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Chaudhary Awais Salman holds a Licentiate in Energy Engi-
neering and a Masters in Energy Innovation from KTH, Sweden, 
and a Masters in Renewable Energy from UPC, Spain. During 
his Masters studies, he worked in several projects on renew-
able energy technologies. However, in his Masters thesis, he 
focused on bioenergy, which became the topic of his PhD 
studies. As a doctoral candidate, his research explores the 
utilization of waste to produce biofuels, heat and power 
through process-integration tools. His research interests lie in 

designing bioenergy processes, system analysis of thermochemical processing 
of biomass and waste, and waste management.

Waste-management systems have progressed from landfilling and dumping to 
waste prevention, recycling and resource recovery. In state-of-the-art waste-
management industries, waste is separated into various fractions and treated 
with suitable processes. The non-recyclable organic fraction of waste can be 
incinerated for combined heat and power production, while biodegradable 
waste can be converted to biomethane through the anaerobic digestion process. 

Thermochemical processes such as gasification and pyrolysis provide alterna-
tive methods for treating various fractions of waste. Even though gasification 
and pyrolysis of waste are not yet commercially mature technologies, greater 
benefits in energetic and economic terms can be achieved by integrating these 
technologies with existing waste-management technologies.

This thesis demonstrates that energy-efficient and cost-effective waste-integrated 
biorefineries can be designed by integrating thermochemical processing of 
waste with existing WtE technologies and improve the overall process efficien-
cies and economics.
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Abstract
Waste-management systems have progressed from landfilling and dumping to waste prevention, 
recycling and resource recovery. In state-of-the-art waste-management industries, waste is separated 
into various fractions and treated with suitable processes. The non-recyclable organic fraction of waste 
can be incinerated for combined heat and power (CHP) production, while biodegradable waste can be 
converted to biomethane through the anaerobic digestion (AD) process. Thermochemical processes such 
as gasification and pyrolysis provide alternative methods for treating various fractions of waste. This 
thesis aims to design energy-efficient and cost-effective waste-integrated biorefineries by integrating 
thermochemical processing of waste with existing WtE technologies.

A system analysis of five process-integration case studies have been performed. The first case assesses 
the limitations and operational limits of thermochemical processes retrofitted in an existing waste-based 
CHP plant. The second and third case studies evaluate the feasibility of the current waste-based CHP 
plant to shift from cogeneration to polygeneration of biofuels, heat and power. In the fourth case study, 
a new process configuration is presented that couples AD of biodegradable waste with pyrolysis of 
lignocellulosic waste. The last case deals with the handling of digested sludge from WWTPs by the 
integration of thermochemical processes.

The findings suggest that waste-integrated biorefineries can utilize infrastructure and products from 
existing waste industries through process integration and improve the overall process efficiencies and 
economics. Existing waste-based CHP plants can provide excess heat for integrated thermochemical 
processes; however, the modifications required are different for different gasifiers and pyrolyzers. 
Similarly, refuse-derived fuel (RDF) — processed from municipal solid waste (MSW) — can be utilized 
for production of various biofuels alongside heat and power without disturbing the operation of the 
CHP. But biomethane and dimethyl ether (DME) showed higher process feasibility than methanol and 
drop-in biofuels.

The integration of pyrolysis with the AD process can almost double biomethane production compared 
with a standalone AD process, increasing efficiency to 67% from 52%. The integration is an attractive 
investment when off-site — rather than on-site — integration of pyrolysis and AD is considered.

Drying of sludge digestate from wastewater treatment plants (WWTPs) is a bottleneck for its post-
processing by thermochemical processes. However, waste heat from the existing CHP plant can be 
utilized for drying of sludge, which can also replace some of the boiler feed through co-incineration 
with waste biomass.

The economic performance of waste-integrated biorefineries will depend on the volatility of market 
conditions. Finally, assessment of the effects of uncertainty of input data and process parameters on 
metrics of technical and economic performance is vital for evaluation of overall system performance.
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Summary 

Waste-management systems have progressed from landfilling and dumping 
to waste prevention, recycling and resource recovery. In state-of-the-art 
waste-management industries, waste is separated into various fractions and 
treated with suitable processes. The non-recyclable organic fraction of waste 
can be incinerated for combined heat and power (CHP) production, while 
biodegradable waste can be converted to biomethane through the anaerobic 
digestion (AD) process.  

These waste-to-energy (WtE) processes work well at the standalone level. 
However, there are specific issues with these established standalone WtE 
processes; traditional CHP plants have high overall energy efficiencies, but 
lower electrical efficiencies, and their heat output is dependent on local 
demand and seasonal variations. Similarly, the biodegradable fraction of 
municipal solid waste (MSW) is typically treated with an AD process. AD is 
a commercially mature technology, but it is limited by factors including low 
biomethane yields, process instability and incomplete conversion. The 
lignocellulosic (or green) fraction of MSW can be partially utilized in the AD 
process but because of its lower biodegradability, most of it has to be treated 
by incineration or composting. The organic content of sewage sludge 
generated by wastewater treatment plants (WWTPs) can be recovered as 
biomethane by AD. Along with biomethane, the AD process also produces 
digestate containing unconverted carbon and nutrients, which can be utilized 
as fertilizer. However, digestate produced from sludge digestion also contains 
hazardous materials and requires some form of post-treatment before 
utilization. 

Thermochemical processes such as gasification and pyrolysis provide 
alternative methods for treating various fractions of waste. Even though 
gasification and pyrolysis of waste are not yet commercially mature 
technologies, greater benefits in energetic and economic terms can be 
achieved by integrating these technologies with existing waste-management 
technologies. This thesis aims to design energy-efficient and cost-effective 
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viii 

waste-integrated biorefineries by integrating thermochemical processing of 
waste with existing WtE technologies.  

A system analysis of five process-integration case studies have been 
performed through modelling and simulation. The first case assesses the 
limitations and operational limits of thermochemical processes retrofitted in 
an existing waste-based CHP plant. The second and third case studies 
evaluate the feasibility of the current waste-based CHP plant to shift from 
cogeneration to polygeneration of biofuels, heat and power. In the fourth case 
study, a new process configuration is presented that couples AD of 
biodegradable waste with pyrolysis of lignocellulosic waste. The biochar 
obtained from pyrolysis is added to the digester as an adsorbent to increase 
the biomethane content. The last case deals with the handling of digested 
sludge from WWTPs by the integration of thermochemical processes. 

The findings suggest that waste utilization in integrated biorefineries 
enhances the flexibility of waste management in terms of products and 
operation. The waste biorefineries can also utilize infrastructure and products 
from existing waste industries through process integration and improve the 
overall process efficiencies and economics. Existing waste-based CHP plants 
can provide excess heat for integrated thermochemical processes; however, 
the modifications required are different for different gasifiers and pyrolyzers. 
Similarly, refuse-derived fuel (RDF) — processed from MSW—can be 
utilized for production of various biofuels alongside heat and power without 
disturbing the operation of the CHP. But biomethane and dimethyl ether 
(DME) showed higher process feasibility than methanol and drop-in biofuels.  

The integration of pyrolysis with the AD process can almost double 
biomethane production compared with a standalone AD process, increasing 
efficiency to 67% from 52%. The integration is an attractive investment when 
off-site — rather than on-site — integration of pyrolysis and AD is 
considered.  

Drying of sludge digestate from WWTPs is a bottleneck for its post-
processing by thermochemical processes. However, waste heat from the 
existing CHP plant can be utilized for drying of sludge, which can also 
replace some of the boiler feed through co-incineration with waste biomass. 

The economic performance of waste-integrated biorefineries will depend 
on the volatility of market conditions. Finally, assessment of the effects of 
uncertainty of input data and process parameters on metrics of technical and 
economic performance is vital for evaluation of overall system performance. 
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ix 

Sammanfattning 

Avfallshanteringssystem har utvecklats från deponering och dumpning till 
förebyggande, återvinning och resursåtervinning. Ur tekniskt perspektiv 
handlar avfallshanteringom att separera avfallet till olika fraktioner och 
behandla dem i lämpliga processer. Den icke-återvinningsbara organiska 
andelen av avfallet kan förbrännas för produktion av både värme och el i en 
kraftvärmeprocess, medan biologiskt nedbrytbart avfall kan omvandlas till 
biometan genom rötning. 

Dessa processer för omvandling av avfall till energi fungerar bra som 
fristående processer. Vissa specifika frågor tillskrivs emellertid dessa 
etablerade fristående processer för omvandling av avfall till energi; 
traditionella kraftvärmeanläggningar har hög övergripande energieffektivitet, 
men lägre elektrisk effektivitet, dessutom är värmeeffekten beroende av lokal 
efterfrågan och säsongsvariationer. På liknande sätt behandlas den biologiskt 
nedbrytbara fraktionen av hushållsavfall typiskt via rötning. Rötning är en 
kommersiellt mogen teknik men låga biometan utbyten, processinstabilitet 
och ofullständig omvandling är några av dess begränsningar. Den gröna 
fraktionen av hushållsavfall, som består av hög halt lignocellulosa, kan rötas 
men på grund av att den har lägre biologisk nedbrytbarhet behöver den största 
delen behandlas via förbränning eller kompostering. Det organiska innehållet 
i avloppsslam som genereras från avloppsreningsverk kan rötas för 
produktion av biometan. Förutom biometan produceras även rötrester som 
innehåller okonverterat kol och näringsämnen som kan användas som 
gödselmedel. Emellertid innehåller rötrester producerad från slamockså 
farliga ämnen och kräver någon form av efterbehandling innan de används. 

