasifier was coupled to the CFB boiler (Thunman & 

Seeman 2009). Until date, integration of dual bed technology with an 

existing boiler has been realised in one more installation, namely the 

integrated pyrolysis plant in Joensuu, Finland  (Metso 2012). 

 

When integrating a pyrolysis or gasification reactor with an existing boiler, 

sand transport between the two reactors as well as operating conditions with 

respect to fluidization and terminal velocity and related attrition of 

equipment must be considered. Most DFBs in operation utilize a BFB 

pyrolysis/gasification reactor and a CFB combustion reactor. This 

configuration has been identified as the most beneficial (Xu et al. 2006), 

where higher gasification efficiency and lower tar production were achieved 

with this combination compared to when the opposite configuration was 

used. However, other configurations have also been tested and commercially 

applied. The Milena gasifier that utilizes a BFB combustion reactor shows 

that concepts utilizing BFB solid fuel combustion in DFBG are also viable. 

 

Fuel conversion in a dual fluidized bed reactor is restricted by the char 

gasification. The carbon conversion (ηc) is defined as the mass fraction of 

carbon in the fuel that is converted to raw gas. Very little (<4%) char was 

found to be gasified in a steam-blown DFBG operating with silica sand 

below the critical temperature for sintering - 900 ºC (Larsson et al. 2013). 

The char conversion was later found by the same author to be significantly 

increased (up to ~40wt%) if an arrangement was added into the gasifier that 

forced the char particles deeper in the fluidized bed (Larsson 2014). Hence, 

the carbon conversion is limited by the char yield after devolatilization, and 

the achievable char conversion rate. When gasifying woody biomass in a 

DFBG, ηc=0.7-0.80 is obtainable depending on the arrangements made for 

char gasification. In addition to coal gasification according to reaction R3, 

the steam used for fluidization in gasification is beneficial for reforming of 

organic compounds formed during pyrolysis and increased steam to biomass 

ratios has been reported to lower the tar content (Larsson et al. 2013), 

(Pfeifer et al. 2011). 
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Reported raw gas compositions from dual bed gasifiers with non-catalytic 

bed material vary widely. Following dry gas composition has been reported 

(Göransson et al. 2011): CO 28-50%, CO2 10-19%, H2 15-46%, CH4 11-15%, 

tar 8-65 g/mn
3
. Depending on the raw gas composition, the heat demand in 

the gasification reactor varies but energy is always transferred from the 

combustion reactor to the gasification reactor. If a dual bed arrangement is 

used for fast pyrolysis the specific heat transfer from the combustion reactor 

is somewhat lower.  

 

The coupling of a pyrolysis/gasification reactor to an existing FB boiler 

affects the heat balance in the bed as the residual char from 

pyrolysis/gasification reactor, a completely dry, very low-volatile fuel, is 

replacing high-volatile wet biomass in the boiler. This is of particular 

relevance for a BFB boiler: As volatiles are predominantly combusted in the 

splash zone and in the freeboard whereas the char is burning in the bed, the 

heat from combustion is more concentrated in the lower part of the boiler. 

The increase in bed temperature that follows from such a fuel change is 

counteracted by the heat transfer from the boiler to the coupled reactor by 

means of the sand circulation; see further discussion in section 4.2.1. 

2.5  Extraction 

Solid-liquid extraction (leaching) of components from fuel grades of woody 

biomass is an alternative route to isolate different compounds, particularly 

from the classes Hemicellulose and Extractives that form less rigid bondings 

with the structure in wood and bark (Ramaswamy et al. 2013). Alternatively 

leaching can be applied to reduce the concentration of an unwanted 

compound in the solid material. Leaching can be accomplished with many 

different solvents that can be divided in three groups (Solomons et al. 2014): 

 Non-polar solvents  

Solvents with low dipole moment are classified as non-polar. The 

distinction between polar and non-polar is somewhat vague, but 

solvents having a dielectric constant lower than 5 are considered 

clearly non-polar, whereas those having dielectric constant higher 

than 20 is clearly polar.  

 Polar protic solvents  

Solvents having dielectric constant higher than 15-20 and having O-H 

or N-H bonds, that enable them to form hydrogen bondings, are 
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categorized as polar protic. The extraction of Betulin examined in 

Paper III was carried out with the polar protic solvent ethanol. 

 Polar aprotic solvents  

Solvents having dielectric constant higher than 15-20 but no O-H or 

N-H bonds are classified as aprotic.  

 

For choosing an appropriate solvent for an extraction, the simple rule of 

thumb “like dissolves like” can be used as a starting point, meaning that a 

non-polar solvent is suitable for a non-polar solute. However, many 

compounds exhibit multiple characteristics with different parts of the 

molecule being polar and other parts being non-polar. When one also 

considers the presence of contaminants in the solid used for extraction, the 

choice of solvent is more complicated. One approach to determine suitable 

solvents is the Hansen Solubility Parameters (HSP), (Abbott et al. 2013).  

 

Utilization of hot water or steam for the extraction of hemicellulose with 

(autohydrolysis) causes cleavages of chemical bonds in the carbohydrates 

where after the formed compounds are dissolved in water and can be 

extracted from the matrix. Different techniques for solid-liquid extraction 

that can be applied are e.g. high pressure (including supercritical) and 

ultrasonic- or microwave assisted extraction. 

 

Regardless of which solvent and technique that is used, leaching results in a 

solvent-saturated residual wood structure. In most cases, firing of solvent-

saturated biomass is non-feasible from an economical point-of-view. In the 

case of water, combustion of saturated fuel lowers the boiler efficiency 

whereas for other, more expensive solvents, combustion of saturated fuel 

leads to unacceptable losses of solvent. Even though some solvents (e.g. 

alcohols) have a high heating value, the cost of solvent per energy unit is 

always higher than the corresponding cost for solid biomass. Pressing of the 

biofuel can reduce the solvent content in the biomass structure, but generally 

not to an economically acceptable concentration. Further separation of solids 

and liquids must be accomplished by means of evaporative methods, 

implying high energy consumption. Likewise, for separation of the solvent 

and the solutes it is often necessary to apply evaporative separation methods. 

Depending on the Vapour Liquid Equilibrium (VLE) for the actual 

combination of compounds single (flash) or multiple (distillation) separation 
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can to be applied. By adjusting the pressures in such separation processes, 

abundant low temperature heat (e.g. from flue gas condensation) might find 

use.  

2.6  Transition theory 

Several sectors, such as the energy supply- and transportation sectors are at 

present facing sustainability challenges. Such sectors can be conceptualized 

as socio-technical systems consisting of several actors, institutions, material 

artefacts and knowledge. Sustainability transitions has been defined as 

(Markard et al. 2012): 

Sustainability transitions are long-term, multi-dimensional, and 
fundamental transformation processes through which established socio-
technical systems shift to more sustainable modes of production and 
consumption 

The field of sustainability transitions has over the past two decades evolved a 

set of different frameworks for analysing various types of transition 

processes. This research has come to centre on a number of perspectives: 

 

Transition Management 

The notion of transition, described as “a set of connected changes, which 

reinforce each other but take place in several different areas, such as 

technology, the economy, institutions, behaviour, culture, ecology and belief 

systems.”, was explored by (Rotmans et al. 2001). Transition management 

refers to a long-term strategy, for public decision makers and public actors, 

to work towards a transition that offers collective benefits in an open, 

exploratory manner. Based on the example of a transition to a low emission 

energy supply in the Netherlands the authors concluded that no single actor 

can steer a transition but that policy plays an important role both in terms of 

process and outcome and that social actors look to the government to take 

the lead. The concept of transition can be used at different aggregation levels 

and that in terms of social organization, the three levels: micro, meso and 

macro can be distinguished. These fits closely with the classification used to 

describe changes in socio-technical systems: niches, regimes and socio-

technical landscapes (Rip & Kemp 1998). 

 

Strategic Niche Management 

Markets for new technologies are formed gradually through the formation of 

niche markets as the technology is running down the learning curve (Kemp 



   
 
   
 
 

36 

 

et al. 1998). The authors emphasize the importance of specialized 

applications in the early phase of technology development as the new 

technology at this time usually has little or no economic advantage. 

Historically, military demands have often provided a niche for new 

technologies. In addition to demonstrating the viability of a new technology 

and providing financial means for further development, niches also helps to 

build a constituency behind a new technology, and to set in motion 

interactive learning processes and institutional adaptations. Strategic niche 

management is a concentrated effort to develop protected spaces for certain 

applications of a new technology. 

 

Multi-Level Perspective 

Technological Transitions (TT) are defined as major technological 

transformations in the way societal functions are fulfilled. In this work, a 

change from centralized, fossil-based production to de-centralized bio-based 

production of fuels and chemicals has been seen as an example of such a 

transition. A multi-level perspective on TT has been proposed (Geels 2002), 

where the two views of the evolution (incremental and radical) are analysed 

in three levels: (i) technological niches (ii) sociotechnical regimes and (ii) 

sociotechnical landscapes. Incremental evolution, i.e. evolution as a process 

of variation, selection and retention, usually takes place within technological 

regimes, whereas radical innovations are generated in niches. 

 

Technological innovation systems 

Innovation is a collective activity that takes place within the context of a 

wider system. A technological innovation system, TIS is “a socio-technical 

system focused on the development, diffusion and use of a particular 

technology” (Bergek et al. 2007) and it can be characterized by the basic 

building blocks: actors, institutions, networks and technology. Furthermore, 

the following functions are central when analysing an innovation system 

(Hekkert et al. 2011): 

a. entrepreneurial activities 

b. knowledge development 

c. knowledge exchange 

d. guidance of the search 

e. formation of markets 

f. mobilization of resources 
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g. counteracting resistance to change 

 

In this work, the established actors in the CHP sector, the incumbents, are 

central. In all of the above perspectives, the role of the incumbents is 

important. Incumbents are often treated as a problem that challenge, hinders 

and delays the transitions in various ways. Especially so in cases where 

incumbent actors control both basic infrastructure and resources flow 

(Karltorp & Sandén 2012). It has been found that incumbents often favour 

incremental innovations over more radical and that they enter new areas late, 

sometimes with the result that they are outcompeted by new entrants that 

bring in new competences and redefine the rules of competition (Christensen 

1997). It has been argued that change in incumbent industries is difficult to 

come about since these are locked in to industry regimes (Turnheim & Geels 

2013). But it is also known that incumbent firms may identify new 

technologies as an opportunity and move in to new related or unrelated areas 

by developing new routines, skills and competences (Chiesa & Manzini 

1997). In this context, two notions of importance are: 

 

Absorptive capacity 

This notion refers to the ability of a firm to recognize the value of new, 

external information, assimilate it, and apply it to commercial ends. (Cohen 

& Levinthal 1990) argues that a firm’s absorptive capacity largely is a 

function of the firm’s prior related knowledge. Further, that the development 

of absorptive capacity and thereby innovative performance depends on 

previous actions. Lack of investment in an area of expertise early on may 

foreclose the future development of a technical capability in that area. 

