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Summary 

In most waste management industries, waste is separated into different 

fractions, each of which is treated with suitable processes. Established 

technologies such as waste combustion for combined heat and power (CHP) 

production and biomethane production through anaerobic digestion (AD) of 

biodegradable waste work fine as standalone processes. However, specific 

issues are associated with these established standalone waste-to-energy 

(WtE) processes. For example, traditional CHP plants have high overall 

energy efficiencies, but lower electrical efficiencies, and their heat outputs 

are dependent on local demand and seasonal variations. Similarly, waste

typically sent for AD also contains lignocellulosic or green waste. Due to the 

lower biodegradability of lignocellulosic waste, only a proportion is sent for 

digestion, while the rest is incinerated, increasing transportation costs. 

Increased benefits from the perspective of energy and economics can be 

achieved by integrating new WtE processes with existing technologies. 

This thesis aims to design energy-efficient and profitable biorefineries by 

integrating existing waste management facilities with the thermochemical 

treatment of waste. A systems analysis of two process integration concepts 

has been studied through modelling and simulation. The first analysis is of 

the process integration of gasification with existing CHP plants, and the 

second is the process integration of pyrolysis with an existing AD plant. For 

integration of gasification with a CHP plant, reasonable operational limits of 

the CHP plant have been assessed and compared by integrating three types of 

gasifier, and the most technically and economically integrated processes have 

been identified. In the case of integration of pyrolysis with AD, a new process 

configuration is presented that couples the AD of biodegradable waste with 

the pyrolysis of lignocellulosic waste. The biochar obtained from pyrolysis is 

added to a digester as an adsorbent to increase the biomethane production. In 
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vi 

addition, the vapors produced by the pyrolysis process are converted to bio-

methane. Two different conversion processes are compared to convert 

pyrolysis vapors to biomethane, catalytic methanation and biomethanation. 

The results demonstrate that process integration can contribute to reduc-

ing the cost of biomethane production through integration of gasification and

pyrolysis with CHP and AD, respectively. The process integration can also 

utilize infrastructure and products from existing industries and increase the 

overall process efficiencies. Of the gasifiers studied, the dual fluidized bed 

gasifier produces more biomethane than the circulating bed and entrained 

flow gasifiers when retrofitted with an existing CHP plant with up to 85 % 

efficiency. The CHP–gasification integration is capable of producing more 

biomethane during low heat demand seasons without disturbing the operation 

of the CHP operation. A gasifier with a flexible capacity can be integrated 

with the CHP to produce biomethane without affecting the heat production of

the CHP. From an economic perspective, the dual-bed gasifier requires 

lower capital investment and is therefore more profitable, because it requires 

less equipment than the circulating fluidized and entrained flow gasifiers. 

The integration of pyrolysis with the AD process can almost double 

biomethane production comparison with standalone AD process, increasing 

efficiency to 67 %. The integration is an attractive investment when 

catalytic methanation of syngas is used rather than biomethanation of 

syngas. The catalytic methanation route has an economic rate of return 

of 16 %, with a six-year payback period. 

The main conclusion drawn from this thesis is that production of bio-

methane can be enhanced through process integration of gasification with the 

CHP plant and of pyrolysis with AD. However, the increase in biomethane 

production also increases the demand for waste at the integrated biorefinery. 

Hence, the capacity of the gasifier and pyrolysis process will be decisive in 

determining the level of integration of the biorefineries. 
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Swedish summary 

I de flesta avfallshanteringsanläggningarna separeras avfallet i olika frak-

tioner och behandlas i lämpliga processer. Etablerade tekniker som för-

bränning av avfall för kombinerad el- och värmeproduktion och produktion

av biometan genom rötning (AD) av biologiskt nedbrytbart avfall fungerar 

bra som fristående processer. Det finns dock några nackdelar med de 

etablerade processerna för omvandling av avfall till energi (WtE), t.ex. har 

traditionella kraftvärmeverk höga energiverkningsgrad, men lägre elverk-

ningsgrad och värmproduktionen är beroende av lokal efterfrågan och 

säsongsvariationer. På liknande sätt innehåller biologiskt nedbrytbart avfall 

som används till rötning, lignocellulosa eller eller så kallat grönavfall. På 

grund av lägre biologisk nedbrytning av avfall med lignocellulos används 

endast en del av detta för rötning medan resten förbränns, vilket ökar 

transportkostnaderna. Större fördelar med avseende på energi och ekonomi 

kan uppnås genom att integrera de nya WtE-processerna med befintlig teknik. 

Avhandlingen syftar till att utforma energieffektiva och kostnadsef-

fektiva bioraffinaderier genom att integrera befintliga avfallshanterings-

anläggningar med termokemisk behandling av avfall. En systemanalys av två 

processintegrationskoncept har studerats genom modellering och simulering. 

En är processintegrering av förgasning med befintliga kraftverk, och den 

andra är integrationen av pyrolys med befintliga rötningsanläggningar. För 

integration av kraftvärme och förgasning utvärderas rimliga gränser för 

sdriften av en anläggning genom att jämföra integreration av tre typer av 

förgasare och den tekniskt och ekonomiskt bästa integrerade processen 

identifieras. För integrering av pyrolys och rötning presenteras en ny process-

konfiguration som kopplar rötning av biologiskt nedbrytbart avfall med pyro-

lys av avfall som innehåller lignocellulosl. Biokol från pyrolysen tillsätts röt-

kammaren som en adsorbent för att öka biometanhalten. Dessutom om-

vandlas de ångor som framställs genom pyrolysprocessen till biometan. Två 
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viii 

olika omvandlingsprocesser för att konvertera pyrolysångor till bio-metan 

jämförs, dvs katalytisk metanisering och biometanisering. 

Resultaten visar att processintegration kan bidra till att minska pro-

duktionskostnaderna för biometan genom förgasning och pyrolys genom 

integration med kraftvärme (CHP) respektive rötning (AD). Process-

integrationen kan också utnyttja infrastrukturen och produkterna från be-

fintliga industrier och öka den totala processeffektiviteten. Av alla undersökta 

förgasare producerar indirekt förgasning mer biometan jämfört med cirku-

lerande bädd och flödesförgasare när den integreras med ett befintligt 

kraftvärmeverk, med upp till 85 % verkningsgrad. Integreringen av kraft-

värme och förgasning kan producera mer biometan under säsonger med låg 

efterfrågan av värme, utan att störa kraftvärme-driften. När det gäller för-

gasningsstorleken kan förgasarens flexibla kapacitet integreras med kraft-

värme för att producera biometan utan att ändra den årliga värmeproduk-

tionen. Ur ett ekonomiskt perspektiv kräver indirekta förgasaren lägre kapi-

talinvesteringar och ger högre intäkter på grund av färre utrustningsdelar än 

cirkulerande fluidiserad förgasare och flödesförgare. Integreringen av pyrolys 

med rötningsprocessen kan nästan dubbla bio-metanproduktionen och öka 

verkningsgraden till 67 %. Integrationen är attraktiv för investering när 

katalytisk metanisering används istället för biometanisering av syngas. 

Katalytisk metanisering ger en avkastning på 16 %, med sex års återbetal-

ningstid. 

Den viktigaste slutsatsen från denna avhandling är att produktionen av 

bio-metan kan förbättras genom processintegration av förgasning med kraft-

värme och pyrolys med rötning. Ökningen av bio-metanproduktion ökar 

emellertid även efterfrågan på avfall till integrerade bioraffinaderier. Därför 

kommer storleken av förgasare och pyrolysprocessen att vara avgörande för 

att bestämma integrationsnivån av de studerade bioraffinaderierna. 
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1 Introduction 

This chapter introduces the current and potential future role of municipal 

solid waste in producing biomethane, heat and power. Limitations in current 

waste management industries are identified, and possible advantages of 

process integration of existing processes with new ones are described. The 

chapter ends by classifying the research challenges and formulating them 

into research questions, which are answered in this thesis. 

1.1 Background 

Bioenergy accounts for around 14% of global primary energy generation and 

is the largest renewable energy resource which are 18% of global primary 

energy (World Energy Council 2016). The biomass feedstock ranges from 

high-quality crops such as corn, starch, wood pellets and wood chips, to low-

quality agriculture and forest residues, and municipal solid waste (MSW). 

MSW is primarily produced in households, but the term also includes 

waste from the industrial and commercial sectors. MSW-derived biomass has 

different physical and chemical characteristics to energy crops, wood chips 

and wood pellets. MSW has higher moisture and inorganics content than 

wood and energy crops. Furthermore, its properties also vary considerably 

with location. About 80 % of carbon content in MSW is derived from 

biomass; the rest is derived from fossil fuels (Hoornweg et al., 2013). MSW 

mainly divides into two main fractions: recyclable and non-recyclable waste. 

The organic fraction of non-recyclable waste is further classified into 

fractions such as biodegradable, lignocellulosic, and refuse-derived fuel 

(RDF). Biodegradable waste can be broken down into methane and carbon 

dioxide by microorganisms through processes such as anaerobic digestion 

(AD), aerobic digestion and landfilling. The lignocellulosic fraction of MSW 

is mainly derived from woody biomass residues, garden waste, agricultural 
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and forest residues. Some of the lignocellulosic waste is biodegraded, while 

the rest is treated via composting, landfilling or incineration. RDF is 

composed of the organic fraction of mixed MSW, which is dry in comparison 

to biodegradable waste.  

In 2013, the World Bank estimated the global generation of MSW to be 

approximately 1.3 billion tons per annum, and this is expected to increase to 

2.2 billion tons per annum by 2025 (Hoornweg et al., 2013). They further 

estimated that the worldwide growth in MSW would continue despite the 

concerns and efforts of many countries to limit it. The most common way to 

treat MSW is landfilling or incineration. However, European Union 

legislation for waste management (Directives 2006/12/EC and 1999/31/EC 

of the European Parliament and the Council) has stipulated that MSW must 

be used primarily for waste-to-energy (WtE) recovery. Currently, WtE covers 

only 6 % of global waste management. The global market for WtE is expected 

to reach from USD 25 billion in 2015 to USD 36 billion in 2020 (World 

Energy Council 2016).  Presently, AD is the method most widely used to treat 

the biodegradable fraction of MSW, and combustion or incineration is a 

convenient and established way to utilize the non-biodegradable organic 

fraction of MSW for heat and/or power, depending on local demand (IRENA 

2012). 

This thesis mainly considers the context of Swedish conditions. In 

Sweden, all the sectors involved are responsible for MSW management. 

Households are responsible for characterizing and disposing of MSW at 

various collection points. The municipalities are then responsible for the 

collection and transportation of waste to different waste-treatment facilities, 

e.g. recycling, landfilling, and energy production. Figure 1 adapted from 

(Sverige Avfall 2016) shows the MSW management process currently used 

in Sweden. In 2016, about 46 % of MSW generated in Sweden was recycled. 

Non-recyclable waste is separated at source into two main fractions: 

biodegradable and RDF. Biodegradable waste constituted about 16.2 % of the 

total MSW generated in Sweden in 2016, and is processed via biological 

treatment for biogas production (Sverige Avfall, 2017). Biogas is usually 

upgraded to biomethane and used as fuel in the transport sector. In Sweden, 

biodegradable waste mainly comprises of food waste from households, 

markets and businesses, which is highly biodegradable, but it also contains 

green or lignocellulosic waste from gardens, parks and agriculture residues. 

Due to the lower biodegradability of lignocellulosic waste, only a proportion 

is sent for digestion, while the remainder is incinerated (IEA Bioenergy, 

2013). Approximately 48.5 % of MSW in Sweden in 2016 was treated via 

other methods to recover energy while 34.6 % of MSW is recycled. Waste 

incineration is the preferred option for treating MSW derived RDF in 
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Sweden. In 2016, only 0.7 % of MSW ended up in landfill (Sverige Avfall, 

2017).  