Termokemiska processer t.ex. förgasning och pyrolys är alternativa 
processer för att behandla olika avfallsfraktioner. Även om förgasning och 
pyrolys av avfall ännu inte är kommersiellt mogna tekniker, kan större 
fördelar med avseende på energi och ekonomi uppnås genom att integrera 
dem med befintlig teknik för avfallshantering. Denna avhandling syftar till 
att utforma energieffektiva och kostnadseffektiva avfallsintegrerade 
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bioraffinaderier genom att integrera befintliga avfallshanteringsproceser med 
termokemiska omvandlingsprocesser.  

En systemanalys har utförts på fem fallstudier av processintegration 
genom modellering och simulering. I det första fallet bedömdes 
begränsningarna och driftområden för termokemiska processer vid 
uppgradering av befintliga avfallsbaserade kraftvärmeanläggningar. Andra 
och tredje fallstudien utvärderar genomförbarheten hos nuvarande 
avfallsbaserade kraftvärmeanläggningar att skifta från kraftvärme till 
polygenerering av biodrivmedel, värme och el. I den fjärde fallstudien 
presenteras en ny processkonfiguration som kopplar rötning av biologiskt 
nedbrytbart avfall med pyrolys av lignocellulosavfall. Det sista fallet handlar 
om hantering av avloppsslam genom integration av termokemiska processer. 

Resultaten tyder på att utnyttjande av avfall i de integrerade 
bioraffinaderierna ökar flexibiliteten i avfallshanteringen när det gäller 
produkter och drift. Avfallsbioraffinaderierna kan också använda 
infrastruktur och produkter från befintlig avfallsindustri genom 
processintegration och därmed förbättra den övergripande 
processeffektiviteten och ekonomin. Befintliga avfallsbaserade 
kraftvärmeanläggningar kan tillhandahålla överskottsvärme för integrerade 
termokemiska processer, men de ändringar som krävs är olika för förgasning 
och pyrolys. På liknande sätt kan avfall användas för produktion av olika 
biobränslen tillsammans med produktion av värme och el.  Produktion 
avbiometan och DME visade högre processgenomförande än produktion av 
metanol och drop-in biobränslen.  

Integrationen av pyrolys med rötning kan fördubbla 
biometanproduktionen i jämförelse med en fristående rötningsprocess. 
Torkning av rötresterna är flaskhalsen för efterbehandling i termokemiska 
processer. Spillvärme från den befintliga kraftvärmeanläggningen kan dock 
utnyttjas för torkning av slam som också kan ersätta en del av bränslet till 
pannan och förbrännas tillsammans med biomassa eller avfall.  

Den ekonomiska prestandan för avfallsintegrerade bioraffinaderier 
kommer att bero på volatiliteten i marknadsförhållandena. Slutligen är 
bedömning av osäkerheten i indata och processparametrar för beräkning av 
teknisk och ekonomisk prestanda avgörande för  avfallsintegrerade 
bioraffinaderiers totala prestanda. 
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1 Rationale for waste-integrated 
biorefineries 

 
“Yeah, now, well, the thing about the old days: they the old days” 

        -Slim Charles in The Wire 
 

There have been extraordinary and fast-paced technological advancements 
and product developments in the past two centuries. Exploitation and use of 
fossil fuels is one of the key factors that has made this unprecedented growth 
possible. Fossil fuels offer affordable energy at high density with a wide range 
of applications such as power, heat, petrochemicals and fuels for 
transportation.  

We are now facing the consequence of earlier decisions to exploit fossil 
fuel reserves. One of these consequences is a growing gap between energy 
supply and demand. The extensive use of fossil fuels has also contributed to 
environmental damage that most scientists perceive as irreversible. Political 
instability in regions with the highest oil reserves also causes uncertainty 
about the future supply of fossil fuels. Some countries are taking this threat 
seriously and seeking alternative processes to ensure energy security with 
minimal environmental impact. 

Even though the amount of energy generation from renewable resources 
has been increasing in recent decades, the share of renewable resources in the 
global primary energy this century has remained stagnant at around 17–19%. 
The production of fossil-based fuels is expected to keep increasing in the 
coming decades. World Energy Outlook (2019) estimates that with current 
policies, oil production will increase from 96 million barrels per day (mb/d) 
to 117 mb/d by 2040. Road transport will consume 53.4 mb/d of produced oil 
in 2040, while shipping and aviation fuel will be expected to use 19.2 mb/d. 
Natural gas demand will be increased from 3952 to 5891 billion cubic meters 
annually and coal production will also increase, from 5458 to 6399 million-
ton-coal-equivalent. With current policies, biofuels production will increase 
from 1.9 mb/d to just 3.6 mb/d by 2040.  

Governments need to take strategic and intelligent decisions for our 
planet’s future. Several renewable energy resources have the potential to 
reduce our dependence on fossil-based fuels. Each of them will have a role to 
play in the transition of fossil fuel-based economy to a sustainable economy. 
Biomass and waste are among the alternative sources of renewable carbon 
that can potentially replace fossil fuels.  
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Waste-integrated biorefineries 

 
2  Chaudhary Awais Salman 

 

Bioenergy is currently the largest renewable energy resource, accounting 
for around 13-14% of global primary energy generation and 73% of 
renewable energy consumption, which also includes hydro, solar, wind and 
geothermal energy (World Bioenergy Association, 2019). The production of 
biofuels from biomass and waste can cover a large proportion of the ever-
increasing demand for fossil fuels. Several technologies, such as gasification, 
pyrolysis, torrefaction can be employed to synthesize biofuels from biomass 
or waste. However, lower energetic efficiencies, higher capital investments, 
and lower financial benefits hinder the complete commercialization of these 
technologies.  

The European biorefinery vision and roadmap for 2030 stresses the 
research and development needed for thermochemical waste and biomass 
integration into existing production processes (Annevelink et al., 2011). It 
also targets an increase in the share of bio-based products in total energy mix 
by 2030 (30% heat and power, 25% biofuels and 30% biochemicals). The US 
office of energy (2019) identified integrated biorefinery as vital to achieve 
production targets for alternative biofuels – an integrated biorefinery takes 
multiple types of feedstock and integrates multiple conversion processes and 
pathways to generate value-added bioproducts. However, the modern 
definition of integrated biorefinery also includes the integration of existing 
technologies with new processes, increasing complexity and diversity. 

This thesis focuses on waste as a potential raw material for bioenergy. 
According to the European waste hierarchy, non-recyclable organic waste 
should be converted to energy via suitable technologies. Globally, only 6% 
of waste is converted to energy primarily to power and heat. Other alternative 
processes are available to utilize waste for multiple products. 

The waste-management system in Sweden is considered to be state of the 
art and one of the most efficient systems in the world. This thesis takes the 
existing waste-management industries in Sweden, identifies their limitations, 
and converts them to waste-integrated biorefineries.   

Before making rash decisions about how waste should be utilized to 
recover energy, each replacement option must be properly assessed for 
maximum impact in positively promoting the transition towards a fossil-free 
economy. Additional effort and research are required to assess the capability 
of various fractions of waste to be converted to usable energy and different 
waste conversion technologies as well as their economic feasibilities. This 
thesis assesses and presents the methods and processes for incorporating 
waste in the most efficient way possible in a future in which we are faced 
with fossil fuel scarcity.  
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2 Introduction 
 
“Chaos isn’t a pit. Chaos is a ladder… the climb is all there is” 

Petyr Baelish to Varys in ASOIAF 
 

There is considerable excitement about the circular economy, where waste is 
treated as a useful economic resource. How is waste currently managed? 
How can we convert non-recyclable waste to value-added bioproducts other 
than heat and power? This chapter introduces the current and potential 
future role of MSW in producing biofuels, heat, and power. The chapter ends 
with the aims, objectives, and research questions covered in this thesis.  
  

In 2019, 2.1 billion tonnes of waste was generated globally (Nichols and 
Smith, 2019). The worldwide generation of waste is expected to increase to 
3.4 billion tonnes per annum by 2050 (World Bank, 2018). The World Bank 
further estimated that the worldwide growth in MSW will continue despite 
the concerns and efforts of many countries to limit it. MSW is primarily 
produced in households, but the term also includes waste from industrial and 
commercial sectors. The most common way of managing the non-recylable 
organic fraction of MSW is through landfilling, incineration or dumping. 
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 instead of landfilling or dumping, non-recylable organic 
fraction MSW should be used primarily for WtE. Globally, 37% of waste is 
disposed of in landfill and 33% is dumped openly, whereas WtE covers only 
6 % of global waste management (World Bank, 2018).  