 

Interactive learning 

Successful innovation is increasingly seen to be the result of collaboration 

between a collective of industry players. Also, innovation capability depends 

on the amount of information that each firm is able to receive from the 

environment in which it operates. Consequently, innovation is to a large 

extent about interactive learning (Lundvall 1992). 

 

For a more thorough introduction of transition theory as well as the 

analytical dimensions used to evaluate the incumbents’ motivation and 

ability, see chapter 4.1.5 and paper V. 
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3 Methodology 

The aim of this work is to evaluate complementary processes to conventional 

CHP operations at biomass-fired boiler plants. As such operations are not yet 

implemented in an industrial scale, no industrial plants are available for 

experimental trials and no full-scale operational data is available for 

evaluation. Therefore, this work is largely based on modelling tools used to 

establish mass and energy balances for subsequent analysis. In order to 

establish the models, experimental data available in the scientific literature 

are combined with data based on industrial practice and with actual design 

and operational data from the examined CHP plants.  

 

In order to examine the perceived drivers and constraints for a broader 

utilization of CHP plants in Sweden as well as the established actors’ (the 

incumbents’) motivation and ability to overcome identified barriers, a 

quantitative survey based study was carried out.   

 

In this chapter the different elements of the methodology are described. 

3.1  Process modelling 

In order to establish mass- and energy balances for the examined production 

concepts in this work, the flowsheeting program ChemCAD was primarily 

used. ChemCAD is a process simulation program that includes libraries of 

chemical components, thermodynamic methods and unit operations. In this 

work only steady-state simulations were employed. For paper IV the mass 

and energy balances were established using ChemCAD in combination with 

the flow-sheeting program, Aspen Plus, as the latter was judged to be more 

appropriate for simulation of Fischer Tropsch (FT) and Methanol (MeOH) 

synthesis. 

 

For simulation of unit operations comprising chemical reactions, reactor 

types as specified in Table 1 have been applied in this work. As only steady 

state models have been established, kinetic reactors that enable simulation of 

reactions that don’t reach thermodynamic or specified conversion levels have 

not been used. 
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Table 1: Reactor types used in this work. 

Reactor type Features Used for 

Stoichiometric Stoichiometric coefficients for the 

reaction and fractional conversion 

of key component are entered 

manually  

Pyrolysis, gasification,  

Yield The yield of each component per 

total mass input is defined 
FT Synthesis  

Equilibrium  Material and energy balances for the 

reactor are carried out based on 

specified extent of each involved 

reaction or by specification of 

equilibrium coefficient associated 

with each reaction  

Water gas shift (WGS), 

SNG and MeOH 

synthesis 

Gibbs Equilibrium is determined by 

minimizing the total Gibbs energy 

of the mixture 

Combustion, tar 

reforming (Restricted 

methane conversion) 

 

As can be seen from Table 1, stoichiometric reactors were used to simulate 

pyrolysis- and gasification reactors. Using this reactor type, the reactor exit 

stream composition was specified manually based on data obtained from the 

literature. This approach was considered to give more realistic stream 

compositions than any attempt to simulate the thermochemical conversion 

process by use of equilibrium or kinetic reactors. A realistic stream 

composition from the reactor is very important as this determines the reactor 

heat duty which is a very significant parameter in this work.  

 

The used flowsheeting software ChemCad has an extensive component 

library. However, for modelling of biomass conversion processes this library 

needed to be complemented with biomass-specific components. In this work 

the following components have been created: 

 Biomass: The same biomass, representative for fuel grades of wood 

and forest residues, has been used for all simulations in Paper I, II & 

IV.  

 Bio-oil: This component, aiming to represent all different compounds 

in bio-oil (pyrolysis oil) was created for Paper I where an integrated 

pyrolysis process was simulated. As a phase transition (condensation) 
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occurred in the process for this user defined component, the value for 

heat of condensation needed to be stated for this component. 

 Pyrolysis char: This component defined as a solid was used in Paper I. 

 Gasification char: This component defined as a solid was used in 

Paper II & IV. 

 

Main data, supported by data from the literature that was used for creation of 

the new components are given in Table 2.  

Table 2: Data for biomass components used in this work. 

 Biomass 

 

Bio-oil Pyrolysis  

char 

Gasification 

char 

Composition  

(wt%) 

C: 52.0 

H:   6.0 

O: 42.0 

C: 59.2 

H:   6.3 

O: 34.5 

C: 83.0 

H:   4.0 

O: 13.0 

C: 95.0 

H:   0.6 

O:   4.4 

LHV (MJ/kg) 18.9 22.7 29.6 29.8 

HHV (MJ/kg) 20.2 24.0 30.5 29.9 

Cp (kJ kg
-1

 K
-1

) 1.3 (s) 3.0 (l) 

3.0 (v) 

1.3 (s) 1.3 (s) 

ΔHvap (MJ/kg)  0.79   

 

In order to enable establishment of the mass and energy balances for 

processes where the user-defined components are involved, the values for 

standard enthalpy of formation, ∆𝐻𝑓
𝑜  and standard Gibbs free energy of 

formation ∆Gf
o need to be entered for each component in ChemCAD.  

For determination of the value for ∆𝐻𝑓
𝑜 , the relation for standard heat of 

reaction was used: 

 

∆Hreaction
o = ∑ ∆Hf

o (Products) − ∑ ∆Hf
o (Reactants)  (8) 

 

As ∆Hreaction
o , more commonly known as “Heat of combustion” or “Higher 

heating value” has been empirically determined for various types of solid 

biomass, pyrolysis oil and char, values for ∆Hf
o can be calculated and entered 

into the component database of the flowsheeting program. The value for ∆Gf
o 

can principally be calculated in an analogous way by the following equation: 

 

∆Greaction
o = ∑ ∆Gf

o (Products) − ∑ ∆Gf
o (Reactants)  (9) 
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Unlike the values for standard heat of reaction, values for standard free 

energy of reaction are not available in the literature for solid biomass, 

pyrolysis oil and char. Consequently the calculation of ∆Gf
ois not possible to 

carry out. Neither is the absolute entropy listed for these compounds, 

meaning that ∆Gf
o cannot be calculated by means of the definition: 

 

∆Go = ∆Ho − T∆So                 (10) 

 

However, in this work, there was no need for exactly correct values for 

∆Gf
o. For the combustion reactors that are modelled as Gibbs reactors where 

the flowsheeting program calculates reactions to minimize Gibbs free energy 

of the mixture, it was sufficient to manually enter a value for ∆Gf
o that made 

the reactions proceed until the user-defined components were non-present 

among the reaction products from the reactor, i.e. until complete combustion 

took place. The other reactors where the user-defined components undergo 

chemical modification, i.e. the modelled pyrolysis and gasification reactors, 

all use stoichiometric reactors and consequently the ∆Gf
o values are not used 

by the simulation program.  

 

In order to obtain accurate prediction of chemical and physical equilibria and 

thereby accurate simulation results for models comprising unit operations 

where such equilibria are formed, it is important to use adequate 

thermodynamic models in the flowsheeting program. A selection tree that 

can serve as a starting point is shown in Figure 14. In this work, correct 

thermodynamic model was important for paper III where Vapour Liquid 

Equilibrium (VLE) for ethanol-water mixtures formed an important part of 

the simulation model, and for paper II where adaption of the thermodynamic 

model was made to make the simulated unit operations concordant with 

empirical data. 
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Figure 14. Selection tree for choosing thermodynamic models depending on the 
type of compounds involved. (Kontogeorgis & Folas 2010) 

For streams containing only water, ChemCad uses steam tables for accurate 

calculation of steam/water calculations and hence the choice of 

thermodynamic model doesn’t affect the accuracy of steam cycle processes 

simulations. 

 

All alternatives for co-production (Paper I-IV) followed the same simulation 

methodology. First a base case was established where the existing operation 

at the actual plant was simulated.  The model was designed to correspond 

with the plant configuration. Available operational data was used as input 

and unknown data was searched for by adjusting these until plant 

performance was in accordance with the actual plant operation. Thereafter 

the different cases with co-production were established. The process 

configuration was altered and the new unit operations required for each 

product alternative were added. 

 

In the following, some case-specific methodological approaches for process 

modelling are described and discussed as these are of specific relevance and 

importance for the viability of the methodological approach used in this 

work.  
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Paper I 

In the first paper, integrated pyrolysis by utilization of dual fluidized bed 

technology and sequential condensation in two stages were examined. 

Utilizing two bio-oil condensers enable (i) part of the condensation 

temperature to be recovered at useful temperature and (ii) fractionation of the 

bio-oil in two groups with significant differences in composition and 

properties. For simulation of the condensation process, a thermodynamic 

model defining vapour pressure for the user defined component bio-oil had 

to be established. Using the Wilson thermodynamic model, the vapour 

pressure (Pa) of the bio-oil as a function of the temperature (K) was assumed 

to be: 

 

PBio−oil
0 = exp (16.5067 −

2559.17

T
)               (11) 

 

When setting the interaction parameters between bio-oil (1) and water (2) as 

A12 = 0.4 and A21 = 0.1, the predictions yielded in ChemCAD were in good 

agreement with experimental data (Westerhof et al. 2007) in terms of amount 

of condensed bio-oil at different temperatures as well as for the water 

content of the produced bio-oil. 

 

The motivation for choosing this specific thermodynamic model is solely 

that it gives good agreement with available data within the actual 

temperature range studied in this case, and that it is not necessarily an 

appropriate model for other pressures and/or a wider range of concentrations 

or temperatures. This methodological approach, i.e. to employ 

thermodynamic models for a specific aim, enables simulation of unit 

operations involving complex user-defined compounds. Such simulations 

would be very difficult to perform if a thermodynamic model, predicting 

wider chemical and physical equilibria needed to be established. 