Figure 1: A holistic scheme for waste management in Sweden (adapted from 
Sverige Avfall, 2017) 

It is evident that for conversion of MSW to energy, the waste has to be source-

separated before it is treated with suitable technologies, e.g. AD or incine-

ration. However, these processes are standalone and designed to produce one 

or two products. Standalone processes do not provide flexibility in operation. 

There are also specific issues and problems with these standalone processes, 

such as the fact that the organic fraction of MSW is a heterogeneous mixture 

of wastes with different biodegradability. The biogas yield from AD is mainly 

dependent on the characteristics of the waste fed into the digester, and the 

lignocellulosic content in the digester is one of the main factors that affects 

biogas production. 

As mentioned above, the additional lignocellulosic waste along with RDF 

is incinerated. In the case of incineration, the energy efficiencies are higher 

for CHP production, but the process offers little control with respect to 

products, i.e. heat and power. Furthermore, the plant operation depends on 

the local heat and power demand. Annual operation of the plant is affected by 

the season and location. Swedish electricity prices have also shown 
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decreasing trends in recent years, which has an effect on CHP plant operation. 

Variation in heat demand and decreasing electric prices means less operating 

hours for CHP. Fewer operating hours of the CHP plant results in less 

revenue, which makes future investments in CHP plants less attractive to 

potential investors. 

Thermochemical treatment (gasification, pyrolysis, torrefaction, etc.) is an 

alternative to combustion for converting the relatively dry and non-

biodegradable MSW fraction (RDF and lignocellulosic waste). Gasification 

occurs at a high temperature (>700 °C) in the presence of a small amount of 

oxygen (E4tech 2009). Waste biomass gasification produces syngas 

containing mainly CO, H2, CO2 and CH4. Syngas can be upgraded to biofuels 

or chemicals, or simply combusted for heat and power production. In 

pyrolysis, the waste biomass is treated thermally in an oxygen-free 

environment at a lower temperature (~500 °C) than in gasification (A. V. 

Bridgwater 2012). The pyrolysis of biomass generates three main products: 

biochar, bio-oil and syngas. The composition of these products depends on 

the characteristics of the feedstock and the process conditions. 

Gasification and pyrolysis of waste biomass can produce a wide variety of 

biofuels. However, biomethane has the edge over other fuels, as discussed by 

Stefan et al. (2007). Biomethane is easily transportable, and has an already 

established market. Worldwide production of biomethane has shown rapid 

growth this century, increasing from 0.3 EJ to 1.3 EJ from 2000 to 2015 

(Scarlat et al., 2018). Europe produced almost 50 % of the total biomethane 

produced globally. The growth of biomethane production in Europe during 

the same period was also higher than the worldwide growth, increasing from 

0.16 EJ to 0.65 EJ (Scarlat et al., 2018). In Europe, biogas is mainly 

combusted for heat and power production; however, in Sweden and 

Switzerland, approximately half of the biomethane produced is utilized in the 

transport sector as vehicle fuel (Scarlat et al., 2018). 

In 2017, Sweden produced 2 TWh of biomethane, a 4 % increase from 

2016, and an almost fivefold increase from 2000 (IEA Bioenergy, 2016). A 

report by Ryden et al. (2012) shows that there remains a high potential for 

biomethane production in Sweden through AD and thermochemical treatment 

for conversion of WtE. They estimate that biomethane production through 

AD could reach 15 TWh per year, and thermal conversion of dry organic 

waste could produce approximately 74 TWh of biomethane annually. 

Both lignocellulosic waste and RDF can be converted to biomethane via 

gasification or pyrolysis. In the case of gasification, waste biomass can be 

converted to syngas. Syngas can be further upgraded to biomethane through 

a catalytic methanation process with a standalone efficiency of ~69 %. In 

pyrolysis, biochar may be utilized as a separate product, and it is possible to 
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convert the vapors produced during pyrolysis to biomethane by catalytic 

methanation with a standalone efficiency of 74 % (Görling et al., 2013). 

Even though numerous studies have demonstrated the potential of 

standalone biomass and waste gasification/pyrolysis conversion to biofuels 

with reduced carbon dioxide emissions and economic benefits, the 

technologies are still not commercially available and ‘ready to go’. One of 

the main challenges in designing and implementing the standalone 

gasification and pyrolysis of waste biomass is their high heat demand. The 

heat required to run gasification and pyrolysis needs to be produced on-site 

or imported from other facilities. In addition, these processes generate 

byproducts and excess heat, which require additional handling and 

transportation. The integration of thermochemical processes (gasifi-

cation/pyrolysis) into existing waste treatment facilities (CHP plant/AD) via 

process integration tools can increase the energy efficiency, which is essential 

to make these processes profitable enough for investors to consider im-

plementing them on a commercial scale.  

1.2 Motivation and objectives 

The objectives of this study have been formulated based on the literature 

review and assessment of the current state-of-the-art of waste management 

technologies (briefly described in this Chapter and thoroughly presented in 

Chapter 2). It is evident that there is a niche for research in efficient utilization 

of MSW management systems through integrated biorefineries. The thesis 

aims to broaden knowledge of design of integrated biorefineries and 

utilization of all fractions of MSW for polygeneration of value-added bio-

products through process integration tools, i.e. integration of feedstocks at a 

single facility, mass or heat integration of different processes, and the 

combination of processes to produce biomethane. A systematic methodology 

is employed to design the process-integrated biorefineries. These biore-

fineries are further evaluated through technical and economic performance 

indicators. 

Gasification of waste can be integrated with the existing CHP plant to 

produce biomethane. Gasification is typically carried out at high temperatures 

(>700 °C) and requires an oxidizing agent. The CHP plant can provide the 

required heat and steam as an oxidizing agent to the gasification process 

during off-peak hours. Figure 2 presents a very simplistic idea of how a CHP 

plant can be integrated with the gasification process to produce biomethane. 

The performance of integrated gasification with CHP plants has only been 

reported as a comparison of the efficiencies of the standalone and integrated 

processes. There is a lack of studies on the optimum sizing of the gasification 
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process that can be integrated with existing CHP plant and resulting 

operational analysis of the CHP plant as a result of integration. The flexibility 

with which the integrated process can operate also remains unreported. 

Moreover, there is insufficient information available on which to base a 

decision on the type of gasifier that can be feasibly integrated with a CHP 

plant.  

Figure 2: A simplified representation of the layout of the CHP–gasification 
integrated process (The dotted square portion is the 
thermochemical gasification process integrated in existing CHP) 

As described earlier, the lignocellulosic portion of MSW is recalcitrant 

towards AD. Therefore, a large amount of the lignocellulosic waste is 

separated from the biodegradable waste and incinerated. Here, the pyrolysis 

process is used to convert the standalone AD process into a biorefinery 

through process integration. 

Lignocellulosic waste can be pyrolyzed to produce biochar and vapors, 

which can be utilized in the AD process. Figure 3 displays a novel process 

scheme of AD plant integration with pyrolysis process to enhance cumulative 

biomethane production. The biochar obtained from pyrolysis can be used in 

multiple ways, such as for carbon sequestration, as a soil conditioner or as an 

adsorbent precursor (Cao and Pawłowski 2012). The addition of biochar to 

an anaerobic digester can increase the biomethane yield by 5–31 % (Cai et 

al., 2016; Inthapanya et al., 2012; Meyer-Kohlstock et al., 2016; Mumme et 

al., 2014; Torri and Fabbri 2014). Moreover, vapors from the pyrolysis 

process can also be converted to biomethane through catalytic methanation 

or biomethanation.  
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Figure 3: A simplified representation of the layout of the AD and pyrolysis 
integrated process (The dotted square shows the thermochemical 
pyrolysis process integrated in existing AD process) 

1.3 Research questions 

The specific objectives of this thesis are to improve the energy efficiency of 

biomethane production by process integration of thermochemical tech-

nologies with existing industries. The following main research questions 

(RQs) are addressed in this thesis. These RQs are also presented in Figure 4. 

RQ1 (Integration of feedstock and product) 

What are the novel and energy-efficient ways of utilizing all fractions of 

MSW by integrating new technologies with existing industries to enhance 

biomethane production? (Paper I, II, and III) 

RQ2 (Heat integration) 

(a) In an operational year, what are the possibilities and limitations of the

CHP plant for transfer of excess heat to an integrated gasification process for

biomethane production? (Paper I)

(b) Which type of gasifier is technically and economically suitable to retrofit

with a CHP plant? (Paper I)

RQ3 (Mass integration) 

What are the technical possibilities and economic benefits for a pyrolysis 

process to be integrated with an existing AD process to enhance biomethane 

production? (Paper II and III) 
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Figure 4: Visualization of research questions 

1.4 Thesis outline 

This thesis is divided into chapters as follows: 

Chapter 1: Introduction 

This chapter covers current waste management practices, research objectives 

and questions that are answered in subsequent chapters. 

Chapter 2: Theoretical framework  

This chapter describes the state-of-the-art practices in waste-to-energy 

processes.  

Chapter 3: Overview of studied systems 

This chapter describes the configurations of biorefineries through process 

integration of thermochemical processes with existing industries. 

Chapter 4: Methodology 

The chapter details the overview of methods used to assess the integrated 

systems. 

Chapter 5: Results and discussion 

The main findings are presented and discussed in this chapter. 
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Chapter 6: Conclusions 

This chapter presents the main conclusions drawn from this thesis. 

Chapter 7: Future work 

This chapter presents the various possibilities of further continuation of this 

work and other alternative solutions for waste management. 
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2 Theoretical framework 

This chapter provides the theoretical background on the state-of-the-art of 

current technologies for MSW management. Limitations in current waste 

management processes and their potential for conversion in integrated 

biorefineries are presented.  

There are many processes currently used to convert biomass to energy. Some 

of these technologies are commercially established whereas others are still at 

the research, development or demonstration phase. Figure 5 shows the 

technology status of various biomass treatment technologies with respect to 

their anticipated cost for full scale application (IRENA 2012). 

AD, incineration and CHP are mature technologies that are widely used to 

convert biomass to energy. However, other processes such as pyrolysis and 

gasification are still in the development to deployment stage, and biore-

fineries are in the research and development phase. The technology for 

gasification and pyrolysis is commercially available for solid fossil fuels such 

as coal. However, the thermochemical conversion of waste biomass differs 

from fossil fuel conversion on both system and process levels. These 

differences are mainly due to the high oxygen content present in biomass as 

compared to nearly zero oxygen in coal, which also results in products with 

lower heating value. The second main drawback of biomass is that it has 

higher moisture and ash content than coal. Due to these reasons standalone 

thermochemical processing of biomass is not commercially established. 

Biorefineries shows promising technical and economic performance. An 

alternate way is to take commercially established AD and CHP plants as base 

and convert them into biorefineries through integration with gasification and 

pyrolysis. 
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Figure 5: Technology status of different waste processing technologies 
(Reprinted with permission from IRENA 2012) 

2.1 Combustion for combined heat and power 
and its limitations 

As shown in Figure 5, combustion of RDF for CHP is a commercially esta-

blished technology that is already being implemented at a large scale. 