MSW comprises two main fractions: recyclable and non-recyclable waste. 
The organic fraction of non-recyclable waste can be further classified into 
fractions such as biodegradable, lignocellulosic and RDF. Biodegradable 
waste can be broken down into methane and carbon dioxide through AD and 
landfilling. The lignocellulosic fraction of MSW is mainly derived from 
woody biomass residues and garden waste. 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 compared with biodegradable waste. Another form of biowaste is 
sewage sludge — which is collected from municipalities and is a by-product 
of WWTPs. Sludge created in WWTPs is separated and its carbon content 
can be recovered as biomethane via AD. AD also produces digestate as a by-
product, which contains residual organic compounds and nutrients in the form 
of nitrogen, phosphorous and potassium. 
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4  Chaudhary Awais Salman 

 

This thesis mainly considers the context of Swedish conditions. Sweden 
has an advanced waste-management industry, in which different sectors 
collect various fractions of waste and are responsible for their own waste 
management: households are responsible for characterizing and disposing of 
MSW at various collection points; the municipalities then collect and 
transport the waste to different waste-treatment facilities, e.g. for recycling, 
landfilling and energy generation; and municipalities are responsible for the 
handling of household and latrine sewage sludge. Sewage sludge is treated in 
WWTPs (Avfall Sverige, 2019).  

Figure 1 (adapted from Avfall Sverige, 2017) shows the MSW and sludge 
management process currently used in Sweden. In 2018, about 34.3 % 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 15 % of the total MSW generated in Sweden in 2018 
and is processed using biological treatment for biogas production (Avfall 
Sverige, 2018). Biogas is usually upgraded to biomethane and used as fuel in 
the transport sector. Green or lignocellulosic waste from gardens, parks and 
agriculture residues has lower biodegradability, so only a proportion can be 
treated by digestion, while the remainder is incinerated (IEA Bioenergy, 
2013). In 2018, approximately 49.5 % of MSW in Sweden was treated with 
methods other than digestion and recycling to recover energy. Waste 
incineration is the preferred option for treating MSW-derived RDF in Sweden 
to generate heat and power. In 2018, only 0.7 % of MSW ended up in landfills 
(Avfall Sverige, 2018). On average, Sweden generates 200,000 tonnes (dry 
weight) of sludge every year (Dagerskog and Olsson, 2020). Roughly half of 
the organic content of sludge can be recovered as biogas from AD. Digestate 
from AD of food waste can be directly applied as fertilizer, however sludge 
digestate contains hazardous materials and heavy metals. 
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Figure 1: A holistic scheme for waste management in Sweden (adapted from 
Avfall Sverige, 2017) 

It is evident that to convert MSW to energy, the waste has to be source-
separated before it is treated with suitable technologies such as AD or 
incineration. However, these processes are standalone and designed to 
produce one or two products. Standalone processes do not provide flexibility 
in operation, and they also come with specific issues and problems, 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 
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occurs at a high temperature (>700 °C) in the presence of a limited 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. 

2.1 Motivation 

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 (described briefly in this chapter and in detail in Chapter 3). This 
thesis aims to broaden knowledge of the design of waste-integrated 
biorefineries by utilizing various fractions of waste — such as RDF, 
lignocellulosic waste, biodegradable waste and sewage sludge — for energy. 
Existing WtE technologies are used as a basis, and new waste-conversion 
technologies are integrated for polygeneration of value-added bioproducts 
through process-integration tools, i.e. integration of feedstocks at a single 
facility, mass or heat integration of different processes, and combining 
processes to produce biofuels. A systematic methodology is applied to design 
the waste-integrated biorefineries. These biorefineries are further evaluated 
through operational, technical and economic performance indicators. 

The thermochemical conversion of waste can be integrated with an 
existing CHP plant to produce biofuels. The reference CHP plant can provide 
the required heat for thermochemical processes during off-peak hours. The 
performance of integrated gasification with CHP plants has mainly been 
reported as comparisons of the efficiencies of the standalone and integrated 
processes. There is a shortage of studies on the flexibility and optimum sizing 
of the gasification process that can be integrated with existing CHP plants 
and resulting operational analysis of the CHP plant as a result of integration. 
The flexibility of the integrated thermochemical processes with CHP plants 
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. Additionally, different types of biofuels can be 
synthesized from integrated processes, and each of these biofuels will have 
different performance indicators.  
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As described earlier, the lignocellulosic portion of MSW is recalcitrant 
towards AD. Therefore, lignocellulosic waste is pyrolyzed to produce biochar 
and vapours, which can be utilized in the AD process through process 
integration. The biochar obtained from pyrolysis can be used in different 
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, vapours from the pyrolysis 
process can also be converted to biomethane through catalytic methanation. 
The heat required for the pyrolysis process can be obtained from the on-site 
combustion of the pyrolysis products. Off-site integration of the pyrolysis 
process with a CHP plant is an alternative option to increase the overall 
synergy in waste management. 

Digestate can be dried and processed thermochemically, e.g. by 
combustion, pyrolysis, gasification, hydrothermal carbonization or using 
hydrothermal liquefaction, to recover the remaining energy. Nitrogen in the 
digestate can also be recovered by ammonia stripping. 

2.2 Aim and objectives 
 

Based on the background information presented above, the overall aim of this 
thesis is to increase the product portfolio of existing waste-management 
technologies by integrating new thermochemical processes. The objectives of 
this dissertation are: 

 
 Identification of modifications required in current standalone WtE 

industries to convert them to waste-integrated biorefineries. 
 Applying process-integration tools to develop realistic process 

configurations leading to improved WtE processes. 
 Designing a waste biorefinery by integrating thermochemical 

conversion with an existing CHP plant for the polygeneration of 
biofuels alongside heat and power. 

 Determination of the integration capabilities of thermochemical 
processes with existing sludge and biodegradable waste-based biogas 
plants.  

 Techno-economic and uncertainty analysis of WtE processes. 
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2.3 Research questions 
To achieve the objectives and assess the integration potential and limitations 
of new technologies with existing waste-management industries and their 
effect on process and economics, the following four research questions (RQs) 
are developed in this thesis: 
 
RQ1: What are the limitations and opportunities for integration of 
thermochemical process in existing waste-based CHP plants? 
 

(a) What is the potential for integration of thermochemical waste 
processes with existing CHP plants?  

(b) How does the current waste-based CHP framework operate under 
retrofitting with energy-intensive waste-to-biofuel technologies?  

 
RQ2: What is the feasibility of current waste-based CHP plants shifting from 
cogeneration to polygeneration of biofuels, heat and power?  
 

(a) How can biofuels be produced efficiently and economically from 
RDF using only excess heat from an existing CHP plant?  

(b) How can existing CHP plants handle integration of waste-based 
thermochemical processes to synthesize drop-in biofuels with parallel 
on-site hydrogen production? 

 
RQ3: What are the opportunities for process integration for different types of 
existing AD-based biogas plants? 
 

(a) What is the potential for existing AD plants to utilize lignocellulosic 
waste along with biodegradable waste to increase synergy?  

(b) How can existing WWTPs add product value to digestate by 
integrating thermochemical processing?   

 
RQ4: How do uncertainties and future market changes influence the early-
stage design and analysis of waste-to-biofuel processes?  
 

A systematic methodology for the process integration of waste-integrated 
biorefineries in existing WtE industries is developed to answer the research 
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questions. The methodology is applied to five case studies of waste-integrated 
biorefineries described in Chapter 4.  

Figure 2 presents the link among amended papers, research questions, 
integrated thermochemical processes and final products synthesized in waste-
integrated biorefineries. 
 

 

 
Figure 2: Positioning of appended papers with respect to (1) research 

questions (2) process-integration schemes and (3) products 
synthesized in various waste-integrated biorefineries 
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2.4 Introduction to papers 
 
Paper I: Impact of retrofitting existing combined heat and power plant with 
polygeneration of biomethane: A comparative techno-economic analysis of 
integrating different gasifiers (Salman et al., 2017) 
Process-integration models for three different types of gasifiers are developed 
to integrate with an existing waste-based CHP plant. Different operational 
scenarios are considered for operation of the integrated biorefinery. 
Polygeneration of biomethane, heat and power are considered. Technical and 
economic performance of integrated gasification-CHP processes are 
compared. Improved waste utilization and the increase in the energy 
efficiency of integrated processes are also compared with corresponding 
standalone processes.  

 
Paper II: Gasification process integration with existing combined heat and 
power plants for polygeneration of dimethyl ether or methanol: A detailed 
profitability analysis (Salman et al., 2018) 
The results from Paper I are used as a basis for integration of waste 
gasification into existing CHP plants. The focus of Paper II is on liquid 
biofuels production from gasification-CHP integration. The technically 
efficient gasifier and operational scenarios from Paper I is integrated with a 
CHP plant to synthesize methanol and DME. The investigations are widened 
to include the uncertainty aspects of economic parameters.  
 