 

Paper III 

For modelling of multi-stage distillation of ethanol-water mixture in order to 

obtain ethanol concentrations close to the azeotrope, the choice of 

thermodynamic model is of utmost importance. For this case, the Wilson 

model was chosen as it is known to yield good correlation with actual 

equilibrium data (Suppes 2002). In order to further verify the choice of 

thermodynamic model, VLE curves for water + ethanol were generated from 
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ChemCAD and compared to empirically based VLE curves available in the 

literature (Gmehling et al. 1979). 

 

Paper IV 

The base cases for the two examined plants were modelled in ChemCAD. 

Thereafter the biofuel-cases were modelled, most of these biofuel-processes’ 

unit operations were modelled in ChemCAD. But as previously stated, some 

of the catalytic conversion processes was modelled in Aspen Plus. The result 

from the Aspen models in terms of chemical composition from the catalytic 

reactors and heat duty was manually transferred and integrated in the 

ChemCAD model. When attempting to combine the biofuel processes with 

the CHP plant into common CHP + biofuel models, it was found difficult to 

get these large models, with their extensive heat transfer systems, to 

converge. In order to overcome these convergence problems a sequential 

process modelling strategy was developed: After the biofuel processes were 

modelled, each process’ integration profile was identified. I.e. the 

summarized specific heat exchange for each temperature level as well as the 

specific flow of char and tail gas from the biofuel process to the CHP plant 

was determined. These parameters, for the DH case schematically illustrated 

in Figure 15, are proportional to the mass flow of dry biomass to the gasifier. 

By varying the “mass flow to gasifier” in the DH-model, the maximum 

biofuel production can be sought for within the fixed heat demand in the 

district heating grid and the four capacity restrictions that was set up: (a) 

Char flow to fluidized bed<max (b) Flue gas flow<max (c) Steam 

production<max  (d) Fluidized bed furnace temperature>min. By applying 

this simulation strategy, fast and stable convergence could be obtained even 

for large complex systems. 
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Figure 15: Schematic illustration of modelling approach to enable large complex 
models to converge. 

3.2  Process integration 

Extending the production scopes at existing CHP plants will imply 

introduction of new endo- and exothermal unit operations. Mass- and energy 

streams need to be managed within these new processes and between these 

and the existing CHP process. Process integration refers to the holistic 

approach where the overall performance, rather than single process steps, is 

analysed and optimized. A systematic approach for process integration 

design has been proposed (Gassner & Maréchal 2009). The authors propose 

the establishment of a multi-objective optimization framework to be used for 

computation of optimal process configurations with respect to different 

technical, environmental and economic design objectives. The practical 

implementation of such a methodology for optimization of process 

configuration and heat exchanger network (HEN) as well as operational 

parameters when simultaneously seeking for potential production capacity 

and paying attention to several capacity restrictions in existing CHP is 

however very challenging. A commonly applied (however not in this work)  

and more straightforward approach is to use pinch analysis for evaluation of 

the integrated process performance, e.g. as applied by (Heyne 2013). This 

method is widely used to determine the minimum heating and cooling 

demand of various industrial processes.  
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In this work, a common heat integration strategy has been applied for all 

examined cases: With few exceptions, the heat transfer between different 

unit operations in the CHP plant and the additional unit operations 

introduced with the different cases of broader operation are assumed to take 

place via the existing distribution systems for energy at the two types of 

plants. These are in a forest industry typically: 

 High pressure (HP) steam 

 Medium pressure (MP) steam 

 Low pressure (LP) steam 

 Secondary heat system, 65 ºC 

Whereas in a DH plant the following are the main systems: 

 High pressure steam 

 DH supply water 

 DH return water 

 

The explicit strategy to primarily use these distribution systems instead of 

direct heat transfer between hot and cold streams within the added processes 

and/or between the added processes and the CHP plant has been deemed to 

yield a number of practical benefits: 

 Less need for separate start up systems 

 Easy start, stop and part load operation 

 Less problems related to off-design operation 

 Less complex system design and less dependence on physical 

equipment locations. This is likely to imply a potential for lower 

investment costs, especially when new unit operations are installed in 

existing plants. 

 

The disadvantage with this strategy is that a heat transfer between two unit 

operations (exemplified by A and B) causes an extra heat transfer process: 

Unit operation A→ Heat distribution system→ Unit operation B. 

Consequently, this strategy induces higher temperature differences between 

hot and cold stream, thereby causing less optimal heat integration than 

achievable with a direct heat transfer between unit operation A and B. The 

two approaches are illustrated in Figure 16. 
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Figure 16: Schematic illustration of the indirect heat transfer strategy applied in 
this work and of the direct heat transfer strategy that is only applied in a few 
obvious heat recuperation positions. 

3.3  Process and integration evaluation 

In order to evaluate the performance of the examined concepts and enable 

comparison with alternative production routes it is necessary to establish 

performance indicators. Used indicators and their definition for 

characterization of different biofuel production routes is an issue exhibiting 

lack of conformity. In a review of some 40 international reports and articles 

dealing with systems analysis of biofuel production via integrated biomass 

gasification (Andersson et al. 2013), a variety of performance indicators 

were found as well as non-uniform system boundaries. Consequently it is 

difficult to compare results already on a technical level. If including also 

economic assumptions made in techno-economic studies, a comparison is 

further impeded. Four main groups of system efficiency indicators were 

identified: (a) conversion of energy by the first law of thermodynamic; (b) 

conversion of mass and energy flows to exergy flows; (c) conversion of 

energy flows to electricity equivalents; (d) conversion of mass and energy 

flows to biomass equivalents. 

 

The conversion of energy to other forms as applied in (b), (c), (d) above are 

either based on theoretical maximum conversion factors, e.g. Carnot 

efficiency, or on assumed efficiencies achievable with a certain conversion 

technology. The Carnot process is of theoretical interest only as it cannot be 

achieved in reality. Specific conversion technologies, though being 

technically achievable, can be completely irrelevant from an economic point 

of view. Consistently, the approach in this work has been to use method (a) 

above in the calculation of overall efficiency for the different cases. The 

definition usually applied for this approach is given by equation:  
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η =
∑ ṁi∙LHVi+∑ Ẇ−+∑ Q̇−

i

∑ ṁk∙LHVk+∑ Ẇ++∑ Q̇+
k

                (12) 

   

Where i is produced fuels and k is fuel used in the process. W
+
 and Q

+
 

denote mechanical work and useful heat entering the system, whereas W
-
 

and Q
-
 denote streams leaving the system. But this expression can yield 

different result depending on whether the streams are considered to be 

internal or pass the boundary limits. As an example, consider a process that 

consumes 100 MW fuel and 10 MW electricity to produce 30 MW biofuel, 

20 MW electricity and 30 MW heat. This process features an efficiency of 

72.7% (80/110). If instead the process consumes 100 MW fuel and 20 MW 

electricity to produce 30 MW biofuel, 30 MW electricity and 30 MW heat, 

the efficiency would be 75% (90/120) even though the net power- and heat 

production is unaltered in the two cases. Therefore a definition that 

emphasizes the net production of power and heat in accordance with 

definition in (Börjesson et al. 2013) is used: 

 

η =
∑ ṁi∙LHVi+∑ Ẇnet

−  +∑ Q̇net
−

i

∑ ṁk∙LHVkk
                (13) 

 

In order to isolate the effect from the added unit operations including the 

integration effects, the marginal efficiency has consistently been calculated. 

In the calculation of marginal efficiency the difference between the energy 

flows in the case with broader operation and the energy flows in the original 

CHP case are calculated. The efficiency can consequently be written: 

 

η𝑚 =
∆ ∑ ṁi∙LHVi+Δ ∑ Ẇnet

− +∆ ∑ Q̇net
−

i

∆ ∑ ṁk∙LHVkk
               (14) 

 

where Δ denotes the difference between the two cases. As the usable heat 

passing the system boundary is kept constant in all the cases studied, the 

term ∑ Q̇net
−  is zero in those cases. Calculation of the marginal efficiency is 

partly a measure of the potential improvement that a specific industry could 

achieve by integrating additional production operations. Due to the obvious 

differences in exergy quality factor between heat, power and chemical 

energy, the impact on production/consumption of each different form of 

energy has been reported as well. 
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When defining the system boundaries for the calculation of efficiency factors 

there are several alternatives. The system boundary applied in this work is 

illustrated in Figure 17. 

 

Figure 17: System boundaries and energy streams used in definition of efficiency 

Low grade heat as illustrated with a dashed line is a resource that in many 

forest industries is an abundant, partly unutilized resource. In paper II and 

IV, such low grade heat is considered available for pre-heating of drying air. 

In Paper II the low grade energy was considered as an available unused 

resource that was not included in the calculation of marginal efficiency. In 

paper IV, marginal efficiency for biofuel production is given with and 

without utilization of such low grade heat. 

 

For evaluation of the production capacity potential, the net useful heat 

passing the boundary limit is kept unaltered. This strategy reflects the fact 

the heat is always the main product from a CHP plant and that fulfilment of 

the external heat demand is determining the utilization rate for a boiler plant.  

3.4  Quantitative survey based research 

Paper V is based on a survey that was sent to people in executive positions at 

the DH and industrial plants that are operating fluidized bed boilers. There is 

no official statistics that includes boiler type and their design data for the 

Swedish CHP plants. But as only a few suppliers of FB boilers are active in 

Sweden this information was collected from these suppliers. As a basis for 

the survey, data for all FB boilers intended for combustion of biomass 

delivered from 1980 and onwards were collected. 
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The survey was based on a 5-point symmetric Likert-scale questionnaire 

where the respondents were asked whether they agreed with a statement or 

not. For every statement the respondent could also choose “no opinion”. 

Measuring scales can be classified in one of the following groups: 

 Nominal: Used for labelling of variables without any quantitative 

value. 

 Ordinal: The order of the variables can be determined, but the 

difference between each one is not the same.  

 Interval: The order of the values can be determined and the interval 

between the variables is the same. However ratios between values 

cannot be formed. The Celsius scale for temperature is an interval 

scale. 

 Ratio: The order of the values can be determined and the interval 

between the variables is the same. Ratio scales possess a meaningful 

zero-value, meaning that ratios can be formed. Scales for weight and 

length are ratio scales as well as the Kelvin temperature scale. 