However, it only produces heat and electric power as potential products. One 

of the main concerns with the CHP plant is partial operation due to seasonal 

variation in heat demand. Kohl et al. (2014) reported that a typical CHP plant 

only operates at full-load capacity for 70 days a year, and at part-load capacity 

for 145 days. The problem of partial operation is particularly acute in the 

Nordic countries. The heat production and annual operating hours of CHP 

plants is highly dependent on the district heating demand, which varies 

considerably throughout the year. This seasonal variation in heat demand 

provides a heat sink and offers an opportunity to use the excess heat from the 

CHP plant during off-peak periods in different processes. This provision of a 

heat sink offers a niche for researchers to develop integrated thermochemical 

processes with the CHP plant by transferring excess heat during off-peak 

hours to integrated thermochemical processes such as gasification or pyro-

lysis.  
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2.2 Anaerobic digestion of biodegradable 
waste and its limitations 

AD is another established technology that is widely used worldwide to pro-

duce biogas from biodegradable MSW collected primarily from households 

and municipal districts (IEA 2001). MSW is composed of 30–70 % organic 

matter, consisting of food waste from kitchens, lignocellulosic waste from 

gardens and plants, etc. (IEA Bioenergy 2013). Kitchen or food waste is 

highly biodegradable and is readily used as feedstock in AD plants. However, 

approximately 30 % of MSW is lignocellulosic waste, e.g. ley crops, garden 

waste, etc., which is not suitable for the AD process, and only a low fraction 

of lignocellulosic waste can be biodegraded to produce biogas (IEA 

Bioenergy 2013). Hence, only a small amount of lignocellulosic waste is 

biodegraded via AD while the rest is incinerated for heat and power pro-

duction or composted to reduce the amount of waste without further utili-

zation for energy.  

2.3 Gasification of biomass 

Gasification is the conversion of biomass to CO/H2 rich syngas at a high 

temperature (>700 °C) in the presence of partial oxygen. The main difference 

between gasification and combustion is the limited oxygen supply in gasi-

fiers. The gasification of biomass generates syngas containing CO, H2, CO2 

and CH4. The resulting syngas can be upgraded to a number of fuels such as 

biomethane, methanol, dimethyl ether, Fischer–Tropsch fuels and jet fuel. 

Syngas can also be combusted directly for heat and power production. There 

are three main types of gasifier: indirectly heated dual fluidized bed gasifiers 

(DFBG), directly heated circulating fluidized bed gasifiers (CFBG) and 

entrained flow gasifiers (EFG). 

In DFBG, the heat required for gasification is provided by a separate 

reactor. Part of the biomass is combusted, and fluidized medium is transferred 

between reactors to provide the necessary heat. An advantage of this type of 

gasifier is that oxygen is only provided to the second reactor (combustor), 

hence it can produce nitrogen-free syngas. In addition, the DFBG produces 

more methane than other gasifiers, which is advantageous if the downstream 

process is designed for biomethane production. A main drawback of DFBG 

is that the handling of two reactors makes this gasifier complex. There are a 

few main demonstration plants with DFBG technology (E4tech 2009). One 

of these is the Güssing plant in Austria, which has 8 MW gasifier capacity. 

Another is GoBi Gas in Gothenburg, Sweden, which has 32 MW capacity. 
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GoBi Gas was constructed in 2014 and was mainly designed to produce 

biomethane. However, its operation ended in April 2018. 

Directly heated CFBG gasifiers only contain a single reactor and heat is 

provided directly inside the reactor. The heat required for gasification is 

provided by combusting part of the biomass inside the reactor. The process is 

less complex compared to the DFBG because it only requires a single reactor. 

However, if the gasification is designed for biofuel synthesis, then air cannot 

be used as an oxidizing agent because nitrogen will dilute the syngas. Thus, 

for pure oxygen, an air separation unit (ASU) is required. CFBG also 

produces more carbon dioxide compared to DFBG as a result of combustion 

and gasification taking place in the same reactor. There are some demon-

strations of directly heated CFBG; one such plant is located in Lahti, Finland. 

This plant has a capacity of 160 MW biomass (E4tech 2009). 

EFG is most suitable for large-scale plants, and operates at very high 

temperatures. EFG can also produce tar-free syngas. Tar-free syngas is 

advantageous if the process is designed to synthesize biofuels, as it reduces 

the complexity of downstream processes. EFG is suitable for solid, liquid or 

slurry feedstock. However, for solid waste, a major requirement is pretreat-

ment to reduce waste to a very small size. The pretreatment can be torre-

faction, milling, or both treatments combined (E4tech 2009). There is a pilot 

plant with pressurized EFG base technology at SP ETC in Piteå, Sweden. The 

plant uses oxygen as an oxidizing agent and low-quality biomass waste as 

feedstock. The feedstock undergoes milling as the pretreatment process. 

2.4 Pyrolysis of waste biomass 

Pyrolysis is an endothermic thermochemical process that converts organic 

material into useful energy products by heating the biomass to around 500 °C 

in the absence of oxygen (A. V. Bridgwater 2012). The pyrolysis of biomass 

generates three main products: bio-oil, biochar, and syngas. All the pyrolysis 

products can produce heat and power, both individually and simultaneously 

(A. V. Bridgwater 2002). The bio-oil produced from pyrolysis can also be 

upgraded to liquid fuels as an alternative to fossil fuels (Wright et al., 2010). 

However, recent developments show that vapors obtained from pyrolysis can 

also produce biomethane. Görling et al. (2013) studied the possibility of 

converting pyrolysis vapors to biomethane and found that the process is tech-

nically more feasible than upgradation of bio-oil to transport fuels.  
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2.5 Biorefineries 

The IEA Bioenergy Task 42 defines biorefinery as “sustainable processing 

of biomass into a spectrum of marketable products and energy.” (IEA 

Bioenergy 2009). In simpler terms, a biorefinery upgrades biomass into 

useful products by combining different conversion technologies that are 

suitable for specific substrates or feedstocks. The first step in a biorefinery is 

usually pre-treatment of waste biomass followed by conversion into useful 

products, by thermochemical or biochemical processes such as combustion, 

gasification, pyrolysis and anaerobic/aerobic digestion. The useful products 

are then upgraded for final consumption. The biorefinery can synthesize 

various products such as heat, power, biofuels and chemicals, depending on 

the demand. 

Traditionally, biorefineries have been associated with biochemical 

processes only; however, nowadays a biorefinery also includes thermo-

chemical technologies. Biorefineries are also gaining attention among re-

searchers owing to the possibility of simultaneously adding value to diverse 

feedstock and producing multiple products (Fatih Demirbas 2009). In 

general, newly designed biorefineries should be able to produce diverse 

products with the integration of multi-step processes, both in series and 

parallel. 

2.6 Integrated biorefineries through process 
integration 

The IEA defines process integration as "systematic and general methods for 

designing integrated production systems, ranging from individual processes 

to total sites, with special emphasis on the efficient use of energy and 

reducing environmental effects" (Gundersen 2013). The process integration 

concept has previously been categorized as only heat and mass integration in 

standalone processes to improve their efficiencies. Nowadays, total site inte-

gration and total chain integration are gaining attention as terms among 

researchers who are designing novel processes by not only integrating the 

core elements within the existing process, but also trying to find new ways to 

integrate new processes with existing ones and integrating feedstock and 

products among processes (Raissi 1994). Hence, process integration now 

includes better utilization of waste feedstock, combination of two or more 

processes to produce similar products, and utilizing the products of one 

process as the raw material for another one. Monacada et al. (2016) state that 

process integration can be carried out in three ways:  
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(i) Feedstock integration

(ii) Integration of technologies

(iii) Integration of products.

Integration of technologies is further divided into three levels: heat inte-

gration, mass integration and process intensification. Pham et al. (2012) 

described another possibility of process integration through property inte-

gration, which is a holistic approach to distribution and manipulation of inter-

mediate streams and byproducts within the processes for better results. 

Figure 5 shows that the biorefineries are still at the edge of the research 

and development phase. One of the main challenges in designing 

biorefineries is to increase the overall energy efficiency and maximize 

economic performance. Process integration tools provide an opportunity to 

introduce new processes in existing industries by transferring heat, mass, 

feedstock or byproducts from one process to another. Process integration can 

help to increase the energy returns of these biorefineries by exchanging 

energy among these processes. Designing biorefineries by integrating new 

processes with existing industries is also advantageous in many aspects such 

as (Hackl et al., 2010): 

 Existing infrastructure can be used.

 Excess heat can be transferred from one process to another process.

 Various types of feedstock can be used at the same facility.

 Byproducts from one process can be used in the other process.

 Existing workforce and knowledge can be beneficial.

 Integration provides more flexibility regarding operation and

products.

Integration of processes with existing technologies is feasible when the 

integrated process provides more benefits than the standalone processes, both 

in technical and economic terms. However, to carry out the modifications 

through process integration or retrofit of an existing facility with new 

technologies, the new process must have some of these objectives: increasing 

the capacity of existing facilities, efficient utilization of raw material, 

reduction in the use of material utilities, or enhancement of desired products 

(Klemeš et al., 2013). In parallel with technical benefits, process integration 

should also result in economic benefits; for instance, an increase in cost 
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savings and net annual revenue, net present value, and rate of return on 

investment. 

2.7 Integration of gasification with existing 
CHP plants 

The gasification process is an energy-intensive process and requires external 

heat and electric power to operate (Ahmad et al., 2016). The required heat 

needs to be produced on site for the standalone gasification plant. However, 

the integration of biomass gasification with the CHP plant can provide the 

necessary heat and increase the overall efficiency. Few studies have focused 

on the techno-economic benefits of the integrated concept. These studies 

(Borji et al., 2015; Daianova et al., 2 012; Fryda et al., 2008; Galanti et al., 

2011; Gustavsson and Hulteberg 2016; Naqvi et al., 2016; Stefan Heyne 

2007) analyzed the technical feasibility of integrating biomass gasification 

with CHP plants. Heyne et al. (2007) evaluated the impact of integrating 

gasification in a steam cycle using the DFBG reactor. They integrated the 

fluidized bed combustor of the CHP plant with a fluidized bed gasifier to 

transfer the unreacted char from gasifier to combustor and provide the 

necessary heat. They reported an overall increase of efficiency for the 

integrated CHP–gasification process compared to the standalone process. 

Gustavsson et al. (2016) studied the techno-economic potential of combining 

gasification and existing CHP plants for liquid biofuels production and 

reported an overall increase in energy efficiency. Fahlen et al. (2009) 

investigated the integration of biomass gasification with a natural gas-fed 

CHP plant and found that the integrated approach was economically feasible. 

Difs et al. (2010) also reported economic benefits for all stakeholders when 

integrating biomass gasification with district heating systems. However, they 

also concluded that the economic benefits are largely dependent on energy 

policy instruments. Wetterlund et al. (2010) determined the effect of different 

economic policies on the feasibility of integrating biomass gasification with 

district heating systems. 

As described in section 2.3, gasification of biomass is carried out via 

different routes such as fixed or fluidized bed gasifiers and entrained flow 

gasification (Mckendry and Mckendry 2017). However, in the CHP–

gasification process integration, a different type of gasifier can be integrated, 

which may behave differently and have a different effect on the performance 

of the CHP. Previously, Heyne et al. (2013) compared the standalone per-

formance of an indirectly heated DFBG and a directly heated CFBG. They 

reported that the performance of both gasifiers was almost the same, with 

similar exergy efficiencies of 79–81 %; the only issue with the direct mode 
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was incomplete carbon conversion. However, according to Meijden et al. 

(2010), there is a large difference between the efficiencies of a standalone 

CFBG (58 %), an indirect-mode DFBG gasifier (64 %), and EFG (54 %) for 

the production of biomethane. Gassner et al. (2009) carried out thermo-

economic analysis of directly heated CFBG and indirectly heated DFBG 

gasifiers for the production of methane and reported that their standalone 

efficiency was 63–69 %. They further optimized the process and reported that 

the efficiency of the gasification process could be increased from 71 % to 

91 % by using polygeneration plants (Martin, Gassner Francois 2012). The 

biomass gasification process for biofuel production is a complex system, even 

on a standalone basis (Holmgren et al., 2016). Comparison of different gasi-

fiers from the reviewed literature shows the competitiveness of all the 

options, with efficiencies ranging from 58 % to 81 %; there is a lack of 

conclusive evidence to prefer one gasification technology over another for 

retrofitting with CHP plant operation, especially when considering variations 

in heat and power demand.  