Paper III: Opportunities and limitations of existing CHP plants to integrate 
the polygeneration of drop-in biofuels with onsite hydrogen production 
(Salman et al., 2020) 
This paper examines the limits of a CHP plant to retrofit flexible 
thermochemical conversion of waste to drop-in biofuels with similar 
properties to petroleum fuels. This means that besides integrating the 
thermochemical conversion with existing CHP plants, the required hydrogen 
for drop-in biofuels synthesis is also produced on site. The secondary aim was 
to determine the maximum days a flexible retrofitted waste thermochemical 
process can run annually using only excess heat from the CHP plant and 
whether it can be profitable when operating flexibly. 
 
Paper IV: Enhancing biomethane production by integrating pyrolysis and 
anaerobic digestion processes (Salman et al., 2017) 
Paper IV is the first of two papers concerning the integration of pyrolysis with 
existing AD plants. In this paper, lignocellulosic waste is pyrolyzed rather 
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than being incinerated, and is integrated on site with the AD process. 
Pyrolysis products are used to enhance overall biomethane production. 
 
Paper V: Synergistic combination of pyrolysis, anaerobic digestion, and 
CHP plants (Salman et al., 2019) 
Paper V considers off-site integration of pyrolysis with AD. The pyrolysis of 
lignocellulosic waste is integrated with an existing CHP plant. The biochar is 
transferred to the pyrolysis process to enhance biomethane while the CHP 
plant provides the heat for pyrolysis and the upgradation of pyrolysis vapours 
to biomethane. 
 
Paper VI: Identification of thermochemical treatment pathways for the 
energy and nutrient recovery from digested sludge in wastewater treatment 
plants (Salman et al., 2019) 
Paper VI aims to recover the energy and nutrients from digested sludge 
through thermochemical processes. Digested sludge is dewatered and dried 
before thermochemical treatment. Combustion, pyrolysis and gasification of 
the digestate simulated. Ammonia-stripping method is assumed to recover 
nitrogen from the digestate. The thermochemical processes are designed and 
integrated to provide the heat for ammonia stripping and drying. 
 
Paper VII: Integrating sludge drying in biomass fueled CHP plants (Wang 
et al., 2020) 
In Paper VII, digested sludge from WWTPs is dried using the flue gas waste 
heat from an existing CHP plant. Dried sludge is further co-incinerated with 
waste biomass in the boiler of the CHP plant. The impact of drying digested 
sludge on the performance of the CHP plant is reported. 

 
Paper VIII: Uncertainty and influence of input parameters and assumptions 
on the design and analysis of thermochemical waste conversion processes: A 
stochastic approach (Salman et al., 2020) 
The early-stage design of novel processes requires a considerable amount of 
data for assessment. In the absence of reliable data, techno-economic 
performance of waste-to-biofuel processes relies on assumptions and input 
parameters chosen by researchers, which cause uncertainty in analysis. This 
challenge is addressed in Paper VII, which describes the detailed uncertainty 
analysis of various waste-to-biofuel conversion processes.  
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The structure of the remainder of the thesis is as follows:   

Chapter 3: Theoretical framework 
This chapter describes state-of-the-art practices in WtE processes. The 
limitations of standalone technologies and alternative approaches to convert 
them into biorefineries are also presented in this chapter.  

Chapter 4: Methodology 
This chapter describes the developed integrated thermochemical processes 
with existing waste-management industries. The chapter also introduces the 
methods and tools used in this dissertation to achieve the objectives and 
answer the research questions presented in chapter 2. 

Chapter 5: Results 
The important findings are presented and discussed in Chapter 5. The results 
are categorized to answer the research questions presented in Chapter 2. The 
chapter ends with a discussion on the results 

Chapter 6: Conclusions 
This chapter presents the main conclusions drawn from this thesis.  

Chapter 7: Future work  
This chapter presents the various possibilities for further continuation of this 
work and alternative solutions for waste management 
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3 Theoretical framework 
 
How can we move forward from a few successful WtE demonstrations to 
commercial-scale processes? Can we learn the limitations of existing 
processes and create new waste-integrated biorefineries? This chapter 
presents the theoretical background on the state-of-the-art of current 
standalone WtE technologies, their limitations, and their potential for 
conversion to waste-integrated biorefineries.  

 

Many processes are currently being used to convert waste or biomass to 
energy. Some of these technologies are commercially established, whereas 
others are still at the research, development or demonstration phase. Figure 3 
shows the technology status of various biomass treatment technologies with 
respect to their anticipated cost for full-scale application (IRENA, 2012 and 
2019). AD, incineration and CHP are mature technologies with high 
technology readiness levels (TRLs) of 8–9 and are widely used to convert 
biomass to energy. However, other processes — such as pyrolysis and 
gasification — are still in the development-to-deployment stage with TRLs 
of 6–7 for heat and power production. Gasification and pyrolysis for biofuel 
synthesis have a TRL of around 4–5 (Centre Joint research (EUC), 2019). 
Biorefineries, specifically low-quality feedstock and thermochemical-based 
ones, are at the early research and development phase with TRLs of 3–4 (IEA 
Bioenergy, 2019). As shown in Figure 3, the final anticipated costs of 
biorefineries will be less than those of standalone gasification and pyrolysis 
processes once they are established commercially. Biorefineries show 
promising technical and economic performance. An alternate route is to use 
commercially established AD and CHP plants as a base and convert them to 
biorefineries through integration with gasification and pyrolysis.       
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Figure 3:  Technology status of different waste and/or biomass processing 
technologies (Adapted from IRENA (2012) and modified from  Joint 
research centre EUC (2019) and IRENA (2019)) 

3.1 The existing waste-management system 
and its limitations 

3.1.1 Waste incineration for cogeneration of heat and 
power and its limitations 

Waste incineration — with up to 2000 operating plants worldwide — is a 
widely used technology for WtE applications (Kalogirou, 2018). As shown 
in Figure 3, the combustion of RDF for heat and power production is a 
commercially mature technology that is currently implemented on a large 
scale. However, combustion of waste produces power with low electrical 
efficiency and emits pollutants. Along with electric power, district heat can 
also be produced through incineration of waste in CHP plants. District heat 
production increases the overall system efficiency in the case of a waste CHP 
plant. However, demand for district heat varies in different regions and with 
the time of year, which affects the operation of the CHP plant. Furthermore, 
CHPs need to plan for the distinct requirements of electricity and district heat 
production. Kohl et al. (2014) reported that a typical CHP plant operates at 
full-load capacity for only 70 days of the year, and at part-load capacity for 
145 days. The problem of partial operation is particularly acute in the Nordic 
countries. The seasonal variation in heat demand provides a heat sink and 
offers an opportunity to utilize the excess heat from the CHP plant during off-
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peak periods. This provision of a heat sink offers a niche to integrate waste-
based thermochemical processes with existing CHP plants by exporting 
excess heat during off-peak hours.  

3.1.2 AD of biodegradable waste and its limitations 

AD produces biomethane from biowaste. A wide range of feedstocks can be 
digested to produce biogas. The biodegradable fractions of MSW, industrial 
waste, animal manure, energy crops and wastewater sludge are widely used 
substrates for AD (IEA Bioenergy, 2020). Kitchen or food waste is highly 
biodegradable and is readily used as feedstock in AD plants. However, 
approximately 30% of non-recyclable organic fraction of MSW — e.g. ley 
crops, agricultural and garden waste, etc. — is green or lignocellulosic waste, 
and only a small fraction can be biodegraded to produce biogas (IEA 
Bioenergy, 2013). In addition, AD is a slow process, taking days to weeks, 
and small changes in process parameters and feedstock characteristics have a 
large influence on its performance. AD of biodegradable waste also produces 
digestate as a by-product which can be used as fertilizer. 