 

Though debated (Harpe 2015), the Likert scale is commonly considered to 

be of ordinal nature. Hence, statistical measures such as arithmetic mean 

value, variance and standard deviation, commonly used in parametric 

statistics and applicable to data of interval or ratio-type, are not generally 

accepted as applicable. Valid parameters to study are e.g. median values and 

percentiles. It can be accepted to analyse ordinal data from Likert based 

surveys as interval values when a set of Likert items are combined to form 

indexes (Harpe 2015). However, if used, this approach should be undertaken 

with caution and such combinations of scales should pass test of correlation 

(e.g. Cronbach’s alpha test) before parametric statistics is applied. 

 

Analysis of homogeneity between two groups of respondents when sampled 

data is of ordinal-type can be carried out by means of Mann–Whitney U test 

(Vernoy & Kyle 2002), without making the assumption that values are 

normally distributed. The Mann-Whitney U test is used to verify or discard 

the null-hypothesis, i.e. to verify or discard the hypothesis that there is no 

statistically significant difference between the two groups. The result of a 

Mann-Whitney test is often presented by giving the calculated p-value, 

which is the probability to reject the null-hypothesis while it is true. 
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4 Results and discussion 

4.1  Summary of papers 

In this work, aiming to increase the understanding about the potential for a 

broader value-creation at large scale combustion plants, a number of specific 

cases were examined, aiming to provide an aggregated insight into the 

general opportunities and restrictions in the two main sectors of the CHP 

industry, namely the industry (foremost forest industry) sector and the 

district heating sector. In the following section the rationales for the chosen 

cases and a summary of the appended papers I-V are given.  

4.1.1 Paper I 

Based on the recent first-of-a-kind commercial installation of a fast pyrolysis 

process integrated with the existing BFB based CHP plant in Joensuu 

Finland, and experimental research where condensation of bio-oil (pyrolysis 

oil) at various temperatures as a way to separate bio-oil in different fractions 

has been examined, it was deemed interesting to explore if sequential 

condensation could also provide an opportunity to increase the efficiency of 

bio-oil production when integrated in a DH CHP plant.  

 

In paper I an 86 MWth biomass fired BFB in a DH CHP plant with flue gas 

condensation was used for analysis of the integrated pyrolysis process with 

two-stage pyrolysis vapour condensation. A model of the existing CHP plant 

was established and calibrated with actual operating parameters for all 

months of the year.  

 

Thereafter a new model was established where a communicating fluidized 

bed was connected to the existing BFB boiler. Biomass was fed to the 

pyrolysis reactor through a bed dryer where drying air was heated in three 

steps: (1) For initial air warming, heat of condensation from the 2:nd bio-oil 

condenser was used (2) For intermediate warming, energy from the DH 

return water was used (3) For final warming DH supply water was utilized. 

The principle of heat integration between the added unit operations and the 

DH net is illustrated in Figure 18, 
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Figure 18: Principles of heat exchanging network utilized in paper I 

where AH=air heaters, PC= pyrolysis condensers, FGC= flue gas condenser, 

TC= turbine condenser. 

When running the new simulation model, the DH net flow, supply and return 

temperature was kept unaltered compared to the base case (present situation). 

Based on these restrictions and the BFB’s maximum char combustion 

capacity, a bio-oil production could be calculated for all months of the year. 

The annual bio-oil production was found to be 302 GWh, which is 

comparable to the heat supplied to the DH net, 368 GWh/a. The integration 

of bio-oil production resulted in a slightly increased power production from 

the turbine, from 105 to 117 GWh/a, due to the additional heat load 

represented by the biomass dryer. In this paper, the internal power 

consumption for the feed preparation, drying and pyrolysis process was not 

considered. However, for the examined case this internal power consumption 

is approximately 5-10 GWh/a (excluding biomass milling), meaning that the 

CHP plant net power production will be somewhat increased for a pyrolysis 

plant operating on saw dust and slightly reduced if chipped woody biomass, 

requiring a milling step, is used as raw material. 

 

The marginal efficiency for bio-oil production during wintertime, when all 

heat from pyrolysis vapour condensation could be utilized, was found to be 7 

%-units higher than during summertime when only a fraction of the energy 

from the condensers could be utilized.  
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4.1.2 Paper II 

In the paper industry, drying of paper is a major unit operation with 

significant energy relevance. It has been shown that combined drying where 

conventional steam heated cylinders are complemented with gas fired 

impingement hoods can increase drying capacity, enable more efficient heat 

recovery and improved moisture control as well as faster grade changes. In 

spite of these benefits, the method has not gained any broad application due 

to high cost for purchased energy gas. It was deemed that the concept of a 

dual bed gasifier coupled to an existing FB boiler possess a potential ability 

to provide an energy gas at lower price than NG/LPG. Furthermore it was 

deemed that such an application can provide an internal niche-market with 

moderate technology risk, thereby potentially forming a learning platform 

for more advanced syngas utilization. The above described perspectives form 

the rationale for this paper.  

 

In paper II, a typical integrated paper mill as defined in the project FRAM 

(Future Resource-Adapted Pulp Mill) was chosen as the basis for the 

examination. As a starting point a base case model was established 

comprising the BFB boiler, the steam turbine with overall steam distribution 

system and the paper machine drying system. 

 

After establishing the base case, new models utilizing syngas as an energy 

carrier for the drying section were established. The paper machine was 

complemented with a new impingement drying section in which hot air is 

blown towards the paper surface, thereby providing energy for evaporation 

of water from the paper sheet. As a starting point for the dimensioning of the 

gas system, the new drying section was foreseen to increase the paper dry 

content to 60%. The new models all comprised a dual fluidized bed gasifier 

where a new gasification reactor was connected to the existing BFB boiler.  

A total of 10 different process configurations were thereafter modelled in 

order to evaluate their viability. 

 

It was found that all the examined syngas concepts result in reduced biomass 

consumption. As a consequence of the partial shift of energy carrier from 

steam to gas, the power production in the steam turbine is reduced. With one 

exception (where the net power production was maintained by means of gas 

turbine utilization), all examined concepts result in a reduced net power 
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production. The energy saving in terms of biomass is generally 2-3 times the 

reduced power production. In the gas cases the biomass boiler load is 

significantly reduced.    

 

The economic feasibility of the altered drying concept depends on the 

relation between biomass price and electrical power price. A small price 

difference favours the concept, but the magnitudes of the energy impacts are 

merely such that these alone could form the basis for any of the examined 

concept. However, several other aspects speak in favour of the altered drying 

concept, most important of these are the ability to increase paper production 

without elongation of the drying section. Also, when a mill is considering 

lignin removal, e.g. by the Lignoboost process, the capacity of the solid 

biomass boiler can be an important bottle-neck for the practically achievable 

lignin removal rate. In such a scenario, the significant additional boiler 

capacity that is made available as a result of a shifted drying concept can 

enable more large-scale lignin removal. 

4.1.3 Paper III 

Bark, being a low grade lignocellulosic fuel, contains numerous leachable 

extractives in low concentrations. The economic values of these extractives 

in pure form can be very high. Many laboratory studies have been conducted 

aiming to isolate various compounds, but few have put these methods in an 

industrial context. Extraction of compounds present in the biomass in low 

concentration requires handling of large mass streams and for separation of 

the solvent and the solute it is often necessary to apply evaporative 

separation methods, implying significant influence on the boiler plant and 

the mills energy systems. This forms the rationale for including paper III in 

this thesis. 

 

In this study, ethanol extraction of betulin from birch bark was carried out in 

laboratory utilizing pressurized liquid extraction (PLE) and reflux boiling 

(RB). The purity of the extracted betulin was determined by several different 

analysis methods. Based on the yield, the purity and an initial preliminary 

assessment of the two processes’ industrial feasibility, reflux boiling was 

chosen for integration evaluation. 
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A simulation model was established including the different steps in the RB 

extraction process together with relevant parts of the FB boiler plant and a 

system for separation of the residual bark followed by separation of betulin 

from the solvent and finally separation of water from ethanol. 

 

The established model was then used to simulate the processing of the entire 

birch bark mass flow for the examined mill, 50 000 t/a DS. From this bark 

flow, 2 500 t/a DS was produced. The energy consumption for evaporative 

separation of the different streams summed up to 476 GWh/a of LP steam. 

This additional heat load that would be troublesome for the mill is mainly a 

consequence from the high ethanol concentration used in the laboratory 

extraction process (93.7 wt%). As illustrated in Figure 19, a somewhat lower 

ethanol concentration would have enabled a considerably lower reboiler heat 

duty and further improved the industrial feasibility. 

  

 

Figure 19: The impact from solvent ethanol concentration on reboiler heat duty. 

4.1.4 Paper IV 

Previously conducted techno-economic studies of thermochemical biofuel 

production, e.g. FT production (Tijmensen et al. 2002), have often found that 

large scale plants (several hundred MW) are required in order to achieve 

competitive prices for biomass-derived automotive fuels. Such scale is not 

likely to be realized by integration of biofuel processes with existing 

biomass boilers. Based on this insight, it was deemed interesting to explore 

the capacity and efficiency for biofuel production based on alternative 

process configurations, with a potential to feature lower investment cost for 
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gas cleaning and catalytic conversion. Such simplified process concepts were 

expected to exhibit low stand-alone efficiency but if integrated in a plant 

with the explicit purpose of providing heat for external use, the losses from 

the biofuel processes could be captured and thereby enable acceptable 

marginal efficiencies. This forms the rationale for paper IV. 

 

The approach in many previous techno-economic studies has been to utilize 

well-proven concepts from coal-based gasification such as regenerative 

chemical or physical absorption processes for sulphur and tar removal. Such 

methods have proven to be efficient but results in high capital costs, thereby 

being less suitable for small scale operation (Woolcock & Brown 2013). The 

systems proposed in Paper IV utilize a fundamentally different approach. A 

generic gas cleaning concept was developed and used for all biofuel 

concepts, Figure 20.  

 

Figure 20: Generic gas cleaning concept used for all examined biofuel concepts in 
paper IV 

An initial cyclone separator separates sand and char particles from the raw 

gas that thereafter is fed to a catalytic reforming stage, successfully 

demonstrated at the gasification plant in Skive, Denmark (Eriksen et al. 

2014). The catalytic tar reforming (cracking) utilizes oxygen injection for 

temperature control and is followed by activated carbon adsorption. Other 

contaminants in the raw gas are captured in non-regenerative guard beds. 