2.8 Integration of pyrolysis with anaerobic 
digestion 

Integration of AD and pyrolysis offer an alternative approach by using 

different types of waste in an integrated biorefinery. Integration of AD with 

pyrolysis of lignocellulosic waste can offer the possibility of using different 

pyrolysis products in the digester to enhance biomethane production and 

increase overall efficiency. As mentioned in section 1.2, biochar addition to 

the anaerobic digester can increase biomethane production by 5–31 % (Cai et 

al., 2016; Inthapanya et al., 2012; Meyer-Kohlstock et al., 2016; Mumme et 

al., 2014; Torri and Fabbri 2014). The addition of biochar shortens the lag 

phase, minimizes ammonia-induced inhibition by acting as an adsorbent, and 

increases alkaline behavior. Thus, biochar can be used to increase the bio-

methane content in biogas by enabling the in situ upgrading of biogas (Shen 

et al., 2015). Hübner et al. (2015) went a step further by putting the aqueous 

liquor obtained from digested pyrolysis back into an anaerobic digester and 

found that it was biodegradable and could be digested to produce biogas. This 

example of the versatile nature and use of pyrolysis products indicates a high 

potential for feasible and beneficial integration of pyrolysis with AD. 

Most researchers studying the integration of pyrolysis and AD processes 

have considered the digestate as the potential feedstock for the pyrolysis 

process and found the integration of the processes to be technically feasible 

(Hübner and Mumme 2015; Monlau et al., 2016; Monlau et al., 2015). Righi 

et al. (2016) performed a life cycle assessment of the pyrolysis process 
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coupled with AD and concluded that a significant reduction of greenhouse 

gas emissions could be achieved through process integration. Fabbri et al. 

(2016) reviewed different ways to integrate pyrolysis with AD and found that 

upgrading of pyrolysis products via AD could increase energy recovery. 

Furthermore, a non-biodegradable fraction of MSW can be used to increase 

the biomethane yield. However, these previous publications mainly focused 

on experiment-based studies. Moreover, the utilization pathway of other 

pyrolysis products, such as bio-oil and syngas, was not addressed thoroughly, 

and little attention was given to the heat demand and economic benefits of the 

integrated pyrolysis and AD processes as a whole. 
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3 Overview of the studied 
integrated systems 

This chapter describes the research framework and process configuration 

schemes developed for integrated biorefineries to produce biomethane. 

RQ1 is concerned with finding novel ways of utilizing waste through inte-

grated biorefineries to produce biomethane. Following the detailed literature 

review, two main cases have been identified as follows: 

Integration of gasification with an existing CHP plant to utilize the excess 

heat from the off-peak hours for biomethane production. 

Pyrolysis of non-biodegradable lignocellulosic waste separated from 

biodegradable waste in an existing AD plant and integration of both 

processes by utilizing the pyrolysis products for biomethane production. 

Design and analysis of process integration of new technologies with esta-

blished ones require several tools and steps, which must be applied in series 

or in parallel to achieve the desired results. In this thesis, the integrated 

processes are designed by considering that all fractions of feedstock must aim 

to produce biomethane. Both mass and heat integration approaches are used 

to design process configurations. Technical and economic assessment is 

carried out for the integrated biorefineries, using annual operational data for 

real plants. The research framework, shown in Figure 6, is specifically 

designed to answer the three RQs presented in Chapter 1. 
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Figure 6: Research framework followed in this thesis 

3.1 Case 1: Process integration of gasification 
with an existing CHP plant (Paper I) 

A boiler in an existing CHP plant, located in Västerås, Sweden, was selected 

as a reference plant, and the results of the studies are presented in Paper I. 

The CHP plant has a bubbling fluidized bed boiler and combusts RDF waste 

as primary fuel. The process scheme of a CHP plant is shown in Figure 7. 

The key operating data of the CHP plant are reported in Table 1. For the 

integration of CHP with gasification, it is assumed that steam is extracted 

from the CHP plant for drying, gasification, tar reforming, and the water gas 

shift (WGS) reactor. Heat is also recovered as steam (at the inlet conditions 

of the steam turbine) from downstream gasification processes, i.e. from the 

syngas cooling, exothermic methanation reactor.  

Literature review

-Gasification.
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-Process integration tools.
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- State of the art technology.

- Process plant data.

Knowledge gap identification
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Scenarios

4- Catalytic methanation of pyrolysis vapors to 
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5- Biomethanation of syngas from pyrolysis to 

produce biomethane while bio oil is condensed 

as a separate product.Scenarios

1- Flexible size gasifier with CHP prefers 

district heat and power over biomethane. 

2- Flexible size gasifier with CHP prefers 

district heat and biomethane over power.

3- Fixed size gasifier.

Different types of gasifier for 
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Table 1: Main operating parameters of the CHP plant (Mälarenergi AB 2016) 

Parameters Values 

Boiler max steam capacity, kg/s 56 

Steam turbine inlet pressure, bar 70 

Steam turbine inlet temperature, oC 470 

Boiler efficiency, % 90 

Maximum heat generation, MW 102 

Maximum power, MW 48 

Heat from flue gas condensation, MW 30 

Electrical consumption of CHP, MW 3.3 

Power to heat ratio 0.44 

Electrical efficiency, % 30 

Figure 7: Configuration of the base case CHP plant 

Case 1 (a): DFBG integrated with CHP plant 

Gobi gas and Gussing technology (E4tech 2009) is used as a reference for the 

indirectly heated DFBG. In CHP–integrated dual-bed gasification (Figure 8), 

hotbed material and unreacted char is circulated between gasifier and 

combustor to provide the necessary heat for gasification. In this study, the 

gasification bed operates at 850 °C, and the combustor bed is considered as 

the existing boiler in the CHP plant. The steam is used as a gasification 

medium in the gasifier. Owing to the separation of the gasifier and combustor 

reactors, there is no requirement for an ASU in the DFBG. 
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Figure 8: Case 1 (a) Process integration configuration of dual fluidized bed 
gasifier with CHP plant 

Case 1 (b): CFBG with CHP plant 

The plant configuration for CFBG is based on the Lahti gasification 

technology (E4tech 2009). The design is modified and integrated with the 

CHP plant as shown in Figure 9. The circulating fluidized gasifier operates at 

850 °C. The ASU is employed for oxygen-blown gasification to obtain a 

nitrogen-free syngas. However, the use of oxygen in the gasifier can increase 

the risk of agglomeration of bed material and cause the formation of local hot 

spots, which can interrupt the smooth operation of the CFBG (Visser et al., 

2008). Steam is imported from the CHP plant to the gasifier.
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Figure 9: Case 1 (b) Process integration configuration of circulating 
fluidized bed gasifier with CHP plant 

Case 1 (c): EFG with CHP plant 

According to Energy research Center of the Netherlands (ECN), the feed for 

EFG should be made up of very fine particles, hence waste biomass must be 

ground to meet this requirement. They further state that torrefaction is the 

most suitable pre-treatment method for EFG of waste biomass (Drift et al, 

2004). After torrefaction, biomass usually loses about 30 % of its mass and 

10 % of its energy on a higher heating value (HHV) basis (Drift et al., 2004). 

The electric power required for torrefaction is assumed to be 1 % of biomass 

LHV. Waste is reduced to 0.1 mm particles, and the required grinding power 
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Figure 9: Case 1 (b) Process integration configuration of circulating 
fluidized bed gasifier with CHP plant 
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Figure 10: Case 1 (c) Process integration configuration of entrained flow
gasifier with CHP plant 

3.2 Case 2: Pyrolysis process integration with 
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Figure 11 shows the plant configuration of the reference standalone processes 

for a biodegradable and lignocellulosic fraction of MSW. In the reference 

case, the waste is source-separated in the form of biodegradable and 

lignocellulosic waste. The biodegradable fraction is converted to biomethane 

through an AD process whereas lignocellulosic waste is sent for incineration 

for heat and power generation. 

Figure 11: Waste utilization after source-separation in base standalone 
processes 
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For AD, real plant data were collected and used. The biogas plant, Växtkraft, 

is located in Västerås, Sweden. This plant has an annual capacity of 15,000 

MWh of biogas. The plant utilizes source-separated organic waste in addition 

to industrial waste such as grease and ley crop as feedstock in the digestion 

process (Esteves 2007). The operational data of the AD plant and other 

important operational data are presented in Table 2. 

Table 2: Main operational data of the AD plant (Esteves 2007; Li et al., 2013) 

Parameters Value 

Total feedstock, (t/yr) 23,000 

Lignocellulosic waste, (t/yr) 10,000 

Biomethane production, (MWh) (t/yr) 15,000 (2805) 

Heat demand, (MWh) 1,753 

Electric power required, (MWh) 1,485 

Case 2 (a): Pyrolysis integration with anaerobic digestion 
and catalytic methanation of pyrolysis vapors (Paper II) 

Figure 12 shows the configuration of integrating pyrolysis and AD as 

presented in Paper II. The pyrolysis process configuration has been adapted 

from Ringer et al. (2006) and Shemfe et al. ( 2015). The biochar obtained 

from pyrolysis is utilized to fulfill the heat demand of pyrolysis processes 

such as the pyrolyzer and dryer. Biochar is also sent to the digester as an 

adsorbent to enhance biomethane production. The remaining vapors from the 

pyrolyzer are reformed and then converted to biomethane via catalytic 

methanation. 
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Figure 12: Process configuration of the novel process integration of 
pyrolysis with AD 

Case 2 (b): Pyrolysis integration with anaerobic digestion 
and biomethanation of syngas from pyrolysis vapors 
(Paper III) 

Paper III deals with the modelling and simulation of hydrogen and syngas 

biomethanation when added to the digester. However, in this thesis, the 

developed model has been implemented to design the pyrolysis–AD process 

integration through biomethanation of syngas (Figure 13). In this scenario, 

the biomethanation route is selected to utilize syngas produced from pyro-

lysis. Biomethanation is the production of biomethane through biologically 

catalyzed reactions. Biological methanation is carried out in the presence of 

methanogenic archaea, which uses acetate, carbon dioxide and hydrogen as 

substrates (Guneratnam et al., 2017). The syngas itself can be used as a 

substrate for the biological conversion to biomethane (Klasson et al., 1992). 

The vapors obtained from pyrolysis are condensed, and bio-oil is stored for 

transportation whereas syngas is injected into an external reactor with the 

biogas from AD for biomethanation. 
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Figure 13: Integration of pyrolysis with AD through biomethanation of syngas 
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4 Methodology 

This chapter discusses the methodology adopted to achieve the objectives and 

answer the RQs presented in Chapter 1.  

The studied integrated biorefineries are intended to convert the waste into 

biomethane with higher energy efficiency and provide cost-effective 

solutions. Technical and economic indicators are used to assess the 

performance of the integrated biorefineries. Chapter 3 describes the two 

integrated biorefinery configuration cases. Case 1 deals with the integration 

of gasification with an existing CHP plant (Paper I), whereas in case 2, 

pyrolysis is integrated with an existing AD biogas plant (Papers II and III). 

Case 1 is then further analyzed by integrating the CHP with three different 

gasifiers. Figure 8, 9 and 10 present the layouts, which are modelled and 

simulated, and the results are presented in Paper I. The process layout for 

case 2 is presented in Figure 12 and 13, and the results of the simulation are 

presented in Paper II and Paper III, respectively. 

Process models are created for the new thermochemical processes and the 

existing processes with the Aspen Plus® tool (2016). The models are then 

integrated to perform simulations under numerous operational scenarios to 

estimate the most technical and cost-effective solutions. When making the 

process model for system analysis, it is very important to define all the base 

cases and scenarios used for assessments; these include a set of assumptions. 

The appended papers contain all the assumptions and parameters used for 

modelling and simulation. This thesis includes only the main assumptions and 

boundary conditions explained below.  
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4.1 Process modelling and simulation 

Case 1: CHP–gasification process integration for heat, 
power and biomethane production (Paper I) 

Steam drying was used to dry RDF waste from 40 % to 10 % moisture 

content. The CHP plant provided the steam for drying. Dried RDF waste was 

then gasified to generate syngas. This work considers three different gasifiers: 

DFBG, CFBG and EFG (described in detail in chapter 2 and 3). The gasifiers 

are integrated with the CHP plant. The model for the gasification process was 

developed using a method adapted from Abdelouahed et al. (2012) and 

Beheshti et al. (2015). 