3.1.3 Sludge digestate from WWTPs and its limitations 

In Sweden, there are 138 anaerobic digesters in sewage treatment WWTPs, 
which produce 727 GWh of biogas and 36 co-digestion plants which produce 
963 GWh of biogas annually (Energimyndigheten, 2018). As described 
above, AD also generates digestate as a by-product. Digestate from AD of 
sludge is mainly liquid, with residual organic content and undegradable 
contaminants such as nitrogen, phosphorous and potassium along with heavy 
metals. The properties of digested sludge vary in different regions depending 
on various factors, mainly due to the operating conditions and feedstock 
sludge properties of the AD. The most common method to dispose of 
digestate is to use it in the agriculture sector for either biofertilizer or for soil 
amendment through composting. In Sweden, REVAQ certification (2015) is 
used to ensure that a high quality of digestate is used in agricultural 
applications. In Sweden, 99% of digestate from biodegradable MSW, but 
only 31% of digestate from WWTPs, is used as fertilizer (SGA, 2017). 
Uncertified digestate is typically used for construction soil applications or 
ends up in landfill (Energimyndigheten, 2018). 
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3.2 Alternative processes to convert waste 
into biofuels and their limitations  

3.2.1 Gasification of waste 

The chemical value of waste can be recovered through gasification. 
Gasification is the conversion of carbonaceous material to CO and H2-rich 
syngas at a high temperature (>700 °C) in a controlled-oxygen environment. 
The syngas obtained from gasification can be upgraded to a number of fuels 
such as biomethane, methanol, DME, Fischer–Tropsch (FT) fuels and jet fuel. 
Syngas can also be combusted to produce electricity or heat. Gasification of 
waste offers higher electrical energy efficiencies than waste incineration 
(Bioenergy, 2018). Integrated waste gasification and combustion also emits 
lower pollutant levels compared with standalone waste incineration (Palacio 
et al., 2019). However, heterogeneity of waste in terms of size, properties, 
moisture and composition affects the process conditions and output from the 
gasifier. Three gasifiers are considered in this thesis: indirectly heated dual 
fluidized bed gasifiers (DFBG), directly heated circulating fluidized bed 
gasifiers (CFBG) and entrained flow gasifiers (EFG). 

In DFBGs, the heat required for gasification is provided by a separate 
reactor. Part of the biomass is combusted, and the fluidized medium is 
transferred between reactors to provide the necessary heat. An advantage of 
this type of gasifier is that oxygen or air is only provided to the second reactor 
(combustor); it can therefore produce nitrogen-free syngas. In addition, the 
DFBG produces more methane than the 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 major demonstration plants with 
DFBG technology (Hrbeck, 2019). One of these is the Güssing plant in 
Austria, which has 8 MW of gasifier capacity. Another is GoBi Gas in 
Gothenburg, Sweden, which has a 32 MW capacity. GoBi Gas was 
constructed in 2014 and was mainly designed to produce biomethane. 
However, its operation is currently on hold (Hrbeck, 2019).  

Directly heated CFBG gasifiers contain a single reactor and heat is 
provided directly inside the reactor. The heat required for gasification is 
provided by combusting some of the feed inside the reactor. If the gasification 
is designed for biofuel synthesis, an air separation unit (ASU) for pure oxygen 
is required, as air would dilute the syngas with nitrogen. A CFBG also 
produces more carbon dioxide compared with a DFBG because of 

Waste-integrated biorefineries 

 
16  Chaudhary Awais Salman 

 

3.2 Alternative processes to convert waste 
into biofuels and their limitations  

3.2.1 Gasification of waste 

The chemical value of waste can be recovered through gasification. 
Gasification is the conversion of carbonaceous material to CO and H2-rich 
syngas at a high temperature (>700 °C) in a controlled-oxygen environment. 
The syngas obtained from gasification can be upgraded to a number of fuels 
such as biomethane, methanol, DME, Fischer–Tropsch (FT) fuels and jet fuel. 
Syngas can also be combusted to produce electricity or heat. Gasification of 
waste offers higher electrical energy efficiencies than waste incineration 
(Bioenergy, 2018). Integrated waste gasification and combustion also emits 
lower pollutant levels compared with standalone waste incineration (Palacio 
et al., 2019). However, heterogeneity of waste in terms of size, properties, 
moisture and composition affects the process conditions and output from the 
gasifier. Three gasifiers are considered in this thesis: indirectly heated dual 
fluidized bed gasifiers (DFBG), directly heated circulating fluidized bed 
gasifiers (CFBG) and entrained flow gasifiers (EFG). 

In DFBGs, the heat required for gasification is provided by a separate 
reactor. Part of the biomass is combusted, and the fluidized medium is 
transferred between reactors to provide the necessary heat. An advantage of 
this type of gasifier is that oxygen or air is only provided to the second reactor 
(combustor); it can therefore produce nitrogen-free syngas. In addition, the 
DFBG produces more methane than the 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 major demonstration plants with 
DFBG technology (Hrbeck, 2019). One of these is the Güssing plant in 
Austria, which has 8 MW of gasifier capacity. Another is GoBi Gas in 
Gothenburg, Sweden, which has a 32 MW capacity. GoBi Gas was 
constructed in 2014 and was mainly designed to produce biomethane. 
However, its operation is currently on hold (Hrbeck, 2019).  

Directly heated CFBG gasifiers contain a single reactor and heat is 
provided directly inside the reactor. The heat required for gasification is 
provided by combusting some of the feed inside the reactor. If the gasification 
is designed for biofuel synthesis, an air separation unit (ASU) for pure oxygen 
is required, as air would dilute the syngas with nitrogen. A CFBG also 
produces more carbon dioxide compared with a DFBG because of 

40



Theoretical framework 

 17 

combustion and gasification taking place in the same reactor. Valmet 
technologies make directly heated CFBGs manufactured — one such plant is 
in Lahti, Finland. This plant has a capacity of 160 MW and gasifies waste. 
Another plant is located at Vassa, Finland, and can gasify 140 MW of biomass 
(Valmet technologies, 2019).  

EFG is most suitable for large-scale plants and operates at high 
temperatures. EFG has higher carbon conversion as compared to DFBG and 
CFBG and also produces 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 pretreatment to reduce waste 
to a very small size. The pretreatment may be torrefaction, milling or both 
treatments combined (E4tech, 2009). ThyssenKrupp Industrial Solutions 
developed a EFG based process called BioTfuel that uses straw and waste 
wood as feed. BioTfuel used torrefaction as pretreatment step (Hrbeck, 2019). 
There is a 5 MWth pilot plant with pressurized EFG base technology at 
Karlsruhe Institute for Technology, Germany. The plant uses bio-oil as 
feedstock (Hrbeck, 2019). 

3.2.2 Pyrolysis of waste 

Pyrolysis is the thermochemical decomposition of organic material in the 
absence of oxygen. Pyrolysis is an endothermic process, and occurs around 
425–600 °C with short residence times (<3 s) and high heating rates (A.V. 
Bridgwater, 2012). Pyrolysis generates three main products: bio-oil, biochar 
and syngas, which can all be used to produce heat and power, individually or 
simultaneously. The bio-oil produced from pyrolysis can also be upgraded to 
liquid fuels, as an alternative to fossil fuels (Wright et al., 2010).  

Pyrolysis can help to recover energy and resources from waste (Kalogirou, 
2018). The products obtained from waste pyrolysis are heavily influenced by 
the heterogeneity of the waste. The yield and properties of bio-oil are different 
for different fractions of waste, and bio-oil production also requires extensive 
post-treatment before final application. The presence of oxygen in bio-oil is 
a primary hurdle for upgradation of bio-oil to transportation fuels; (Birru et 
al., 2015). Bio-oil upgradation requires hydrogen to remove excess oxygen 
(Birru et al., 2015). Recent developments have shown the theoretical 
feasibility of biomethane production through pyrolysis vapours (Görling et 
al., 2013). According to Görling, conversion of pyrolysis vapours to 
biomethane is technically more feasible than upgradation of bio-oil to 
transport fuels. Biochar from waste pyrolysis has a higher heating value that 
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makes it suitable for heat recovery. However, it can also be used for carbon 
sequestration, as an adsorbent or as a soil conditioner. 

3.3 Tools to minimize the limitations of 
available waste-to-energy processes 

3.3.1 Biorefineries 

The IEA Bioenergy Task 42 defines biorefinery as “sustainable processing 
of biomass into a spectrum of marketable bio-based products and bioenergy.” 
(IEA Bioenergy, 2014). National Renewable Energy Laboratory considers 
biorefinery as an integrated facility that utilizes various fractions of biomass 
to produce biofuels, biochemicals heat and power (Marulanda and Alzate, 
2019). Traditionally, biorefineries have been associated only with 
biochemical processes; nowadays, however, biorefineries also include 
thermochemical technologies. Biorefineries are also gaining attention among 
researchers owing to the possibility of simultaneously adding value to diverse 
feedstock and producing multiple products, which also increase the 
complexity of biorefinery designs (Wenger and Stern, 2019). 

To reduce complexity, biorefineries can be classified into several 
categories depending on type and characteristic of feedstock, conversion 
technologies, transfer of intermediate products among processes, and final 
products (Wenger and Stern, 2019). In contrast to oil refineries, biorefineries 
are still in the research and design phase (Figure 3). In addition, several of the 
conversion processes used in biorefineries are not yet commercially mature. 
Moreover, waste is a diverse feedstock and poses challenges for the design 
and development of biorefineries (Jong and Jungmeier, 2015).  

Heterogeneous MSW can be exploited as feedstock in biorefineries 
(Bhaskar et al., 2020). Various non-recyclable organic fractions of MSW can 
be treated with suitable technologies, such as gasification, pyrolysis, 
combustion and AD in waste biorefineries.  