Catalytic conversion was simulated as a once-through reactor for SNG and 

FT synthesis and with 90% tail gas recirculation in the MeOH case. 

 

The result of the study shows that the simplified process configurations 

result in poor stand-alone efficiency for MeOH and FT production due to 

high tail gas flows, whereas for SNG, high conversion efficiency can be 
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achieved, and consequently a high energy efficiency Figure 21. When 

integrated in the CHP plant, all biofuel processes feature improved 

efficiency. Most significant improvement is achieved for MeOH and FT 

production. 

 

Figure 21: Marginal efficiency for examined biofuel concepts in paper IV 

4.1.5 Paper V 

The integrated production concepts examined in Paper I-IV all exhibit 

interesting potential in terms of production capacity and marginal efficiency. 

Based on the conclusion that the technical preconditions for a broader 

operation are favourable, it was deemed interesting to examine the 

motivation and ability among the incumbents in the CHP sector to 

participate in a transition of their operation towards a biorefinery. 

 

In paper V, a survey based study was carried out where the motivation and 

ability of the incumbents in the district heating- and industry sectors, at 

present operating FB boilers, to broaden their operations were analysed in 6 

analytic dimensions: 

 

Value 

It was found that a large majority of the incumbents held that a broader 

operation would be beneficial for the company as well as for the society and 

the environment. The positive expected impact on the company was more 

linked to the company’s attractiveness as an employer and a less cyclical 

business than on the expected financial impact. The expected positive 
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environmental effect was mainly linked to reduced climate impact. 

 

Risk 

The respondents perceived a high risk associated with early investments for 

broader operation at CHP plants from several different perspectives. The 

market and technology risks associated with the new operations were more 

emphasized than the risks for the current operation. All the examined 

technologies were considered as immature and non-commercially available. 

 

Market formation  

The incumbents exhibited a relatively broad consensus that neither are there 

at present any niche markets formed, nor are there any stable framework in 

place, e.g. in terms of economic incentives, that support such a market 

formation. Many respondents lacked opinion about niche market formation 

and policy framework progression.  

 

System view capacity  

When analysing the firms’ level of activeness in a transition process, it was 

found that a vast majority of the incumbents have adopted a passive attitude. 

This attitude can partly be explained by a general belief that the current CHP 

concept is long term viable. But on the other hand there was no general 

opinion that this current concept is superior to those including broader 

operation.  

 

Absorptive capacity  

In terms of knowledge and competence in areas that are of potential 

importance for a broader operation, the incumbents’ self-assessment reveals 

that the general knowledge level is perceived to be sufficient among 

technical personnel and management, whereas it is deemed somewhat less 

favourable among the plant operators.  

 

Interactive learning  

Neither the scientific knowledge within universities and institutes nor the 

practical knowledge among consultants and suppliers were generally seen as 

limiting factors for a transition. But the availability of arenas for 

experimental development in the form of pilot and demonstration plants was 
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considered to be insufficient and policy's ability to create long-term rules 

supporting a broader operation was distrusted. 

4.2 Generalized potential and implications for CHP actors 

In this section, the results from the different examined cases are developed 

and generalized for CHP plants in DH and industrial applications.     

4.2.1 Production capacity 

The obtainable production capacity when integrating a pyrolysis or 

gasification reactor with a FB boiler is restricted by the boiler’s char 

combustion capacity. For a BFB, if also taking into account the boiler plant’s 

net heat load, the capacity is typically further restricted at high boiler loads 

when the heat production from char combustion is insufficient to cover the 

net heat demand. In such cases biomass needs to be entered into the BFB 

boiler for heat generation, thereby occupying char combustion capacity and 

consequently restricting the obtainable production capacity in the adjacent 

pyrolysis or gasification reactor. When the net heat demand equals the 

boiler’s design capacity, no biofuel production is possible unless the boiler’s 

char combustion capacity is oversized in relation to other parts of the boiler. 

For a CFB, the char combustion capacity is typically higher and 

consequently a higher maximum capacity can be obtained with this boiler 

type.  

 

Strictly looking at capacity, the production potential for simultaneous 

pyrolysis or gasification based production is highest when boiler load is low 

and the external (net) heat demand can be fulfilled by the excess heat 

generated by the char combustion. 

 

If one also considers efficiency aspects and requires that generated excess 

heat and off-gases from the integrated processes shall be utilized in the CHP 

system, the situation gets more complex. Maximum production capacities for 

an industrial 100 t/h BFB steam boiler at different steam demands are 

illustrated in Figure 22. The conditions are those used for paper IV, 

including the assumption of pre-warming of drying air to 55 °C by means of 

freely available waste heat. 
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Dashed lines represent the maximum capacity that can be achieved, 

restricted by the bed’s char combustion capacity. This capacity can be 

maintained up to a certain breakpoint, specific for each type of energy 

carrier. When steam demand is higher than the breakpoint, the production of 

the energy carrier needs to be reduced in order to enable the steam demand 

to be fulfilled and at maximum steam demand, no production of any energy 

carrier in the communicating reactor is possible. At steam demands lower 

than the breaking point, the maximum production rate can be maintained, but 

at the price of lower production efficiency as the excess energy in form of 

heat and off-gases not can be fully utilized. Maximum production capacity 

with full efficiency is illustrated by continuous lines. When there is no steam 

demand, no production of any energy carrier can be accomplished with 

maintained maximum efficiency.  

 

The production capacity illustrated in Figure 22 is dependent on several 

factors, e.g.: (i) biofuel process configuration (ii) Energy efficiency of the 

dryer and availability of waste heat for drying (iii) the presence and features 

of flue gas condenser. Hence, different plants will exhibit different capacity 

characteristics. The relation between the different biofuels and the order of 

magnitude achievable production rate can however be used as a starting 

point for concept evaluation. 

 

 

Figure 22: Summary of production potential for energy carriers examined in 
paper I and IV. Solid lines represent production potential with maximum 
efficiency. Dashed lines represent achievable production capacity with reduced 
efficiency.  
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Some general comments can be formulated for the different examined 

energy carriers: 

 

Bio-oil 

Among the studied processes, the pyrolysis process yields the highest 

maximum capacity in terms of produced energy carrier (LHV). Furthermore, 

this process yields the lowest specific energy surplus that can be utilized in 

the CHP plant for heat production. Consequently, already at rather moderate 

boiler loads, biomass needs to be combusted to maintain heat production. 

This required biomass combustion occupies char combustion capacity in the 

bed and entails that the bio-oil production needs to be reduced. The bio-oil 

production capacity (as restricted by the boiler char combustion capacity) 

can be achieved with full efficiency (further described in chapter 4.2.2)  

except at very low external heat demand from the boiler plant, when part of 

the energy released in the bio-oil condensers cannot be utilized, meaning that 

the marginal efficiency for bio-oil production is reduced by almost 10% 

when there’s no net external heat demand from the boiler plant (a common 

situation for a biomass fired boiler in a DH application). Such an efficiency 

loss during summertime might be acceptable in a commercial installation. If 

so, the production capacity during periods with low external heat demand 

represent a significant part of the achievable annual production potential. 

 

SNG 

This process exhibits very similar characteristics as the fast pyrolysis 

process. Due to a slight energy deficit in the boiler’s combustion space if the 

boiler is operated on char only, a small portion of biomass must be fired also 

at maximum SNG production, thereby restricting the SNG production in this 

case. 

 

MeOH 

In the MeOH process, no wet biomass needs to be entered to the boiler 

before boiler load reaches about 60% of maximum capacity. At higher loads 

the biomass to gasification needs to be restricted to allow for wet biomass 

combustion in the boiler. 
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FT fuels 

In the FT process, the steam demand can be fulfilled without combustion of 

wet biomass except when steam demand is higher than approximately 80% 

of maximum capacity. 

 

When analysing the production of energy carriers in the form of bio-oil 

(paper I) or different transportation fuels (paper IV), the annual potential 

production capacity for the examined plants is found to be significant. As a 

rule of thumb, one can expect a production capacity in the same order of 

magnitude as the actual annual net heat production for many CHP plants. 

The latter is in this work consequently foreseen to be unaltered when the 

new unit operations are added.  

 

The annual boiler load variations for the different boilers examined in paper 

I and IV are illustrated below. Figure 23 show the load variations for the DH 

plant in paper I. In this case a very significant seasonal variation can be 

observed. This type of load variations can be found for many plants, 

especially in DH nets where waste incineration cover the base load during 

the summer months. For such plants the production potential for different 

energy carriers will also exhibit considerable seasonal variations. Bio-oil and 

SNG potential is highest during summertime, whereas MeOH and even more 

so FT production potential is higher during winter time.  
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Figure 23: Boiler load variation for DH plant examined in paper I 

In Figure 24 the load variation for the pulp and paper FB boiler in paper IV 

is shown. This forms a typical example of an industrial application where 

seasonal variations are considerably less striking, but where significant high 

frequency, process-induced, variations are common. 

 

Figure 24: Boiler load variation for forest industry boiler examined in paper IV 
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A third type of CHP plant is represented by the DH plant in paper IV that is 

illustrated in Figure 25. This DH plant also has industrial customers that 

purchases steam. This type of plant exhibits a load variation pattern that is a 

combination of that of the plants previously described and illustrated in 

Figure 23 & 24. 

 

 

Figure 25: Boiler load variation for CHP plant supplying heat to DH and forest 
industry 

In each moment the achievable production potential is limited as illustrated 

in Figure 22. If higher production rate is targeted during low load periods, 

this will result in loss of efficiency or loss of boiler capacity. If a too high 

capacity is targeted non-deliberately at high boiler loads, this can cause char 

accumulation in the bed which potentially can impact fluidization behaviour 

and controllability of bed temperature. 

 

When utilizing an existing BFB for dual bed technology, the physical 

location of the char combustion is of great importance. Assuming complete 

char combustion in the bed and neglecting radiative and convective energy 

exchange with surroundings, a heat balance for a boiler bed combustor 

operating on char solely, as illustrated in Figure 26, can be established. 
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Figure 26: System boundaries for bed heat balance 

Assuming stoichiometric combustion, Tair=200 °C and Tflue gas=850 °C, the 

heat excess (�̇�surplus) can be calculated. With input values from the cases in 

paper I, II and IV, the results are presented in Table 3.  