The gasification process was divided into sub-models, including devola-

tilization, gasification and combustion sections. For the estimation of devola-

tilization products, temperature-dependent correlations from Abdelouahed et 

al. (2012) were used and applied in the model. After devolatilization, the 

products undergo homogeneous and heterogeneous gasification reactions 

with steam and oxygen as oxidizing agents; these were modelled by con-

sidering the first-order reactions along with their reaction kinetics, adapted 

from  Abdelouahed et al. (2012) and Beheshti, et al. (2015). Steam to biomass 

ratio of 0.4 and equivalence ratio of 0.26 were considered for the gasification 

process, optimum values suggested by Mirmoshtaghi et al. (2016). 

Post-treatment of syngas includes tar reforming, cooling, WGS reactor 

and cleaning. In the model, the CHP plant exports the steam required for tar 

reforming and the RStoich block of the Aspen Plus was used to model the tar-

reforming reactor. For simplicity, it was assumed that all of the tar produced 

is reformed to CO and H2 (Heyne, et al., 2013). The waste heat was recovered 

in the form of superheated steam at the inlet conditions of the steam turbine 

of the CHP plant by cooling the syngas to 350 °C. For the synthesis of 

biomethane, the H2/CO ratio of syngas should be equivalent to 3. The WGS 

rector was modelled by the RGibbs block of Aspen Plus by considering the 

equilibrium conditions. The WGS reaction takes place at ~350 °C, using the 

steam from the CHP plant and adjusts the H2/CO ratio of the syngas. The 

design block of Aspen Plus adjusts the steam to obtain the required H2/CO 

mole ratio for the WGS reactor. After the WGS reactor, H2S and CO2 are 

removed from the syngas in the acid gas removal (AGR) section. Syngas 

cleaning through AGR was only modelled to estimate the heat balance, and 

for simplicity it was assumed that there is 100 % removal of H2S and 98 % 

removal of CO2. Syngas is then compressed to 6 bar and converted to bio-

methane via the methanation process, which was modelled as an equilibrium 

reaction through the RGibbs block of Aspen Plus. The methanation process 
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takes place at 300 °C. The process is exothermic, and heat is recovered to 

ensure that the reaction proceeds in the forward direction. The recovered heat 

is sent back to the CHP plant in the form of steam. The biomethane is purified 

through pressure swing absorption (PSA) and the gas is then dried to obtain 

98 % pure biomethane. 

The CHP plant was modelled and calibrated with reference plant data. The 

RStoic block of Aspen Plus was used to model the combustor of the CHP 

plant. 20 % excess air is fed into the combustor. The air is preheated to 250 oC 

using the heat of the exhaust flue gases from the heat recovery steam 

generation (HRSG) section. The HRSG was modelled by three heat ex-

changer blocks named economizer, evaporator and superheater. The econo-

mizer heats the incoming water at 70 bar to 150 oC; the outlet of the eva-

porator was modelled as 100 % water vapor. The superheater then heats the 

steam to 470 oC. The steam turbine operates at an isentropic efficiency of 

80 % and a mechanical efficiency of 95 %. 

Case 2: Pyrolysis–anaerobic digestion process integration 
to enhance biomethane production 

(a) Pyrolysis–anaerobic digestion integration catalytic methanation 
route (Paper II) 
The lignocellulosic waste is reduced to a particle size of <2 mm in a grinder. 

The power required for the grinding process was set at 67 kWh/ton of fuel 

(Ringer et al., 2006). Before the pyrolysis step, the lignocellulosic waste is 

dried to 10 % moisture content from an initial 40 %. The heat required for 

drying was assumed to be provided by the heat recovered from the hot vapors 

obtained after the pyrolysis process. 

Pyrolysis is performed at 500 °C in a circulating fluidized bed reactor, in 

which sand is used as the heat transfer medium, and is circulated between the 

pyrolysis reactor and the combustor reactor. Pyrolysis is an energy-intensive 

process and requires a considerable amount of heat to occur without 

disturbance. The heat of the reaction is reported to vary from 1 to 2.2 MJ/kg 

(Görling et al., 2013, Ringer et al., 2006, Daugaard et al., 2003). In this study, 

the higher value, i.e. 2.2 MJ/kg, was assumed, to incorporate any heat losses. 

The biochar produced from the pyrolysis process is added to the digester as 

5 % of the daily organic loading rate. The rest of the biochar is combusted to 

provide the necessary heat for the pyrolysis process. The process used for the 

production of biomethane from the pyrolysis vapors is adapted from Görling, 

et al. (2013). The conversion of pyrolysis vapors to biomethane involves re-

forming, a WGS, and methanation reactors, followed by the removal of 
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carbon dioxide. The vapors are separated from the biochar and reformed at 

600 °C to produce syngas. The syngas produced after reforming is com-

pressed to 6 bar and converted to biomethane in a methanation reactor at 

300 °C. Methanation is an exothermic process, and the heat released must be 

removed from the process to ensure a forward reaction. The water is then 

condensed, and biomethane is upgraded via PSA. The pyrolysis process was 

modelled by method adapted from (Shemfe et al., 2015). The reforming and 

methanation processes were simulated by considering the equilibrium con-

ditions. In the design and simulation of the compressor, the heat exchangers 

and biomethane upgrading via PSA were not considered, as they are outside 

the scope of this work. The biomethane content in the final stream was 

assumed to be 98 %.  

(b) Pyrolysis–anaerobic digestion integration biomethanation route 
(Paper III) 
Paper III describes the model for biomethanation of syngas in an ex situ 

reactor. In this thesis, the developed model is used to design a new process 

scheme. Pyrolysis is integrated with the AD process by following the layout 

depicted in Figure 13. The pyrolysis process was modelled by following the 

procedure described in the previous section. The biomethanation of syngas 

based on the model described in Paper III was then integrated with the 

pyrolysis and AD process. First, the simulation of AD process was developed 

through a method adopted from Rajendran et al. (2014) and Angelidaki et al. 

(1999). The model predicts the mass flow of biogas and biomethane and CO2 

concentration in biogas, from the organic substrate by the carbohydrates, 

proteins, lipids and water content. The model was then modified to introduce 

the syngas into the process. The reactions (R1–R4) listed below were added 

to the model to convert the syngas to biomethane biologically by minimizing 

their respective Gibbs free energy using the RGibbs block of Aspen Plus. 

Syngas biomethanation follows the conversion of CO2 to acetate. This is then 

followed by conversion of acetate to biomethane via the following reactions 

(Navarro et al., 2016). 

4H2 +2CO2 → CH3COOH+2H2O (ΔG = −104 kJ/mol) R1 

CH3COOH+2H2O→4H2 +2CO2 (ΔG = 95 kJ/mol) R2 

4CO + 2 H2O → CH3COOH + 2CO2 (ΔG = −176 kJ/mol) R3 

CH3COOH→CH4 +CO2 (ΔG = −31 kJ/mol) R4 
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4.2 Performance indicators (RQs 1, 2, and 3) 

This section describes the performance indicators that are designed to answer 

the research questions presented in Chapter 1. 

4.2.1 Scenarios to assess CHP–gasification integration 
(Paper I) 

Three different operational scenarios for CHP–gasification integration, 

described below, are established to answer RQ 2 (a). The processes were 

simulated with defined operational scenarios (RQ 2 (b)) to measure and 

compare the technical feasibility of integrating gasifiers with CHP plants to 

produce biomethane. 

Reference scenario for CHP–gasification integration: The monthly 

heat and power production from the CHP plant were taken as identical to the 

annual production of the reference CHP plant in 2016, shown in Figure 17.  

Scenario 1:  In this scenario, the CHP plant operates at full load. The CHP 

plant generates district heat and electric power as per the reference CHP plant. 

The flexible gasifier capacity is selected according to this scenario. The 

gasifier and biofuel production only utilize the excess heat from the CHP 

plant. Heat and power are considered the primary products, with biomethane 

as a byproduct. 

Scenario 2: The CHP plant operates at full load throughout the year. 

However, CHP covers only the district heat demand per the reference 

scenario. Electric power is not considered as a primary product. The flexible 

gasifier capacity is selected for this scenario. The gasifier and biofuel 

production utilize the excess heat from the CHP plant after the plant has 

fulfilled the district heat load. Heat is still considered as the primary product, 

but the biomethane is prioritized over electric power in this scenario. 

Scenario 3: The CHP plant operates to fulfill the district heat demand as 

per the reference scenario, and the CHP plant is integrated with a gasifier with 

a fixed capacity for biomethane production. The capacity of the gasifier is set 

at 40 MW after several simulations to check the maximum gasifier capacity 

that can be integrated with a 170 MW CHP plant without disturbing the heat 

demand of the plant. Production of biomethane is again prioritized over 

electric power in this scenario. 

The scenarios are integrated with the three selected gasifiers:  

(a) Indirectly heated dual fluidized bed gasifier (DFBG). 

(b) Directly heated circulating fluidized bed gasifier (CFBG). 

(c) Entrained flow gasifier (EFG). 
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The energy efficiency of the whole process configuration is used as the 

critical performance indicator to assess and compare the performance of the 

systems. Eq. 1 is used to calculate the energy efficiency in each scenario: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐻𝑒𝑎𝑡+𝑃𝑜𝑤𝑒𝑟+𝐵𝑖𝑜𝑚𝑒𝑡ℎ𝑎𝑛𝑒

𝑊𝑎𝑠𝑡𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛𝑝𝑢𝑡
 (1) 

where Power is the electric power output from CHP plant in MW, Heat is the 

amount of district heat in MW, Biomethane is the output from the integrated 

gasifier and methanation plant in MW, and Waste biomass is the input 

feedstock for both CHP and gasifier plant in MW. 

4.2.2 Scenarios to assess pyrolysis–anaerobic digestion 
integration (Paper II and Paper III) 

To answer RQ3, i.e. assessment of the technical benefits of pyrolysis and AD 

integration processes, two cases are described in detail in chapter 3, however 

to maintain consistency in thesis they are now described as scenarios 4 and 5 

as follows: 

Scenario 4: Pyrolysis–AD with catalytic methanation of pyrolysis 

vapors to biomethane. 

Scenario 5: Pyrolysis–AD with biomethanation of syngas from pyro-

lysis to biomethane. 

Equation 2 is used to estimate the thermodynamic performance of the whole 

integrated process: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑏𝑖𝑜𝑚𝑒𝑡ℎ𝑎𝑛𝑒 + 𝑒𝑥𝑐𝑒𝑠𝑠 ℎ𝑒𝑎𝑡

(𝑙𝑖𝑔𝑛𝑜𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒+𝑏𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑙𝑒)𝑤𝑎𝑠𝑡𝑒+ℎ𝑒𝑎𝑡 𝑎𝑛𝑑 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
 (2) 

All the above terms are estimated in MW. The two scenarios correspond to 

the two studied pathways of the pyrolysis–AD integration. 

4.2.3 Economic analysis approach 

RQ 2 (b) and RQ 3 also address whether the investment in integrated 

biorefineries is attractive and the economic potential of the scenarios 

described above is determined and compared. The detailed economic analysis 

of the polygeneration systems is described in Paper I and Paper II, following 

the procedure explained by Turton et al. (2009). The individual base costs 
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were taken for a particular capacity from previously published data 

(Holmgren et al., 2015, Kohl et al., 2015). All costs were expressed in Euros. 

The maximum capacity of the equipment was used as the capacity for each 

scenario. The cost of the equipment was then scaled using equation (3).  