3.3.2 Biorefineries through process integration  

Process integration was developed in the 1970s in the aftermath of the oil 
crisis, initially as a concept to maximize heat recovery (Klemeš et al., 2013). 
The IEA defines process integration as "systematic and general methods for 
designing integrated production systems, ranging from individual processes 

Waste-integrated biorefineries 

 
18  Chaudhary Awais Salman 

 

makes it suitable for heat recovery. However, it can also be used for carbon 
sequestration, as an adsorbent or as a soil conditioner. 

3.3 Tools to minimize the limitations of 
available waste-to-energy processes 

3.3.1 Biorefineries 

The IEA Bioenergy Task 42 defines biorefinery as “sustainable processing 
of biomass into a spectrum of marketable bio-based products and bioenergy.” 
(IEA Bioenergy, 2014). National Renewable Energy Laboratory considers 
biorefinery as an integrated facility that utilizes various fractions of biomass 
to produce biofuels, biochemicals heat and power (Marulanda and Alzate, 
2019). Traditionally, biorefineries have been associated only with 
biochemical processes; nowadays, however, biorefineries also include 
thermochemical technologies. Biorefineries are also gaining attention among 
researchers owing to the possibility of simultaneously adding value to diverse 
feedstock and producing multiple products, which also increase the 
complexity of biorefinery designs (Wenger and Stern, 2019). 

To reduce complexity, biorefineries can be classified into several 
categories depending on type and characteristic of feedstock, conversion 
technologies, transfer of intermediate products among processes, and final 
products (Wenger and Stern, 2019). In contrast to oil refineries, biorefineries 
are still in the research and design phase (Figure 3). In addition, several of the 
conversion processes used in biorefineries are not yet commercially mature. 
Moreover, waste is a diverse feedstock and poses challenges for the design 
and development of biorefineries (Jong and Jungmeier, 2015).  

Heterogeneous MSW can be exploited as feedstock in biorefineries 
(Bhaskar et al., 2020). Various non-recyclable organic fractions of MSW can 
be treated with suitable technologies, such as gasification, pyrolysis, 
combustion and AD in waste biorefineries.  

3.3.2 Biorefineries through process integration  

Process integration was developed in the 1970s in the aftermath of the oil 
crisis, initially as a concept to maximize heat recovery (Klemeš et al., 2013). 
The IEA defines process integration as "systematic and general methods for 
designing integrated production systems, ranging from individual processes 

42



Theoretical framework 

 19 

to total sites, with special emphasis on the efficient use of energy and 
reducing environmental effects" (Gundersen, 2013). With time, the concept 
of process integration has been extended from heat integration towards mass 
integration, total site integration and total chain integration. Currently, total 
site integration and total chain integration are widely applied process design 
techniques, which not only integrate the core elements within the existing 
process, but also find ways to retrofit new processes with existing ones and 
integrate feedstock and products among the processes (Smith, 2016).   

Figure 3 shows that biorefineries are still at the boundary between research 
and development phases. One of the main challenges in designing waste-
integrated biorefineries is to utilize all fractions of waste and increase overall 
technical and economic performance in parallel. Hence, process-integration 
tools can be applied to existing waste-management industries for better 
utilization of waste feedstock. Retrofitting of new processes in existing WtE 
industries can also synthesize value-added products. Waste-integrated 
biorefineries also enable the utilization of intermediates or products of one 
process as the raw material for another one and increase the technical and 
economic feasibility.  

Three integration pathways — posited by Monacada et al. (2016) — are 
selected to design waste-integrated biorefineries in this thesis: 

 
(i) Integration of feedstock. 
(ii) Integration of technologies.  
(iii) Integration of products.  

Integration of technologies is further divided into three levels: heat 
integration, mass integration and process intensification (Pham et al., 2012).  

According to Hackl and Harvey (2010) designing of biorefineries by 
retrofitting new processes in existing industries is advantageous in many 
respects, such as: 

 
 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. 
 By-products from one process can be used in other processes. 
 Existing workforce and knowledge can be beneficial. 
 Integration provides more flexibility regarding operation and 

products. 

Integration of new processes with existing technologies is considered feasible 
when the overall process provides more benefits than the standalone system, 
both in technical and economic terms. However, in order to carry out the 
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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 savings and net annual revenue, net present value (NPV) and rate of 
return (ROR) on investment. 

3.4 Waste-integrated biorefineries 
Existing waste-management industries can be converted to biorefineries 
through process integration with alternative thermochemical processes. Four 
main integration paths are studied in this thesis. The following sections 
briefly describe previous studies on thermochemical process integration with 
existing WtE industries and current knowledge gaps. The appended papers 
contain a detailed literature review. 

3.4.1 Integration of thermochemical processes with 
existing CHP plants 

Various authors have analyzed the utilization of excess heat from existing 
CHP plants. Song et al. (2011) and Wahlund et al. (2002) studied production 
of pellets through integration with CHP, focusing on increased production 
and system energetic performance. Pfeffer et al. (2007), Song et al. (2012) 
and Starfelt et al. (2010) studied bioethanol production through existing CHP 
integration. Song et al. (2012) integrated the drying of biomass with CHP and 
reported the increase in efficiency and annual production of ethanol. Starfelt 
et al. (2010) found that the production of ethanol in the CHP-integrated 
process is more efficient than with a standalone process. The integration of 
torrefaction with existing CHP plants was studied by Kohl et al. (2013), 
Sermyagina et al. (2016) and Starfelt et al. (2015). Kohl et al. (2013) 
determined that the integration of biomass for torrefaction is operationally 
possible when the process is integrated with the CHP plant. A similar 
conclusion was drawn by Starfelt et al. (2015) when they determined that 
torrefaction can be integrated with the CHP plant without compromising its 
heat, and that the process is economically feasible. 

Various authors have studied the integration of pyrolysis and gasification 
with existing CHP plants. These studies (Borji et al., 2015; Fryda et al., 2008; 
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Galanti et al., 2011; Gustavsson and Hulteberg, 2016; Naqvi et al., 2016; 
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, resulting in an overall increase of efficiency for the 
integrated CHP–gasification process compared with 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.  

As described in section 3.2, different gasifiers can treat waste such as fixed 
or fluidized bed gasifiers and entrained flow gasification  (Mckendry and 
Mckendry, 2017). However, different gasifiers may behave differently when 
retrofitted with an existing CHP plant and may have a different effect on the 
performance of the CHP. According to Meijden et al. (2010), the efficiencies 
of standalone gasifiers are highly variable for the production of biomethane 
— CFBG (58%), DFBG (64%), and EFG (54%). Comparison of different 
gasifiers from the reviewed literature —presented in detail in Paper I — 
shows the efficiencies of all the options, ranging from 58% to 81%. The 
biomass gasification process for biofuel production is a complex system, even 
on a standalone basis (Holmgren et al., 2016); 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.  

Furthermore, the thermodynamic process-integration studies involving 
CHP plants with thermochemical processes have been mostly limited to base-
load analysis of both processes with the extraction of low-grade heat to 
integrate, e.g. pellet, torrefaction and drying processes. Most of the work 
referred to above considers the design case of CHP plants (Galanti et al., 
2011; Gustavsson and Hulteberg, 2016; Naqvi et al., 2016; H. Song et al., 
2012; Starfelt et al., 2010b). Kohl et al. (2013) and Kohl et al. (2015) reported 
the energy efficiency of process integration on both design and off-design 
basis.  

CHP plants are commercially mature technologies and integrating new 
processes with CHP requires extensive thermodynamic and profitability 
analyses. The primary objective of retrofitting CHP plants with new 
processes should be to find efficient integration pathways to repower CHP 
plants without compromising their thermodynamic performance. 
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3.4.2 Integration of pyrolysis with existing AD plants 

Integration of AD and pyrolysis offers an alternative approach by using 
different types of waste in an integrated biorefinery. Integration of AD with 
the pyrolysis of lignocellulosic waste can offer the possibility of using 
different pyrolysis products in the digester to enhance biomethane production 
and increase overall efficiency.  

Various researchers have studied AD integration with thermochemical 
processes. Michailos et al. (2020) performed a techno-economic analysis of 
gasification coupled with the AD process and reported efficiencies of 26.5–
35.5%. Antoniou et al. (2019) studied coupling of AD and gasification by 
gasifying the digestate, and reported a resulting surplus of electricity. Torri et 
al. (2020) produced pyro gas from the integration of AD of intermediate 
pyrolysis products and concluded that the process is feasible for production 
of carbon-negative products. Yu et al. (2020) coupled aqueous pyrolysis 
liquid with the AD process and estimated that with the addition of lower 
pyrolysis liquid concentration, biomethane production could increase.  