Table 3: Specific input values and calculated heat surplus in bed (values given 
per kg DS to pyrolysis or gasification reactor)     

Paper Q̇reactor ṁchar Tchar 𝐿𝐻𝑉𝑐ℎ𝑎𝑟 Q̇Surplus 

 (MJ/kg) (kg/kg) (°C) (MJ/kgchar) (MJ/kg) 

#I, pyrolysis 2.89 0.14 500 29.6 0.13 

#II, fuel gas 3.50 0.158 800 29.8 -0,03 

#IV, biofuels 3.51 0.137 800 29.8 -0.50 

 

As can be seen, the value of �̇�surplus is slightly positive for the simulated 

process in paper #I, meaning that the bed would be overheated unless heat is 

removed from the bed by submerged coils, excess air or other arrangements. 

For the simulated process in paper #2 and #4 there is a slight energy deficit, 

meaning that for the assumed gas composition some fuel, in addition to the 

char coming from the gasification reactor, needs to be entered to the boiler. 

 

If part of the char is elutriated and combusted in the freeboard of the boiler, 

the value of Q̇Surplus decreases which means that the bed temperature may be 

difficult to maintain without additional fuel to the boiler. In production cases 

when char accounts for a large portion of the boiler fuel, the location of the 

char combustion is hence of great importance for a BFB. 
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Other factors influencing the production capacity is the specific heat duty 

and the temperature in the reactor coupled to a FB boiler. Increasing specific 

heat duty and temperature increases the required sand circulation rate, given 

a fixed temperature in the combustion reactor. In addition to practical 

problems related to sand transport and attrition, the residence time in the two 

reactors must be sufficiently long to enable the thermochemical conversion 

to take place. The fuel residence time distribution in a model of a BFB 

reactor was examined (Sette et al. 2014). The authors concluded that 

fluidization velocity and fuel feeding location had a strong impact on the fuel 

residence time, whereas the solid circulation rate between the reactors had a 

lower impact. Furthermore, the fuel feed position in relation to the bed 

material supply position was found to be important and a large distance 

between these positions increased the fuel residence time. In the study, a bed 

material (bulk solids) residence time in the region of 65-130 s was used and 

an average fuel residence times in the region 700 s (up-scaled value) were 

observed. These values for bed material residence time are in the same 

region as the bed material residence time that can be expected in the existing 

boiler with the highest solids circulation rates estimated in Paper IV. A 

corresponding fuel residence time in the boiler of 700 s will allow for 

complete devolatilization of the fuel. However, depending on the fuel 

particle size, this fuel residence time might not allow for complete char 

combustion. This will cause a certain amount of char to follow the bed 

material to the adjacent reactor, but this should not constitute any practical 

problem.  

 

For fuel leaching, no detailed conclusions regarding general production 

potential can be drawn based on this work. However, the birch bark leaching 

case, examined in paper III, indicates that the fuel flow to a CHP plant can 

form the basis for large scale leaching of extractable compounds and that 

such operation will introduce significant additional heat usage. Several 

actors in the DH sector that is experiencing large seasonal variations should 

possess good technical conditions to provide such energy during low load 

periods.  
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4.2.2 Production efficiency 

The obtainable marginal efficiencies (ηm) for production of the examined 

energy carriers in paper I, II & IV are summarized in Table 4. 

Table 4: Calculated marginal efficiencies for products in paper I, II and IV 

Energy 

carrier 

ηm 

(%) 

Remarks 

Bio-oil 84-86 Slightly higher efficiency during warm periods 

when drying efficiency is somewhat higher 

 

Energy gas - - Not applicable 
2
 

 

SNG 86-87  

MeOH 73-77 The higher marginal efficiency refers to plants 

without flue gas condenser 

FT-crude 65-70 The higher marginal efficiency refers to plants 

without flue gas condenser 

 

The efficiency for the energy carrier production varies depending on the 

relation between the boiler load and the production rate for the additional 

processes. The efficiencies given in Table 4 are those obtainable when 

production is equal to or lower than that given by continuous line in Figure 

22 for the specific energy carrier. If maintaining the maximum production 

rate at external heat demand lower than the breaking point (dashed lines in 

Figure 22) for each energy carrier, the marginal efficiency is gradually 

decreasing and is approaching the stand-alone efficiency which is obtained 

when there is no external heat demand.  

 

In the case of bio-oil produced with staged condensation as examined in 

paper I, the temperature of the available heat sinks for the released energy of 

condensation affects both the production efficiency and the quality of the 

produced bio-oil fractions. Fast pyrolysis integrated with DH features higher 

efficiency and higher flexibility in terms of quality control than fast 

pyrolysis integrated with forest industry boilers due to the presence of large 

heat sinks at two low temperatures (DH supply/return water), in the former 

case.  

                                                 
2
 No additional product was produced for which marginal efficiency could be calculated 
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4.2.3 Impact on CHP operation 

Introduction of a broader operation will have an impact on the present 

operation. In this work, the heat delivered to external customers has 

consistently been kept constant in all models and this forms the basis for the 

capacity and efficiency analyses carried out. However, the CHP plant 

operation will be affected in terms of power production and operating 

conditions. 

4.2.3.1 Power production 

Co-production of energy carriers and/or chemicals will have an impact on 

the power production. Basically there are three different mechanisms 

affecting the change in net power production: 

 All examined cases include drying of the wet biomass prior to 

thermochemical conversion or leaching. Introduction of this new unit 

operation increases the heat demand from the boiler plant and 

consequently increases the power production. 

 Part of the waste heat from the new unit operations can be used to 

fulfil the external heat demand but cannot be used for HP steam 

generation. Consequently this waste energy utilization reduces the 

steam flow through the turbine and counteracts the effect of biomass 

drying. 

 Several of the new unit operations involved in the production of 

energy carriers have significant internal power consumption. For bio-

oil, the most significant internal consumption is fuel chipping and 

milling in case solid wood or chip coarser than approximately 5 mm 

are used as feedstock. For biofuel production the syngas compression 

represents by far the greatest internal power consumption. For all 

examined products the utilized bed dryer represents an internal 

consumption of relevance. 

 

As a total, the net power production is affected as follows when broader 

production is applied: 

 

Fast pyrolysis  

If saw dust or similar raw material that doesn’t require milling is used the net 

power production increases. For the examined DH power plant the gross 

power production increased with 12 GWh/a, corresponding to a gross power 
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increase of 11%, at a bio-oil production of 300 GWh/a. The increase in net 

power production is approximately 5% for a production based on saw dust or 

other fine particles. If milling is required the net power production will be 

slightly reduced compared to the present situation. 

 

Gasification - Fuel gas  

In the examined fuel gas case (Paper II), where gas was partly replacing 

steam as an energy carrier for paper drying, the net power production 

depends on the chosen process configuration for gas burning. In the least 

complex system where fuel gas was simply burned for heat production, the 

net power production was reduced as a direct consequence of the reduced 

steam flow. If a gas turbine was employed for gas combustion, the loss of 

power production could be mitigated. If gas turbine was combined with cold 

gas cleaning the net power production could be kept unaltered with the new 

combined drying concept. 

 

Gasification – Biofuels  

In spite of the additional steam flow through the turbine caused by the 

biomass drying all examined concepts for integrated biofuel production 

caused a decreased net power production due to high internal power 

consumption for compression and utilization of biofuel waste heat that 

decreases steam flow through the turbine. 

  

Leaching of wood components  

Large-scale extraction of soluble components from fuels will result in 

increased net power production unless water is used as solvent. For the 

examined case with betulin extraction, paper III, the increase in net power 

production was found to be 113 GWh/a if the extraction process was in 

continuous operation. In practise, for an existing CHP plant, the capacity of 

such a large extraction process will most probably have to be reduced during 

peak load periods as the boiler’s steam capacity is likely to be insufficient to 

supply the extraction process in addition to the external heat consumers. 

4.2.3.2 Boiler operating conditions 

As previously described, introduction of a communicating fluidized bed for 

production of energy carriers will imply that an increased share of the boiler 
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fuel will consist of char. In the following, observed case-specific 

implications for the boiler and CHP plant operation are commented upon: 

 

Fast pyrolysis  

Except the for the change in bed heat balance caused by the fuel shift from 

biomass to char, bio-oil production as examined in this work has moderate 

impact on the boiler operation. Maximum steam and- flue gas flows are not 

exceeded and as the temperature difference between the boiler bed and the 

pyrolysis reactor is large, meaning that a moderate bed material circulation 

rate is required also at periods with high bio-oil production. 

 

Gasification - Fuel gas  

Introducing fuel gas as an energy carrier in addition to steam in an integrated 

chemical pulp and paper mill will greatly affect the boiler load of the solid 

fuel boiler. In the examined cases the steam flow from the FB boiler was 

found to decrease substantially. For several of the examined process 

configurations the boiler will be operating solely on gasification char and as 

the char load in those cases are low, special attention would need to be paid 

to maintain bed temperature. 

 

Gasification – Biofuels  

In the biofuel cases, considerable maximum gas production was achievable 

for a narrow external CHP heat demand. At such peak gas production the 

boiler operation will be significantly affected. In addition to operating only 

with char as fuel, the boiler bed material will have a very short residence 

time. In the MeOH- and FT cases tail-gases will account for a significant 

part of the boiler fuel.  Steam- and flue gas flows will be reduced for the 

entire external heat demand range. 

 

Leaching of wood components  

Unless large quantities of solvent are introduced to the boiler with the fuel, 

large scale extraction is the least complex co-production concept from the 

boiler’s perspective. The additional heat load linked to the extraction process 

can be supplied by combustion of fuels with contents of moisture and 

volatiles in accordance with the boiler’s design specification.  
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Even though not studied in this work, combinations of two or several co-

production concepts are possible from a technical point of view. Naturally, 

production of two different energy carriers in two different communicating 

beds requires that their total char production doesn’t exceed the boilers char 

combustion capacity at the actual external heat demand. Combination of 

leaching and energy carrier-production is also feasible and such a 

combination can enable high production of each product. 

 

A broader operation will benefit from an advanced fuel supply strategy 

where different assortments and/or fuel fractions are utilized in different 

parts of the extended process system at the plant. Differences in molecular 

composition, ash content, volatility and leachable content can be utilized to 

optimize the capacity and quality of the different production routes as well as 

to minimize the need and cost for in-situ and downstream cleaning and 

upgrading systems. 
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5 Value and relevance of broader production 

In this chapter, value aspects and relevance of broader production are 

discussed and the results of this work are put into context of the total 

Swedish CHP sector and the Swedish bioeconomy ambitions, especially 

addressing the ambitions to achieve a sustainable fossil independent and 

fossil free transportation sector.  