𝐶𝑜𝑠𝑡 𝑠𝑦𝑠𝑡𝑒𝑚 =  𝐶𝑜𝑠𝑡 𝑏𝑎𝑠𝑒 (
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑏𝑎𝑠𝑒

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑠𝑦𝑠𝑡𝑒𝑚
)

𝑛

(3) 

where base cost and capacity were taken from the published literature and n 

is the scaling factor, which ranges between 0.6–0.8. 

To include the inflation and make cost estimates consistent with currency 

and current year, Chemical Engineering Plant Cost Index (CEPCI) was 

applied using equation (4) (Holmgren et al., 2015). For this thesis, CEPCI for 

the year 2016 was considered. The total module cost was determined using 

equation (3) and (4).  

𝐶𝑜𝑠𝑡€,Year X =  𝐶𝑜𝑠𝑡€,Year Y × 
𝐶𝐸𝑃𝐶𝐼𝑌

𝐶𝐸𝑃𝐶𝐼𝑋
(4) 

Indirect costs of 30–50 % of capital investments were added for each module 

to calculate the total capital investment (TCI)  (Timmerhaus, and West 1991). 

Contingency and retrofitting costs of 20 % each were also added to determine 

the fixed capital investment (FCI), while working capital investment (WCI) 

was assumed to be 15 %  of FCI (Timmerhaus, and West 1991). The 

annualized investment cost (AIC) was calculated from equation (5): 

𝐴𝐼𝐶 = 𝑇𝐶𝐼 × 𝐶𝑅𝐹 (5) 

where CRF is the capital recovery factor, which was calculated by solving the 

following equation: 

𝐶𝑅𝐹 =  
𝑖(1+𝑖)𝑁

𝑖(1+𝑖)𝑁−1
(6) 

where i, which corresponds to the interest rate, was assumed to be ~8 %, and 

N denotes a project lifetime of 20 years with a construction period of 3 years. 

To assess the economic performance of process integration, economic 

indicators such as net annual profit (NAP), net present value (NPV), payback 

period (PBP), and the rate of return (ROR) were also estimated using 

equations 7, 8, 9 and 10, respectively. 

𝑁𝐴𝑃 =  𝑃𝑏𝑖𝑜𝑚𝑒𝑡ℎ𝑎𝑛𝑒. 𝐶𝑏𝑖𝑜𝑚𝑒𝑡ℎ𝑎𝑛𝑒 − 𝐼𝑤𝑎𝑠𝑡𝑒. 𝐶𝑤𝑎𝑠𝑡𝑒 − 𝐼𝑝𝑜𝑤𝑒𝑟 . 𝐶𝑝𝑜𝑤𝑒𝑟 − 𝑂&𝑀 (7) 
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𝑁𝑃𝑉 =  ∑
𝑅𝑡

(1+𝑖)𝑁

𝑁=𝑓𝑖𝑛𝑎𝑙
𝑁=0  (8) 

𝑃𝐵𝑃 =  
𝐹𝐶𝐼𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑏𝑙𝑒

𝑁𝐴𝑃
  (9) 

𝑅𝑂𝑅 =  
𝑁𝐴𝑃

𝑇𝐶𝐼
 % (10) 

where 𝐶𝑥 represents the annual cost in Euro/MWh of x, where x is bio-

methane, biomass or power; 𝑃𝑏𝑖𝑜𝑚𝑒𝑡ℎ𝑎𝑛𝑒 represents the production of bio-

methane in MWh per year, and 𝐼𝑥 is the consumption of x (waste biomass or 

power) used to run the gasification/pyrolysis process. The annual operating 

and maintenance (O&M) costs were taken as 4 % of FCI.  NPV is determined 

by the discounted cash flow method. In equation (8), Rt is the cash flow during 

the project life cycle, N and i denote the interest rate (8 %) used as the 

discount rate for analysis. The input values used for economic assessment are 

shown in Table 3.  

Table 3: Prices of inputs and outputs used for the economic analysis of 
process integration cases 

Prices Value Ref 

Waste biomass, Euro/MWh 20 (Swedish Energy Agency 2015) 

Electricity, Euro/MWh 50 (Nord Pool 2018) 

Heat, Euro/MWh 94 (Värmemarknad Sverige 2014) 

Biomethane, Euro/kg 1.97 (Holmgren et al., 2016) 

4.2.4 Sensitivity analysis 

When economic analysis for a new and pre-mature process is estimated, it is 

very important to measure and report the uncertainties of the technological 

advancements related to the process and the future variation in prices of raw 

materials and products. Sensitivity analysis provides a measure of the 

uncertainty by measuring the influence of selected parameters on economic 

indicators. The economic analysis in these studies was carried out using 

conservative assumptions for capital investments and raw material prices. 

The raw material used in this study is waste, which has very low cost, and in 

some cases the cost is negative (Sweden imports waste from other countries 

for treatment as a paid service (Naqvi et al., 2016)). However, in this analysis, 

the cost of waste was set as 20 Euro/MWh, a relatively high value. A 

sensitivity analysis was carried out to measure the influence of various 
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𝑁𝑃𝑉 =  ∑
𝑅𝑡

(1+𝑖)𝑁

𝑁=𝑓𝑖𝑛𝑎𝑙
𝑁=0  (8) 

𝑃𝐵𝑃 =  
𝐹𝐶𝐼𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑏𝑙𝑒

𝑁𝐴𝑃
  (9) 

𝑅𝑂𝑅 =  
𝑁𝐴𝑃

𝑇𝐶𝐼
 % (10) 

where 𝐶𝑥 represents the annual cost in Euro/MWh of x, where x is bio-

methane, biomass or power; 𝑃𝑏𝑖𝑜𝑚𝑒𝑡ℎ𝑎𝑛𝑒 represents the production of bio-

methane in MWh per year, and 𝐼𝑥 is the consumption of x (waste biomass or 

power) used to run the gasification/pyrolysis process. The annual operating 

and maintenance (O&M) costs were taken as 4 % of FCI.  NPV is determined 

by the discounted cash flow method. In equation (8), Rt is the cash flow during 

the project life cycle, N and i denote the interest rate (8 %) used as the 

discount rate for analysis. The input values used for economic assessment are 

shown in Table 3.  

Table 3: Prices of inputs and outputs used for the economic analysis of 
process integration cases 

Prices Value Ref 

Waste biomass, Euro/MWh 20 (Swedish Energy Agency 2015) 

Electricity, Euro/MWh 50 (Nord Pool 2018) 

Heat, Euro/MWh 94 (Värmemarknad Sverige 2014) 

Biomethane, Euro/kg 1.97 (Holmgren et al., 2016) 

4.2.4 Sensitivity analysis 

When economic analysis for a new and pre-mature process is estimated, it is 

very important to measure and report the uncertainties of the technological 

advancements related to the process and the future variation in prices of raw 
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conservative assumptions for capital investments and raw material prices. 

The raw material used in this study is waste, which has very low cost, and in 

some cases the cost is negative (Sweden imports waste from other countries 

for treatment as a paid service (Naqvi et al., 2016)). However, in this analysis, 

the cost of waste was set as 20 Euro/MWh, a relatively high value. A 

sensitivity analysis was carried out to measure the influence of various 
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parameters such as biomethane prices, variation in biomethane production, 

operating hours, TCI, and annualized costs on economic indicators (Table 4).  

Table 4: Changes in parameter values to measure the effect on the rate of 
return on investment 

Parameter Percent change to affect the ROR 

Biomethane production ± 25 % 

Biomethane cost ± 25 % 

Waste cost ± 25 % 

Total capital investment ± 25 % 

Operating and maintenance costs ± 25 % 
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5 Results 

This chapter describes the most important results from the appended papers 

with some additional findings. The results are categorized mainly to answer 

the RQs presented in the first chapter. The chapter concludes with a general 

discussion of the implications and potential contribution of these results. 

This chapter is divided into subsections. The first subsection answers RQ1 

and describes the overall energy efficiency of integrated processes as 

compared to standalone processes. RQ2 and RQ3 specifically address the 

technical potential and economic implications of pyrolysis–AD and CHP–

gasification integration, respectively. Different operational scenarios have 

been designed for the considered integrated configurations and have been 

studied to answer these RQs. Table 5 summarizes the process integration 

approaches and the scenarios used to evaluate them. The second and third

subsections answer RQ2 and RQ3. The economic results are also presented 

with sensitivity analysis of important variables on economic indicators.  
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Table 5: The integration approaches and different cases to assess their 
performance 

Process integration configurations

CHP–gasification integration Pyrolysis–AD 

DFBG CFBG EFG 

O
p

e
ra

ti
o

n
a

l 
s

c
e

n
a

ri
o

s

Scenario 1 CHP runs to fulfill heat and 
power from the reference case, 
and only excess heat is 
transferred to gasification*. 

N/A Paper I 

Scenario 2 CHP runs to fulfill only heat as 
per reference case, and excess 
heat is transferred to 
gasification*. 

N/A Paper I 

Scenario 3 CHP runs to fulfill only heat as 
per reference case, and excess 
heat is transferred to a 40 MW 
gasifier*. 

N/A Paper I 

Scenario 4 N/A Catalytic methanation 
of pyrolysis vapors** 

Paper II 

Scenario 5 N/A Biomethanation of 
syngas from 
pyrolysis** 

Paper III 

*Explained in detail in section 4.2.1 

** Explained in detail in section 4.2.2 

5.1 Process integration results (Papers I, II, III)

An integrated CHP–gasification system was studied in Paper I, and the 

energy balance results obtained are visualized in Figure 14. RQ1 addresses 

ways to efficiently integrate existing waste management industries with 

thermochemical processes. 

Energy balance results (Paper I) 

RQ1 considers the benefits of process integration with standalone processes, 

whereas RQ2 (a) considers whether the performance of the CHP plant is 

affected by integration with the gasification process. Figure 14 shows the 

results of the simulations for integrated systems. The reference case with a 

standalone CHP plant is also presented, and compared with CHP–gasification 

integration. Detailed simulation results are presented in Paper I.
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The standalone CHP plant has an efficiency of 81 %, and losses of 19 %. 

If the same amount of waste that is fed to the CHP plant is fed to the integrated 

biorefineries for heat, power, and biomethane production, the results show 

that DFBG is capable of producing 14 % more biomethane than CFBG and 

28 % more biomethane than EFG. EFG has a lower biomethane production 

than both CFBG and DFBG because of the torrefaction pretreatment, which 

reduces the mass of RDF waste feedstock by 10 %. All the heat and power 

required for gasification is transferred from CHP plant. As a result, the 

integrated CHP plant produces less power and heat. The reduction of heat and

power is less for DFBG than CFBG and EFG. The power from the CHP plant 

is reduced to a large extent in all the gasifier cases because of the assumption 

that the CHP plant fulfills the power required to run the gasification and 

methanation processes. CFBG and EFG require more power than DFBG due 

to the need for an ASU in the process. 

Figure 14: System descriptions for CHP–gasification process integration and
energy flow as a result of process integration. All the values are
presented as energy flow (i.e. 1 = 1 energy unit). 
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Energy balance results (Papers II, and III) 

To answer RQ1 and the first part of RQ3, i.e. technical benefits of the 

pyrolysis–AD integration as compared to the standalone AD process, the 

processes are simulated, and results are presented in Figure 15. A reference 

case was selected in which the lignocellulosic waste undergoes incineration, 

and biodegradable waste undergoes AD for biomethane production; this 

study is carried out in Paper II and Paper III. 

In scenario 4, pyrolysis of lignocellulosic waste produces biochar and 

vapors, and the vapors are upgraded to biomethane. The inputs used for 

pyrolysis (10,000 tons/yr) and AD (23,000 tons/yr) were taken from the 

reference biogas plant (Table 2). The results shown in Figure 15 normalize 

these figures to 100 for easy comparison. The results indicate a higher energy 

return using the pyrolysis path for lignocellulosic waste as compared to 

incineration. The results further show the good potential of the pyrolysis 

process for biomethane production even after considering the heat demand of 

the whole production process. 