As mentioned in section 3.2, biochar addition to the anaerobic digester can 
also increase biomethane production in the range of 5–31%, as reported by 
several authors (Wu et al., 2019; Wu et al., 2019; Cai et al., 2016; Meyer-
Kohlstock et al., 2016; Mumme et al., 2014; Torri and Fabbri, 2014; 
Inthapanya et al., 2012). The addition of biochar shortens the lag phase, 
minimizes ammonia-induced inhibition by acting as an adsorbent, and 
increases alkaline behavior (Shen et al., 2020). Thus, biochar can be used to 
increase the biomethane content in biogas by enabling 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 
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 by AD could increase energy recovery. 
Furthermore, a non-biodegradable fraction of MSW can be used to increase 
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the biomethane yield. However, these previous publications mainly focused 
on empirical studies. Moreover, the utilization pathway of other pyrolysis 
products, such as bio-oil and syngas, has not been addressed thoroughly, and 
little attention has been given to the heat demand and economic benefits of 
the integrated pyrolysis and AD processes. 

3.4.3 Integration of thermochemical treatment of 
digested sludge with existing WWTPs 

An alternative way to treat digestate is through thermochemical processes 
such as combustion, pyrolysis or gasification. Incineration of digestate or 
sludge is already implemented in several European regions. Combustion 
reduces the volume of sludge by oxidizing the organic content to produce 
energy, while inorganic contents are converted to ash. Pyrolysis of sludge has 
some advantages over combustion, such as higher heavy metal concentration 
accumulation in pyrolysis ash and biochar, making disposal more secure 
(Manara and Zabaniotou, 2012). Digestate can also be gasified in the presence 
of oxygen or steam. The partial oxidation in gasification can fulfil heat 
demand in the gasifier by burning some of the raw material waste (Dussan 
and Monaghan, 2017). Syngas from sludge gasification can be combusted for 
production of heat and power. The potential harmful metals and inorganic 
components are collected in ash and char. Char is either combusted in the 
gasifier or collected as a separate material (Manara and Zabaniotou, 2012).  

Digestate contains a large amount of moisture and requires drying (<25%) 
as pre-treatment before thermochemical processing (Ayol et al., 2019). The 
Higher moisture content of digestate increases the overall energy demand of 
the process. However, drying of digestate can be carried out at a lower 
temperature, so the process can be integrated with the CHP plant to utilize its 
waste heat from flue gas leaving the boiler.  

3.5 Uncertainty in waste thermochemical 
process designs 

 
The parameters and inputs used in the early-stage design of waste-to-biofuel 
analysis are uncertain and volatile. The composition of waste is an essential 
input for the modelling and simulation of gasification and pyrolysis process. 
In contrast to agricultural or woody biomass, waste is highly heterogeneous, 
and its elemental composition is dependent on social and regional factors 
(Beigl et al., 2008). According to Beigel et al. (2008), the heterogeneous 
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nature of waste is one of the main factors that result in uncertain product 
composition, technical efficiencies and economic feasibility. Uncertainty of 
investment, raw material and product costs, and other operational expenses 
also affect the economic feasibility of waste-based thermochemical 
processes. In their review of biorefineries, Stichnothe et al. (2016) reported 
that most researchers consider investment costs as point estimates and ignore 
the uncertainties associated with capital expenses, which affect the reliability 
of results. According to T.R Brown (2012), researchers use a variety of 
different methods to assess the thermochemical design technically and 
economically. He further stated that the choice of assessment methods has a 
significant influence on economic performance indicators. Another study 
reviewed the thermochemical pathways and found that there was ±$100 
million difference in capital costs for biorefineries processing 2000 metric ton 
per day (Brown, 2015). 

Furthermore, studies show that feedstock price is one of the main factors 
that influences biofuel price, ROR, payback period (PBP) and NPV (Brown, 
2012; Brown, 2015; Navas-Anguita et al., 2019). Lou et al. (2008) described 
in their study that uncertainties in process parameters are unavoidable at the 
design stage and challenging to address. They concluded that the inclusion of 
potential risks in chemical process designs would make the technical and 
economic performance indicators more reliable compared with deterministic 
system analysis.  

3.6 Point of departure 
This chapter synthesizes the important concepts and contributions used as 

a reference in this study. Based on the brief literature review in this chapter 
(and the detailed ones in appended papers), design of biorefineries by the 
integration of existing WtE processes with alternative waste conversion is yet 
to be widely explored. In addition, opportunities for improvement have been 
identified in the WtE techno-economic methodology.  

Before concluding this chapter, a brief description of how the 
abovementioned concepts have been applied for the design of waste-
integrated biorefineries is presented. 

Theoretically, a large range of waste biorefineries can be conceptualized 
and designed by utilizing various fractions of waste in appropriate processes 
for the generation of multiple products. However, this thesis focuses on 
existing standalone WtE industries and converts them to biorefineries by 
integrating them with new thermochemical processes. According to (Klerk, 
2011), to design biorefineries, one has to examine the diversity of oil 
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refineries. He further stated that there is no straightforward strategy for 
designing oil refineries, so the same should be considered for the design of 
biorefineries. Gary et al. (2007) outlined the characteristics of refinery 
designs as presented below. Some of these characteristics are adopted for the 
design of waste-integrated biorefineries in this thesis.  
 
Each refinery is unique. There is no standard refinery design (Section 4.1).  
Design complexity differs among refineries. The vast difference between 
refinery designs in Section 4.1.3 and 4.1.5 is an example. 
Feedstock is all different. Various fractions of waste have different 
properties. Furthermore, the compositions of waste in different regions vary 
(Section 4.5).  
Refineries are energy intensive. Process units in refineries require or 
produce utilities, which need to be integrated to enhance efficiency (Section 
4.1 and 4.2). 
Refineries progress over time. Refinery operation is dynamic and raw 
material availability and product demand affect its operation. Therefore, 
designed flexibility is vital (Section 4.2). 
Feedstock and product prices are volatile. The volatility of prices is 
considered via sensitivity analysis for various process designs (section 4.5).  
Refinery economics is complicated. They are capital intensive, long lived 
and specific assets. Refineries should have a flexible design to counter future 
changes (Section 4.4, 5.2 and 5.3) 
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4 Methodology 
 
This chapter describes the research framework and process configuration 
schemes developed for waste-integrated biorefineries. Different methods and 
tools were employed to assess the integrated systems. This chapter discusses 
the simulation methods and tools adapted to achieve the objectives and 
answer the research questions presented in Chapter 1. 

4.1 Description of the integrated process 

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 
biorefineries were designed by considering that all fractions of feedstock 
must aim to produce value-added products. Both mass- and heat-integration 
approaches were used to design process configurations. The technical and 
economic assessment was carried out for the integrated biorefineries using 
operational data from real WtE plants. The research framework, shown in 
Figure 4, present different case studies specifically designed to answer the 
research questions presented in Chapter 2. 
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Figure 4: Research framework followed in this thesis 
 

A bubbling fluidized bed boiler of an existing CHP plant was selected as the 
reference plant. The CHP plant is located in Västerås, Sweden. It combusts 
RDF waste as a primary fuel and covers the base district heating load. Figure 
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5 shows the simplified process flow scheme of the CHP plant. The key 
operating data of the CHP plant are shown in Table 1.  

Table 1: Main operating parameters of the CHP plant (Mälarenergi AB, 2016) 

Parameters Values 

Boiler maximum 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 

 

 

Figure 5: Simplified process flow diagram of the base case CHP plant 
 

Steam is extracted from the CHP plant and exported to various waste 
thermochemical unit operations such as drying, gasification, tar reforming, 
the water gas shift (WGS) reactor and the biofuel synthesis process. In some 
cases, heat from flue gas is also extracted for the integrated process, e.g. 
pyrolysis, bio-oil upgradation or sludge drying. Electric power required for 
integrated thermochemical processes is also exported from the CHP plant.  

4.1.1 Case 1: Thermochemical process integration with 
an existing CHP plant (Papers I, V) 

 
To answer RQ1, the reference CHP plant was integrated with three types of 
gasifier and pyrolysis reactor, and the results of the studies are presented in 
Papers I and V.  
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Case 1(a): DFBG integrated with the CHP plant 

Gobi gas and Gussing technology (Hrbeck, 2019) is used as a reference for 
the indirectly heated DFBG. In the CHP-integrated DFBG (Figure 6), hot bed 
material and unreacted char were circulated between gasifier and combustor 
to provide the necessary heat for gasification. In this study, the gasification 
bed operated at 850 °C, and the reference boiler was operated as a combustor 
bed. The gasifier used steam as the gasification medium. Owing to the 
separation of the gasifier and combustor reactors, there is no requirement for 
an ASU in the DFBG. 