5.1  Broader production: A value perspective 

The resource issue is central for biorefining as this entire sector basically is 

defined by the resource origin. Historically, resources have often been 

synonymous with natural resources and been viewed as something static that 

can be captured and utilized. More recently resources have come to include 

also e.g. intangible functions of human ingenuity. Vargo et al. states that 

resources are not static or fixed: “Essentially, resources are not they 

become.“ (Vargo & Lusch 2004).  

 

Constantin and Lurch (Constantin & Lusch 1994) defines two types of 

resources: 

 Operand resources: Resource on which an operation or act is 

performed to produce an effect 

 Operant resources: Resources which are employed to act on operand 

resources and other operant resources. 

The operant resources applied to an operand can generate significant 

customer value and economical revenues. Vargo and Lurch (Vargo & Lusch 

2004) states that “The relative role of operant resources began to shift in the 

late twentieth century as humans began to realize that skills and knowledge 

were the most important type of resources”. 

 

Analogous to the shift from operand to operant, there has been a shift in 

business logic towards a service perspective. A fundamental part of the 

service perspective is the change in perspective from a Goods Dominant 

Logic (GDL) towards a Service Dominant Logic, (SDL). According to SDL 

all providers are service providers and service is the fundamental basis of 

exchange. Value is co-created with customers and assessed on the basis of 

value-in-context. Applying a service perspective on Biorefining is somewhat 

challenging as the concept only to a minor extent has evolved from customer 
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needs, but rather from a scarcity of existing fossil resources and foremost 

from environmental concerns. Economic incentives derived from this 

concern are promoting exchange of fossil raw material. Also, many 

biorefining concepts aim to maintain product- (and service experience-) 

properties unaltered, e.g. MeOH production for low blending into gasoline.  

 

However, in some cases the change of raw material can generate added value 

to a basically unaltered product. E.g.: usage of the same biomass based fuel 

methanol in a product M85 highlights environmental benefits and can meet 

customers’ wish for a fuel with less environmental impact, even though the 

transport service provided by the fuel is unaltered or even slightly 

deteriorated (shorter driving distance between fuelling). Electrical power 

from biomass fired power plants as well as different types of bio-based 

(green, ecological) goods can generate similar customer value. It has been 

suggested (Griskevicius et al. 2010) that there may be important links 

between displays of caring, environmental behaviours, competition for status 

and that having a reputation as a cooperative and helpful group member can 

be extremely valuable to the individual. 

 

Finally, in some cases biorefining can enable production of products with 

superior performance when compared to established products on the market, 

thereby combining the environmental value with properties generating added 

customer satisfaction. 

 

Values are not only associated with the firm, but also with the society in 

which they are active and with the natural environment. (Triple bottom line). 

This account principle goes beyond the traditional measures of profit and it 

has been argue that firms’ long term profitability can be enhanced if firms 

focus on all three value dimensions (Slaper, T.F. & Hall 2011). 

 

In this work it has been found that the CHP sector incumbents are in 

possession of valuable operand resources in the form of industrial platforms 

and a client base that secures a long term provision for low grade heat. In 

order for the CHP actors to generate maximum value from a broader 

operation, it will be important for them to examine and understand the 

mechanisms for value creation and how these can be applied to the new 

products as well as how to develop their operant resources.   
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5.2  Industrial relevance and national potential for Sweden 

Installed boilers of FB type in Sweden since 1980 are illustrated in Figure 

27. As can be seen, there are almost 100 FB boilers installed with steam 

capacities ranging from 332 MW down to only 2,5 MW. Almost 50% of the 

boilers have a steam capacity higher than 50 MW, representing 80% of the 

total installed steam capacity. These FB boilers, with a few exceptions 

designed for combustion of different woody biomass fractions, represents a 

significant part of the Swedish commercial woody biomass combustion 

capacity. 

 

 

 

Figure 27: Boilers of FB type in Sweden installed 1980-2015 (Red=CFB, 
Blue=BFB) 

Based on the production capacity characteristics for the different studied 

products as discussed in chapter 4.2.1, the national production potential in 

Sweden, if existing FB-based boiler platform is fully utilized, can be 

tentatively outlined. For bio-oil the annual production potential from existing 

FB-based boiler plants can be estimated to be in the region of 5 Mton, 

corresponding to around 20 TWh. If production is restricted to that 

achievable without generation of excess heat from pyrolysis oil 

condensation, the annual production potential is reduced substantially as this 

will exclude long periods of productions for boilers in DH applications being 

out of operation during summer periods. The loss of efficiency when 

maximum bio-oil capacity is targeted during summer periods is 

approximately 7%-units. Consequently, if maximum production potential is 

utilized this low grade energy from the pyrolysis condensation needs to be 
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discharged to ambiance unless additional consumers of low temperature heat 

could be found. 

 

A similar assessment for vehicle fuels yields based on the approach 

described in Paper IV yields a maximum national potential production 

capacity of approximately 10-20 TWh/a. The lower range is achievable with 

FT-fuel production whereas the higher range is relevant for Methanol and 

SNG production.  

 

Pyrolysis oil has been proven applicable for use as heavy fuel oil substitute 

in combustion applications. However, the potential national production 

capacity for pyrolysis oil outlined above exceeds by far the heavy fuel oil 

consumption in Sweden and also if other proven applications like large 

stationary engines and gas turbines are considered, the potential pyrolysis 

production in existing Swedish FB plants exceeds the domestic consumption 

in Sweden. When considering also a potential future use of pyrolysis oil for 

chemical production and vehicle fuel production by hydrodeoxygenation in 

refineries and the international market for heavy fuel oil for combustion 

applications and engines for sea transport, a considerable larger market can 

be discerned. 

 

For biofuels, the domestic potential production capacity is exceeding the 

expected need for next generation biofuels in a future fossil-independent or 

fossil free transportation sector, i.e. 4-9 TWh/a (Wetterlund 2013a). 

Considering also the global need for non-fossil fuels in order to meet the 

commitments in the Paris agreement (COP21) and the scarcity of resources 

to produce such fuels in many dense populated regions, the market for 

biofuels should be sufficient to absorb all potential volumes of biofuels 

produced at Swedish FB plants. Incentives to support the market for biofuels 

are currently forming in many European countries (Rudberg 2015).  

 

Currently there are no economic incentives for bio based chemicals and 

value chains with bulk chemicals production from biomass will be difficult 

to realize unless such incentives are formed (Joelsson et al. 2015). For 

leached wood components however, general market assessments are difficult 

to perform as the extracted components often are specialty chemicals with 

high market price. For the case betulin (Paper III), the market price for a 
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purified product is very high and even though this market price is likely to be 

reduced if large scale production by bark leaching is established, the product 

price can be expected to be several orders of magnitude greater than the 

value of betulin as fuel. Consequently, any potential climate-induced policy 

incentives will have a negligible impact on the economic viability of betulin 

production. 

 

As previously discussed, the main product in the CHP sector portfolio is heat 

that normally accounts for 72-83% of the captured energy from the biomass 

combustion, whereas electrical power accounts for the remaining 17-28%. 

The electrical power production from biomass based CHP in Sweden was 11 

TWh (2015), which was only 31% of the theoretical capacity of the CHP 

plants, and 2/3 of a normalized annual production (Svebio 2016), mainly 

because most boiler plants are operated on part load at periods of low heat 

demand. The bio based power production thus corresponded to less than 7% 

of Sweden’s power production in 2015. Assuming the same utilization rate 

for FB boilers as for the total sector, the power production from the Swedish 

biomass fired CHP plants based on FB-technology was approximately 3-4 

TWh in 2015. 

 

If all FB-based CHP plants in Sweden would be equipped with dual fluidized 

bed technology that are used for production of additional energy carriers, this 

will have an impact on the net power production from these CHP plants. For 

the maximum production pyrolysis case the net power production will be 

increased by approximately 0.5-1 TWh/a. If the FB boiler plants are 

converted and used for co-production of for biofuels this will be result in a 

decreased electrical power production that is in the same order of magnitude, 

i.e. 0.5-1 TWh/a. Based on present biofuel value (with current exemptions 

from energy- and CO2 taxes) and the average electrical power price 2011-

2016, the economic value of the produced biofuels is about 50 times higher 

than the economic value of the lost electrical power production (excl. green 

certificates). This makes the alternative interesting also for the CHP plant 

owners. 

 

In the light of the recent development in the field of electrical vehicles and 

an anticipated additional demand of electrical energy in the transportation 

sector of up to 5.8 TWh/a until 2030 (IVA 2015), the decreased power 
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production following a co-production of energy carriers at the CHP plants 

might be considered troublesome. However, from a national and global 

perspective, the large importance of biofuels to obtain a fossil free 

transportation sector has been concluded (Johansson 2013). The availability 

of forestry biomass for additional biofuel production in Sweden has been 

analysed and found to be 30-50 TWh/a with respect to technical, economic 

and ecological restrictions (Börjesson et al. 2013). 

 

How to most cost efficiently produce advanced biofuels and where in 

Sweden to locate the required future plants for such biofuel production have 

been assessed in the project “Optimal location of next generation biofuel 

production in Sweden”, utilizing the BeWhere Sweden model where the 

minimum production costs on a system level are identified by multiple 

integer linear programming, MILP. In the model, biofuel plants are co-

located with existing industries based on the following assumption: 

“Integration of biofuel production processes in existing industries or in 
district heating systems may be beneficial from several aspects, such as 
opportunities for efficient heat integration, feedstock and equipment 
integration, as well as access to existing experience and know-how" 

Hitherto the initial work has been presented in two reports (Wetterlund 

2013a; Wetterlund 2013b). Main findings of relevance for this thesis 

include: 

(Wetterlund 2013a) 

1. District heating systems did not constitute optimal plant locations 

with the plant configuration, plant positions and heat revenue levels 

assumed in this study where biofuel production at district heating 

plants were dimensioned with respect to limitations in the heat 

demand caused by prioritized use of heat from waste incineration and 

industrial excess heat. 

(Wetterlund 2013b) 

2. Low need for transportation of biomass was found to be important in 

the choice of plant location, with chemical pulp mills and sawmills 

appearing as the most attractive host industries. 