In scenario 5, the syngas from pyrolysis undergoes biomethanation with 

biogas from the AD process. The total biomethane production increases by 

30 % as a result. The bio-oil obtained from lignocellulosic waste pyrolysis is 

collected separately.  
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Figure 15: System descriptions for energy flow in pyrolysis–AD process 
integration. (All the values are presented as energy flow, i.e. 1 = 1 
energy unit). 
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5.2 Annual biomethane potential through 
different operational scenarios (Papers I, 
II, and III)  

The process integration results show benefits in comparison to standalone 

processes. Integrated processes are also simulated using the annual reference 

plant data; this section describes the annual biomethane potential of thermo-

chemical processes when integrated with existing industries. 

RQ2 (b) considers the suitability of different types of gasifier from a 

technical and economic point of view. The results from Paper I, showing the 

technical potential of different gasifiers when integrated with the CHP plant, 

are presented in Figure 16. The integration of the different gasifiers integrated 

with the CHP plant has been evaluated technically through simulations, with 

different scenarios described in section 4.2.1. In Scenario 1, the CHP plant 

operates at full capacity for the whole year, and the corresponding gasifier of 

flexible capacity utilizes all the excess heat, but the average district heat and 

power production is not changed from the reference scenario. The average 

yearly production of biomethane obtained is 288 GWh for the DFBG, 240 

GWh for the CFBG and 184 GWh for the EFG. However, the higher capacity 

available for the DFBG to produce biomethane comes at the expense of 

higher consumption of waste biomass as input, i.e. an average of 1576 GWh 

average, similar to that for the CFBG, but higher than for the EFG (1552 

GWh). It is also notable that all gasifier-based integrated biorefineries in 

scenario 1 show lower efficiencies (73–76 %) than the standalone CHP 

system (81 %), which indicates that integrated biorefineries are less efficient 

when electric power production is prioritized over biomethane production in 

an integrated process. 

The simulation results for scenario 2 show that the CHP can provide 

almost double the amount of heat to the gasifiers while fulfilling the district 

heat demand when electric power is not considered as a primary product. The 

DFBG can produce about 544 GWh of biomethane, but at the same time the 

electric power production is reduced to 248 GWh instead of the 302 GWh 

that is produced in the reference scenario. Similarly, biomethane outputs from 

the CFBG and EFG are 504 GWh and 432 GWh, respectively. The amount 

of biomethane produced increases at the expense of power production in both 

scenarios, but the effect is more evident with the EFG, where the average 

power production is reduced to 224 GWh. The high biomethane production 

in scenario 2 also requires high consumption of waste biomass. The con-

sumption of waste for the DFBG is 1696 GWh, approximately 40 % higher 

than the average consumption in the CHP plant without gasification. The 

efficiencies in scenario 2 are higher than for the standalone CHP system for 
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both DFBG and CFBG, i.e. 85 and 81 %, respectively, whereas the EFG 

results in lower energy output (i.e. 77 %). 

In scenario 3, a fixed-size gasifier of 40 MW is integrated with the CHP 

plant. The CHP plant produces an average monthly heat output equivalent to 

the reference scenario: the effect of the gasifier on the heat output is 

considered negligible. The results show that all the gasifiers can run at full 

capacity for 10 months of the year without disturbing the heat production 

from the CHP plant. The DFBG system also shows higher biomethane 

production and displays higher efficiency (84 %) than CFBG (80 %) and EFG 

(79 %). 

The simulation results for annual production of biomethane by integration 

of pyrolysis and AD are presented in Paper II and Paper III. Overall, they 

show a good potential for enhancing biomethane using the pyrolysis process, 

even after considering the heat demand of the whole production process. The 

simulations estimated that the overall heat requirement for the process was 

equivalent to approximately 25 % of the lignocellulosic waste input. The 

overall amount of biomethane produced by the pyrolysis process alone was 

approximately 24.7 GWh annually. The overall efficiency of the integrated 

process, i.e. 67 %, was significantly higher than that of the independent AD 

process (i.e. 52 %). In scenario 5, biomethane production increases from 15 

GWh annually to 19 GWh, with 17 GWh of bio-oil production. The overall 

efficiency of the biomethanation route is ~57%. However, the main drawback 

of the biomethanation route is the production of bio-oil, which has to be 

transported to another facility for upgradation. 
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Figure 16: Annual production potential and respective energy efficiencies of 
the studied process integration configurations  

5.3 Operational limitations of the CHP plant 
during different seasons for biomethane 
production (Paper 1) 

One aim of RQ2 (a) was to determine the extent to which the operation of 

the CHP plant is affected by the integration of gasification. The results of the 

energy balance show that the heat and power output from the CHP decrease 

as a result of the integration. However, to obtain a more detailed picture, the 

simulations were carried out taking the seasons into account in the scenarios 

defined above; the results are presented in Paper I. 

The results of simulation of monthly heat, power and biomethane 

production in the studied scenarios are presented in Figure 17 and Figure 18. 

The CHP plant operates at nearly full capacity from November to December 

and January to February. The monthly results provide an overview of the 

variation of the production potential of biomethane in the different seasons. 

Spring and summer provide an opportunity to utilize the excess heat from the 

CHP plant with better control. In scenario 2, where district heat and 

biomethane are prioritized over electric power generation, production of 

biomethane is higher than in scenario 1, where electric power is prioritized 
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over biomethane. The higher production of biomethane in specific months 

(mainly during spring and summer) also results in an increased demand for 

RDF in those months.  

Reference case 

 
Figure 17: Monthly heat and power production of the reference standalone 

CHP plant 
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5.4 Economic results (Papers I, II, and III) 

This section presents the economic performance of both CHP–gasification 

integration and pyrolysis–AD integration in the scenarios described above. 

For ease of comparison, the results are presented in one graph. The results are 

also expressed in terms of MWh of biomethane produced for better 

comparison of all studied scenarios. The total capital costs required to install 

these processes is presented first, followed by the production costs of 

biomethane for all studied scenarios. Net present value (NPV), payback 

period (PBP) and rate of return (ROR) are presented. The uncertainty in 

economic performance is then illustrated using sensitivity analysis of 

important variables on the ROR for all the processes.

Figure 19 shows the capital costs for integrated CHP–gasification and 

pyrolysis–AD processes per MWh of biomethane produced, where TCI is 

determined for all studied cases and scenarios. For CHP–gasification, capital 

costs vary among the different scenarios. The results indicate that DFBG 

requires comparatively lower capital investment than CFBG or EFG due to 

the additional requirement of the ASU for both CFBG and EFG gasifiers and 
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Figure 19: Total capital investments of studied system configurations 

To further assess the economic potential of these processes, other important 

economic indicators such as production costs for biomethane, NPV, ROR, 

and PBP have been estimated. Production costs for all the integrated scenarios 

are presented in Figure 20. The current selling price of biomethane in Sweden 

(considered as average of recent years i.e. 128 Euro/MWh) is also shown in 

the graph. DFBG, CFBG and pyrolysis with catalytic methanation routes are 

capable of producing biomethane with lower production costs than the current 

market price. EFG and pyrolysis with the biomethanation route produce 

biomethane at higher costs than the current biomethane price due to the lower 

biomethane production. In CHP–gasification integration, for scenario 2 and 

3, in which heat and biomethane are considered as the main products at the 

expense of electric power, the production costs are lower than for scenario 1, 

where biomethane is a secondary product and power and heat are primary 

products. 
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Figure 20: Biomethane production costs for studied process integration 
configurations 

Figure 21 and Figure 22 shows the comparative visualization of economic 

results as NPV, PBP and ROR for all the scenarios studied in this thesis. For 

a project to be economically feasible, it should have a high NPV and low 

PBP, while the rate of return on investments must be higher than the 

discount rate. The discount rate selected in this thesis is 7 % as used by 
Swedish Energy agency in their economic assessment reports. Hence, RORs 

for the studied options are compared using this discount rate. 

The DFBG shows better economic performance than the other options 

for all the operational scenarios. However, the fixed 40 MW DFBG gasifier, 

(i.e. scenario 3) achieves a high NPV of 252 Euro/MWh and a ROR of 

13 %, while ROR for the CFBG is 9 % and that for the EFG is 5 % in 

the same scenario. The NPV per MWh of biomethane is significantly 

higher for the fixed size DFBG and CFBG gasifiers in scenario 3 than in 

scenario 1 and scenario 2, in which the gasifier capacity is fixed. The EFG 

shows negative NPVs in scenario 1 and scenario 2, and a very low NPV 

(3 Euro/MWh) in scenario 3; all the studied EFG configurations 

showed worse economic results than DFBG and CFBG. The DFBG had 

the lowest PBP (7–10 years) in all scenarios, followed by the CFBG (10-13 

years) and then the EFG (>14 years).
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Overall the best economic indicators occur when the 40 MW fixed size 

DFBG gasifier is integrated with a 170 MW boiler. 

For pyrolysis integration with AD, the catalytic methanation route 

(scenario 4) results in higher NPV (330 Euro/MWh) and ROR (16 %), and 

shorter PBP (6 years) than the biomethanation route (scenario 5), which 

results in ROR of 4.5 % and PBP of 11 years, with a NPV of approximately 

50 Euro/MWh, which is very low compared to the other integration options. 

Figure 21: Net present value and payback period of different system 
configurations 
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Figure 22: Rate of return for studied process integration configurations 

5.5 Sensitivity analysis (Papers I, and II) 

Sensitivity analysis was carried out to assess the potential impacts of 

uncertainties in future markets. The ROR was selected as the indicative 

parameter, as a change in ROR caused by variations in other variables will 

indicate the economic performance of the process. The results of the 

sensitivity analysis are summarized in Figure 23. The results show that the 

ROR of the integrated approaches is highly dependent on the prices of bio-

methane and biomass. In addition to variations in operating expenses, 

variations in capital costs were also included in the analysis. In general, the 

prices of biomethane and biomass are critical volatile variables that have a 

big influence on the ROR. Reductions in operating hours and variation of the 

fixed capital investment can also have large effects on the ROR for gasifiers, 

whereas operating and maintenance costs are less influential for both cases. 

However, the comparison of the three scenarios indicates that the EFG and 

CFBG are more prone to volatile behavior than the DFBG. 

Integration of pyrolysis with AD is even more economically dependent on 

biomethane prices and production than CHP–gasification integration. 
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However, TCI has less effect on the ROR than in the gasification cases. It 

should also be noted that although the pyrolysis-AD integration show good 

economic results, its economic performance is very volatile and sensitive to 

variables. This is mainly due to the smaller size considered pyrolysis-AD 

process integration. Sensitivity analysis also shows that the even though the 

economic performance of a project shows good results its sizing and capacity 

will be important in longer run. 

Figure 23: Sensitivity analysis of important variables on the rate of return of 
the integrated concept 

5.6 Discussion 

This section discusses the key limitations and issues related to the analysis 

carried out for the integrated processes. 

The system integration of gasification with CHP is studied by linking the 

economics of WtE and identifying cost-effective solutions for integrated 

biorefineries. The studied operational scenarios also provide a number of 

technical and economic options to consider when designing integrated 

biorefineries. 

The process simulation studies of the mass and energy balance are based 

on a number of assumptions about the products, which may result in 

uncertainties. One of the important factors that must be considered in process 

analysis through modelling and simulation studies is the accuracy of the 

results. The models developed for gasifiers and pyrolysis in the present 
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studies are validated against experimental results to address these un-

certainties (detailed validation results are presented in Papers I and II). 

However, the production of biomethane from the catalytic and biometha-

nation processes was modelled by considering the equilibrium conditions, 

which provides the maximum achievable biomethane production from the 

syngas.  This limitation was tried to overcome by varying the biomethane 

production in the sensitivity analysis to measure its effect on the performance 

of the integrated biorefineries. 