3. The capital requirement is significant, even though investment costs 

for commercial “Nth plants” have been considered. 

4. Large plants could be expected to be more favourable due to 

economies of scale. However, the selected plants represent the entire 

scale range from large to small plants, despite the higher specific 
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investment cost for smaller plants. A larger number of smaller plants 

to cover a given biofuel demand leads to lower total system cost due 

mainly to shorter net transport distances of both biomass and biofuel, 

despite the corresponding higher capital requirement. 

5. Black liquor gasification, BLG with subsequent catalytic conversion 

to biofuels is more favourable than processes based on solid biomass 

gasification, especially when alternative investments (recovery 

boilers) are considered. 

6. Intermediate products such as torrefied biomass, pyrolysis oil and 

lignin extracted from chemical pulp can entail lower transportation 

costs and are of interest to include in further versions of the model. 

Hence, the reports conclude that several factors (2, 4 & 6) speak in favour of 

distributed production of biofuel and/or energy carriers, like pyrolysis oil, at 

CHP plants. However the outcome of the initial phases of the BeWhere 

Sweden modelling is that district heating plants are less favourable locations 

when compared to pulp mills and saw mills. When further analysing the 

report it is found that the DH-integrated biofuel production was based on a 

steam-blown indirect dual fluidized bed gasifier integrated with an existing 

biomass boiler. The gasifier is followed by tar reforming, amine-based CO2 

separation and isothermal methanation, followed by compression, H2-

purification by membrane separation and gas drying, as described in (Heyne 

et al. 2012). The concepts for gasification and tar reforming are thereby 

identical to those in the examined biofuel processes within this thesis, 

whereas the simplified concepts for gas cleaning and catalytic conversion 

that are proposed in this thesis not are applied in the BeWhere Sweden 

model. The potential for investment cost savings, especially for small scale 

plants, that these proposed configurations entail might affect the conclusion 

about optimal location and configuration of biofuel plants. Also, as a smaller 

economical scale increases the number of potential FB boilers that are 

relevant to utilize for biofuel production. 

 

Integration of pyrolysis oil with existing FB boiler has been demonstrated at 

the Joensuu plant. Significant investment cost saving compared to stand 

alone plants can be achieved as reported by Valmet (Mäntyniemi 2016). The 

low need for additional equipment when adding fast pyrolysis to an existing 

BFB boiler is illustrated in Figure 28. 
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Figure 28: Additional equipment for fast pyrolysis (green) integrated in existing 
boiler plant (grey). (Mäntyniemi 2016).  

The further developed concept for integrated pyrolysis examined within this 

thesis enables a fractionation of the pyrolysis oil based the different 

constituents’ volatility. In addition to increased energy efficiency for the 

pyrolysis process, such a process configuration could potentially enable 

development of multiple value chains where the different pyrolysis oil 

fractions are used for heavy fuel oil substitute as well as for biofuel 

production by means of hydrodeoxygenation, fermentation, or as feedstock 

for gasification. In this latter context, good synergies with black liquor 

gasification in entrained flow gasifiers has been demonstrated (Andersson et 

al. 2016), further strengthening the BLG biofuel cases that was found 

favourable when analysed with the BeWhere model. Finally, a pyrolysis oil 

process with stepwise condensation could potentially form the basis for a 

further isolation of high value compounds from pyrolysis oil for the 

chemical industry. Given the high value of individual components in the 

pyrolysis oil, such a development could increase the viability of pyrolysis oil 

production. 

 

Leaching of woody biomass can form an interesting opportunity for the CHP 

sector. As examined in paper III, the required solvent recovery system can be 

integrated in the plant energy system, thereby enabling very large quantities 

of biomass to be extracted. From a national perspective such an approach 
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might form the basis for a development of a knowledge-intensive industry 

utilizing biological wood components for special chemical production.  
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6 Conclusion 

In this work it has been found that the fluidized bed based CHP plants form a 

structural platform that allow for a significant production of energy carriers 

and/or chemical intermediates with maintained heat supply to external 

energy users. The marginal efficiencies that can be achieved when these 

additional processes are integrated with CHP plants are higher than the 

efficiencies for the corresponding stand-alone plants.  With a deep 

integration of the gasification based biofuel processes and the CHP plant 

process, high efficiencies can be achieved with simplified process 

configurations that can be assumed to require lower capex to establish than 

concepts based on regenerative gas cleaning processes.  

 

All the examined processes have been found to be applicable for integration 

with CHP plants in both district heating and industrial sector. In terms of 

applicability of the examined processes for these two main groups of CHP 

actors, the following conclusions have been made: 

a) Integration of fast pyrolysis with existing CHP plants can enable 

production of large volumes of bio-oil. For a DH plant with low or no 

load during summertime, the bio-oil production can be in the same 

region as the present heat production. 

b) Sequential condensation can enable significantly enhanced efficiency 

for bio-oil production. The increase in efficiency is higher for DH 

than for other industries that utilizes steam from the CHP plant. 

c) Gasification for production of fuel gas is an opportunity for paper 

mills to: 

 Replace fossil fuels for start- up and load regulation of 

recovery boiler. 

 Increase paper production capacity without elongation of the 

drying section. 

 Form a learning platform for future business development into 

more advanced gasification-based utilization of biomass, e.g. 

biofuels. 

d) Leaching of wood components from extractive rich fractions of 

biomass represents an opportunity for both forest industry and the DH 

sector, but requires that a uniform fuel that contains the desired 

component is used. 
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e) Integration of biofuels with CHP production is an opportunity for 

both the forest industry and the DH sector. SNG and MeOH are found 

to be more relevant for boilers normally operating on low or medium 

load whereas FT-fuel can be interesting for boilers operating with a 

high average load. 

6.1  Implications for innovation actors and policy makers 

The technologies examined in this work are not commercially demonstrated 

and not surprisingly, the incumbents in the CHP sector perceive a high risk 

associated with early investments for broader operation at their plants. In this 

work, by establishing mass- and energy balances for actual plants and for 

wide operating ranges, it has been found that FB based plants in the CHP 

sector possess technical potential to establish a wider operation in a scale 

that are of commercial relevance. Furthermore, the findings in terms of 

achievable efficiency as well as the different processes’ feasibility for 

different boiler applications, size and load pattern indicates the feasibility for 

different combinations of plants and additional operations. This may serve as 

a starting point for different stakeholders in a development of the CHP sector 

towards a more diversified production. 

 

When examining the sector’s incumbents’ view of the potential for a wider 

product portfolio, it was found that they generally believe that a broader 

operation can create values for their own operations as well as for the society 

and the environment. However the incumbents lack both a strong motivation 

as well as important abilities to move into the new technological fields. 

Strategies for increasing the motivation of the CHP-actors foremost have to 

address the risks, lack of niche markets and stable framework conditions. 

Furthermore, in order to activate the groups that make up the CHP sector to 

take a more pronounced role in the development, several actors including 

universities, technology suppliers, and governmental actors such as the 

Swedish Energy Agency should be engaged. 
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7 Future research 

Utilization of the CHP platform as a base for large scale distributed 

production of fuels and chemicals as examined in this work has been found 

to exhibit an interesting potential from a technical perspective. The deep 

integration in the CHP plants with utilization of existing equipment as well 

as internal energy distribution, systems, manning and logistics should be 

expected to enable a more economical construction and operation when 

compared to stand-alone plants. However, to verify that the production 

concepts outlined in this work really have an economic relevance, techno-

economic studies should be carried out. Such studies should be site specific 

and take into consideration biomass sourcing, consumables and product 

offtake and should be carried out considering boiler load variations over the 

year. 

 

For leaching of fuel components, the integration with CHP plants has been 

found to be very beneficial. Further systems analysis of leaching concepts 

aiming for production of other fine chemicals is an area of interest. Also the 

separation of fractions of bio-oil from fast pyrolysis would be an interesting 

area for further research where the presence of an existing infrastructure and 

low temperature energy at a low cost are important assets. 

 

In order to overcome barriers for large scale deployment of broader 

production at CHP plants, further studies of DFB-integration with existing 

boilers would be required. A FB (foremost BFB) boiler’s behaviour during 

operation with high char load and short sand residence time is a relevant area 

for further research, where spatial distribution of char particles, char 

attrition/elutriation and bed temperature profiles are important parameters. 

Volatilization of inorganic fuel compounds in DFBG’s when operating with 

realistic fuels and operating conditions is another important research area. 

Minimization of such volatilization could greatly enhance the viability of the 

strategy to use guard beds instead of regenerative systems as primary 

cleaning steps for removal of raw gas impurities in biofuel plants of 

moderate size in existing CHP plants. 

 

The novel concepts for utilization of the CHP platform as a base for 

distributed production of biofuels that have been examined in this work 
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might affect previous conclusions about optimal configuration and location 

of biofuel production plants. Consequently, it would be interesting to include 

these concepts in further versions of such work.  
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Nomenclature and abbreviations 

α  Power/Heat ratio 
Cp  Specific heat 

∆Gf
o  Standard Gibbs free energy of formation 

∆Greaction
o  Standard Gibbs free energy of reaction 

∆Hf
o  Standard enthalpy of formation 

∆Hreaction
o  Standard heat of reaction 

ΔHvap  Heat of vaporization 

IW  Wobbe Index 

η  Efficiency 

ηc  Carbon conversion 

ηm  Marginal efficiency 

P  Pressure 

Q  Heat 

ν  Average volume flow 

W  Mechanical work 

 
Abbreviations 
 

BFB  Bubbling Fluidized Bed 

CFB  Circulating Fluidized Bed 

CHP  Combined Heat and Power 

DFB  Dual Fluidized Bed 

DFBG  Dual Fluidized Bed Gasifier 

DH  District Heating 

DS  Dry Solids 

FB  Fluidized Bed 

FT  Fischer Tropsch 

GDL  Goods Dominant Logic 

HEN  Heat Exchanger Network 

HHV  Higher Heating Value 

HP  High Pressure 

HW  Hardwood 

LHV  Lower Heating Value 

LP  Low Pressure 

PM  Particulate Matter 

MP  Medium Pressure 

NOx  Nitrogen Oxides 

SW  Softwood 

SDL  Service Dominant Logic 

SNG  Synthetic Natural Gas 

SOx  Sulphur Oxides 

TT  Technological Transitions 

VOC  Volatile Organic Compounds 

VLE  Vapour Liquid Equilibrium 

WGS  Water Gas Shift 
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