Several other parameters can also affect the composition of syngas, such 

as temperature, steam to biomass ratio and equivalence ratio. In this study, a 

temperature of 850 °C was assumed for DFBG and CFBG and 1300 °C was 

assumed for EFG, steam to biomass ratio was set to 0.4 and equivalence ratio 

was set to 0.26 in gasifiers, based on the optimum conditions suggested by 

Mirmoshtaghi et al. (2016). Moreover, other assumptions were made in the 

model, which could affect the performance of process integration. These 

include the assumption that sulfur and ammonia were completely removed, 

and that the cleaning and cooling of syngas for all three gasifiers was 

considered similar for all three gasifiers—in reality, this is likely to differ for 

each gasifier process. Furthermore, this work only considers steam drying, 

whereas air drying would be considered as an option in designing such 

processes. 

Nevertheless, the DFBG has shown improved technical and economic 

performance with minimal effects on the operation of the CHP plant. The 

integration of the DFBG with existing CHP plants will encounter other issues 

that need to be addressed, e.g. the retrofitting process for existing CHP plants 

is quite complex and requires very extensive work to connect the gasifier with 

the boiler, whereas the CFBG does not require such complex retrofitting. One 

disadvantage with the CFBG is that it requires an additional ASU for the 

nitrogen-free production of syngas, which not only increases the economic 

liability by increasing both capital and operating expenses, but also requires 

a large amount of space or land area when both plants are located at the same 

place. Still, the number of WtE plants is increasing, especially in Europe, and 

if the new plants are built as integrated biorefinries using dual-bed 

gasification technology, the overall efficiency and economic performance of 

the process will increase in comparison to the respective standalone options. 

The coupling of pyrolysis with AD demonstrates the ability to increase 

biomethane production by integrating these two technologies. As discussed 

above, these process simulation studies have involved assumptions regarding 

the process and estimation of products, which is likely to result in some 

uncertainties. However, the model for pyrolysis and AD is validated with 

experimental results (detailed results are presented in Paper II and III). 
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Nevertheless, equilibrium conditions were selected in modelling the down-

stream processes, i.e. reforming and methanation steps. The actual production 

of biomethane may vary with different process conditions. In this work, the 

biomethane produced through catalytic methanation from the standalone 

pyrolysis process with an efficiency of 75 %, which is similar to the effi-

ciency estimated by Görling et al. (2013) (74 %). The technical assessment 

of the integrated process was restricted by assuming that adding biochar to 

the digester would increase the biomethane content. Although the potential 

of adding biochar to promote an increase in biomethane production has been 

investigated experimentally and reported by a number of researchers (Cai et 

al., 2016; Inthapanya et al., 2012; Meyer-Kohlstock et al., 2016; Mumme et 

al., 2014), there is still a need for more comprehensive studies to correlate the 

increase in biomethane production with the addition of biochar to retrofit the 

AD process. 

A high ROR and low PBP is obtained for DFBG integration with CHP and 

pyrolysis process coupling with AD with the methanation route. However, 

this assumes that biomethane demand over the next 20 years will not be 

limited, given the context of the Swedish energy goals and markets. The 

demand may vary in other energy markets, but the promising economic 

results suggest that these preliminary feasibility analyses should be extended 

into more detailed analysis and subsequently taken to the implementation 

stage. 

The coupling of different technologies also appears attractive when taking 

the logistics into consideration. The collection, source-separation and 

transport of waste for various technologies is an energy-intensive process, 

and the standalone processes becomes less efficient when these factors are 

taken into consideration. As mentioned earlier, total global waste generation 

will amount to 2.2 billion tonnes by 2025. There will be a need for smarter 

technologies to treat this waste, and the integration of different technologies 

is an effective way to achieve this. Similarly, the integration of the gasifier 

with the CHP plant produces substantial quantities of biomethane. This 

requires a large amount of waste as substrate, and consequently, extensive 

waste handling and transport. This uncertainty in the availability of waste raw 

material is also a major concern for the production of biomethane and an 

important parameter when considering increasing the operating hours of the 

boiler during off-peak district heating demand and for the design parameters 

of a gasification system with respect to the optimal technical and economic 

operating conditions. 
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6 Conclusion 

This chapter summarizes the main conclusions, with reference to the three 

RQs presented in chapter 1, as well as overall conclusions regarding the 

conversion of existing waste management processes to integrated bio-

refineries through thermochemical process integration. 

RQ1 What are the novel and energy efficient ways of utilizing all fractions of

waste by integrating new technologies with existing industries to enhance 

biomethane? 

Two existing waste management industries (AD and CHP plant) are identi-

fied and integrated with thermochemical processes (pyrolysis and gasi-

fication, respectively). Integrated biorefineries aim to utilize all fractions of 

MSW to enhance biomethane production. On the whole, the process 

integration of new technologies in existing industries results in a higher 

energy return and improves the performance of existing waste management 

practices. Process integration also provides increased control over per-

formance by providing increased operational flexibility among the different 

processes. Integrated biorefineries could also increase revenues by increasing 

biomethane production.  

RQ2 

(a) In an operational year, what are the possibilities and limitations

of the CHP plant to transfer excess heat to an integrated gasi-

fication process for biomethane production?  

In general, when retrofitting a new process with an existing running

operation, there are two main options: (a) no modifications in the reference 
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process and (b) modifications in process design and operation. This thesis 

estimates that to achieve high energy efficiencies and economic benefits, it is 

necessary to modify the CHP plant and retrofit with gasification unit. 

However, the performance of the CHP plant itself can be maintained by 

selecting a gasifier with flexible capacity. The integration of gasification with 

CHP provides increased operational flexibility with high annual operating 

hours for the CHP plant (~160 annual operating hours to 330 hours). 

Integration also appears to be an attractive investment option because of 

continuing decreases in electricity prices and variability in district heat 

demand. The operational analysis of the integrated process on a seasonal basis 

shows higher biomethane production during seasons with low heat demand 

(up to 100 MW with DFBG). Furthermore, high efficiency of CHP–

gasification integration is obtained even when low-quality waste feedstock is 

used.  

(b) Which type of gasifier is technically and economically suitable to 

retrofit with CHP plant?  

Of the gasifiers studied in this work, DFBG produces more biomethane (up 

to 544 GWh annually) when integrated with the existing CHP plant and also 

has less effect on the performance of the CHP plant following integration. 

The CFBG (up to 504 GWh annual) and EFG (up to 432 GWh annual) show 

less biomethane output per input waste and lower energy efficiencies. From 

an economic perspective, the indirect mode of gasification (DFBG) requires 

lower capital investment and give good economic performance i.e. 95 ̶ 250 

Euro/MWh NPV than CFBG (80 ̶ 209 Euro/MWh NPV) and EFG (-27 ̶ 3 

Euro/MWh NPV) due to less equipment needed, and demands less land area 

than the other configurations. 

Furthermore, the size of gasifier has a large impact on the performance of 

the CHP plant alone as well as the integrated processes. The biomethane 

production increases with increases in the size of the gasifier. However, in 

this thesis, one of the main boundary conditions is to avoid disturbing the heat 

production of the CHP plant. The scenario with heat and biomethane 

coproduction as the primary product and power as the secondary product 

provides higher energy production and high annual revenues. 

Integration of thermochemical processes with existing waste management industries to 

enhance biomethane production 

60 Chaudhary Awais Salman 

process and (b) modifications in process design and operation. This thesis 

estimates that to achieve high energy efficiencies and economic benefits, it is 

necessary to modify the CHP plant and retrofit with gasification unit. 

However, the performance of the CHP plant itself can be maintained by 

selecting a gasifier with flexible capacity. The integration of gasification with 

CHP provides increased operational flexibility with high annual operating 

hours for the CHP plant (~160 annual operating hours to 330 hours). 

Integration also appears to be an attractive investment option because of 

continuing decreases in electricity prices and variability in district heat 

demand. The operational analysis of the integrated process on a seasonal basis 

shows higher biomethane production during seasons with low heat demand 

(up to 100 MW with DFBG). Furthermore, high efficiency of CHP–

gasification integration is obtained even when low-quality waste feedstock is 

used.  

(b) Which type of gasifier is technically and economically suitable to 

retrofit with CHP plant?  

Of the gasifiers studied in this work, DFBG produces more biomethane (up 

to 544 GWh annually) when integrated with the existing CHP plant and also 

has less effect on the performance of the CHP plant following integration. 

The CFBG (up to 504 GWh annual) and EFG (up to 432 GWh annual) show 

less biomethane output per input waste and lower energy efficiencies. From 

an economic perspective, the indirect mode of gasification (DFBG) requires 

lower capital investment and give good economic performance i.e. 95 ̶ 250 

Euro/MWh NPV than CFBG (80 ̶ 209 Euro/MWh NPV) and EFG (-27 ̶ 3 

Euro/MWh NPV) due to less equipment needed, and demands less land area 

than the other configurations. 

Furthermore, the size of gasifier has a large impact on the performance of 

the CHP plant alone as well as the integrated processes. The biomethane 

production increases with increases in the size of the gasifier. However, in 

this thesis, one of the main boundary conditions is to avoid disturbing the heat 

production of the CHP plant. The scenario with heat and biomethane 

coproduction as the primary product and power as the secondary product 

provides higher energy production and high annual revenues. 
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RQ3 What are the technical possibilities and economic benefits for a 

pyrolysis process to be integrated with existing AD process to enhance 

biomethane production?  

The integration of pyrolysis with AD can increase the biomethane production 

(up to 24.7 GWh annually) with biomethane production costs as low as 80 

Euro/MWh against 128 Euro/MWh selling price of biomethane. However, 

the integration is more attractive from an investment perspective when the 

catalytic methanation route is taken instead of biomethanation of syngas. 

Catalytic methanation route gives 16 % ROR against 4.5 % ROR obtained in 

biomethanation route. The integration of pyrolysis and AD can also help to 

derive other integrated design scenarios to improve the overall system 

performance and maximize biomethane production (e.g. possible integration 

of pyrolysis with the CHP plant and transfer of pyrolysis products to AD to 

enhance the biomethane production). 

From an overall perspective, the results presented in this thesis indicate 

that process integration of waste management industries is capable of 

increasing energy efficiency and profitability. The technology used to assess 

the process integration concepts has been implemented from pilot to 

demonstration phase at standalone level. Thus, in conclusion, this thesis 

provides the evidence to make rational decisions regarding investments in 

improving current MSW management processes through process integration. 
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7 Future work 

This licentiate thesis marks the halfway point in the research work to be 

carried out in an ongoing PhD project. It also creates an opportunity to 

identify additional scientific issues relevant to waste management industries. 

The integrated biorefineries studied in this thesis require further evaluation 

and research and development to reach a final consensus. However, some of 

the future work is identified in the following paragraphs. 

In this study, process integration has been investigated only for bio-

methane production. However, there is a market for liquid biofuels other than 

biomethane that can replace fossil fuels in various markets. Further investi-

gation and techno-economic assessment of the production of such alternative 

liquid biofuels in integrated biorefineries are needed. 

In this thesis, the gasifier is integrated with the CHP plant, and gasification 

is carried out above 800 °C. An alternative would be to integrate pyrolysis 

with the CHP plant. This can produce bio-oil, and takes place at a lower 

temperature than gasification. Bio-oil can also be transported to another 

facility and upgraded to biofuels. This integration concept is another potential 

area of study. 

In this thesis, MSW is considered as feedstock for process integration with 

thermochemical processes. However, household sludge can also be con-

sidered in the domain of MSW. Sludge is usually treated in wastewater 

treatment plants and then converted to biogas through the AD process. The 

digestion also produces digestate, which needs to be discarded. This digestate 

can be thermally treated via gasification or pyrolysis through process inte-

gration to produce bioenergy. 

Integrated biorefineries have been assessed using technical, operational 

and economic indicators. There are other indicators that can be investigated 

to address other issues affecting integration, such as waste feedstock avail-

ability, the possibility of mixing waste feedstock with high-quality biomass, 

and issues related to space for process integration and process optimization. 
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