 

Figure 6: Case 1(a) Process-integration configuration of DFBG with the CHP 
plant 

Case 1(b): CFBG integrated with the CHP plant 

The plant configuration for CFBG (Figure 7) integrated with the existing 
CHP plant is based on Lahti gasification technology (Valmet technologies, 
2019). The design was modified and integrated with the reference CHP plant. 
The gasifier operated at 850 °C. The oxygen from the ASU was used as the 
gasification medium to obtain 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 was imported from the 
CHP plant to the gasifier. 
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Case 1(b): CFBG integrated with the CHP plant 

The plant configuration for CFBG (Figure 7) integrated with the existing 
CHP plant is based on Lahti gasification technology (Valmet technologies, 
2019). The design was modified and integrated with the reference CHP plant. 
The gasifier operated at 850 °C. The oxygen from the ASU was used as the 
gasification medium to obtain 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 was imported from the 
CHP plant to the gasifier. 
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Figure 7: Case 1(b) Process-integration configuration of CFBG with the 
CHP plant 

Case 1(c): EFG integration with the CHP plant 

Figure 8 shows the integration of EFG with the existing CHP plant. 
According to Energy research Center of the Netherlands (ECN), the feed for 
the EFG should be made up of very fine particles; thus, pre-treatment of waste 
biomass is required for gasification (Drift et al., 2004). They further state that 
torrefaction is the most suitable pre-treatment method for EFG of waste 
biomass. Thus, torrefaction of RDF was selected as the pre-treatment and the 
particle size was reduced to 0.1 mm. Steam from the CHP plant and pure 
oxygen from the ASU were used as the gasification medium. The EFG 
typically operates at a high temperature in the range of 1300–1500 °C. An 
operating temperature of 1300 °C was selected for the EFG, due to the high 
reactivity of the waste (Van der Meijden et al., 2010). 

Methodology 

 31 

 

Figure 7: Case 1(b) Process-integration configuration of CFBG with the 
CHP plant 

Case 1(c): EFG integration with the CHP plant 

Figure 8 shows the integration of EFG with the existing CHP plant. 
According to Energy research Center of the Netherlands (ECN), the feed for 
the EFG should be made up of very fine particles; thus, pre-treatment of waste 
biomass is required for gasification (Drift et al., 2004). They further state that 
torrefaction is the most suitable pre-treatment method for EFG of waste 
biomass. Thus, torrefaction of RDF was selected as the pre-treatment and the 
particle size was reduced to 0.1 mm. Steam from the CHP plant and pure 
oxygen from the ASU were used as the gasification medium. The EFG 
typically operates at a high temperature in the range of 1300–1500 °C. An 
operating temperature of 1300 °C was selected for the EFG, due to the high 
reactivity of the waste (Van der Meijden et al., 2010). 

55



Waste-integrated biorefineries 

 
32  Chaudhary Awais Salman 

 

 

Figure 8: Case 1(c) Process-integration configuration of EFG with the 
CHP plant 

Case 1(d): Pyrolysis integration with the CHP plant 

The process-integration scheme for pyrolysis with the CHP plant is illustrated 
in Figure 9. The RDF waste was reduced to <2 mm particle size and dried to 
10% moisture. Biochar was separated and combusted in the existing boiler. 
Vapours were condensed to bio-oil and syngas. Syngas was also sent for 
combustion and bio-oil was considered as the final product.  

 

 

Figure 9: Case 1(d) Process-integration configuration of pyrolysis 
reactor with the CHP plant 
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Figure 9: Case 1(d) Process-integration configuration of pyrolysis 
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4.1.2 Case 2: Polygeneration of biofuels, heat and 
power through thermochemical process integration 
with existing CHP plants (Papers I and II) 

Case 2 is aimed to answer RQ2(a). Three biofuels were produced through 
integration of gasification with existing CHP plants: biomethane, methanol 
and DME. The detailed process description is presented in Papers I and II.  
 
Case 2(a): DFBG was integrated with the CHP plant to produce biomethane 
(Figure 10). WGS maintained the H2/CO ratio at 3 for the synthesis of 
biomethane. Adjusted syngas was compressed to 6 bar and converted to 
biomethane at ~300 oC. Biomethane was upgraded after CO2 and H2O 
removal. The CHP plant provided the heat and power required for biomethane 
production through gasification. Heat was also recovered as steam (at the inlet 
conditions of the steam turbine) from downstream gasification processes. 

 

 

Figure 10: Case 2(a) Biomethane production through gasification process 
integration with the existing CHP plant 

 
Case 2(b): DFBG was integrated with the CHP plant to produce methanol 
(Figure 11). WGS maintained the H2/CO ratio at 2 for methanol synthesis. 
Adjusted syngas was compressed and converted to methanol via R1 (Clausen 
et al., 2010). Unconverted syngas and liquid were separated. Unconverted 
syngas was recycled, and the liquid was cooled and distilled as methanol. 
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4H2 + 2CO           2CH3OH  ΔH = −181.6 kJ /mol (R1) 
 

 

Figure 11: Case 2(b) Methanol production through gasification process 
integration with the existing CHP plant 

 
Case 2(c): DFBG was integrated with the CHP plant for synthesis of DME 
(Figure 12). DME synthesis occurred in two steps: syngas conversion to 
methanol via R1 and methanol conversion to DME via R2 (Clausen et al., 
2010). Adjusted syngas was compressed and converted to DME via R1 and 
R2. Unconverted syngas and methanol were recycled and DME was upgraded 
after distillation. 

2CH3OH                  CH3OCH3 + H2O,   ΔH = −23.4 kJ (R2) 
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Figure 12: Case 2(c) DME production through gasification process 
integration with the existing CHP plant 

4.1.3 Case 3: Polygeneration of drop-in biofuels, heat, 
and power through thermochemical process 
integration with existing CHP plants (Paper III) 

 
To answer RQ2(b), process integration of thermochemical processes to 
produce drop-in biofuels and on-site hydrogen was designed and investigated. 
Drop-in biofuels were studied as a separate case for two reasons:  
1. Drop-in fuels are considered as compatible and interchangeable with 
existing gasoline and diesel fuels; they can be produced through gasification 
by FT fuels upgradation and methanol-to-gasoline (MTG). Drop-in biofuels 
can also be produced through pyrolysis by bio-oil upgradation.  
2. Drop-in biofuels require additional hydrogen when produced by 
thermochemical processes, which adds to the heat and material requirements 
of the overall system.  
The details of the CHP integrated with thermochemical processes for drop-in 
biofuels synthesis are presented in Paper III and described in brief below: 
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Case 3(a): RDF waste gasification was integrated with the CHP plant to 
produce FT fuels. FT fuels were upgraded to drop-in biofuels. All the 
hydrogen required for FT synthesis and up-gradation of FT fuels to market-
ready drop-in biofuels was produced on site by the WGS reactor (Figure 13). 
Steam was extracted from the CHP plant and transferred to the integrated 
processes. 

 

Figure 13: Case 3(a) Drop-in biofuels synthesis via FT fuels integrated 
with the CHP plant using hydrogen from the WGS reactor 

 
Case 3(b): Gasification of RDF waste was integrated with the CHP plant for 
FT fuels synthesis; the required hydrogen was produced from the solid oxide 
electrolysis cell (SOEC) unit (Figure 14). The power required for the SOEC 
unit was transferred from the CHP plant. The power required in other 
processes such as pumps, compressors and instrumentation was also obtained 
from the turbines of the existing CHP plant. Thus, during analysis, the SOEC 
was limited to using a maximum of half of the power produced in the CHP 
plant at any time. 
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Figure 14: Case 3(b) Drop-in biofuels production by FT synthesis 
integrated with the CHP plant using hydrogen from the SOEC  

 
Case 3(c): Syngas from waste gasification was converted to gasoline via the 
MTG process (Figure 15). The hydrogen required in the process was 
produced in the WGS reactor.  

 

Figure 15: Case 3(c) Drop-in biofuels production by MTG reactor 
integration with the CHP plant  
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Figure 14: Case 3(b) Drop-in biofuels production by FT synthesis 
integrated with the CHP plant using hydrogen from the SOEC  

 
Case 3(c): Syngas from waste gasification was converted to gasoline via the 
MTG process (Figure 15). The hydrogen required in the process was 
produced in the WGS reactor.  

 

Figure 15: Case 3(c) Drop-in biofuels production by MTG reactor 
integration with the CHP plant  
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Case 3(d): Waste pyrolysis was integrated with the CHP plant. Bio-oil was 
upgraded to drop-in biofuels. Hydrogen for bio-oil up-gradation was 
produced from the reforming of bio-oil (Figure 17). CHP provided the steam 
for reforming. 

 

Figure 16: Case 3(d) Drop-in biofuels production through pyrolysis 
integrated with the CHP plant by upgrading bio-oil. Syngas and 
bio-oil was reformed to produce required hydrogen 

 
Case 3(e): Waste pyrolysis was integrated with the CHP plant. An upfront 
gasification unit with a WGS reactor produced the hydrogen required for bio-
oil up-gradation to drop-in biofuels (Figure 17).  
 

 

Figure 17: Case 3(e) Drop-in biofuels production through pyrolysis 
integrated with the CHP plant by upgrading bio-oil to gasoline 
and diesel. The hydrogen required is produced from the 
additional gasification unit 
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Case 3(f): The SOEC unit provided the required hydrogen for bio-oil 
production (Figure 18). The power from the CHP plant and flue gas extraction 
heat provided the required energy for the SOEC unit. 

 

 

Figure 18: Case 3(f) Drop-in biofuels production through pyrolysis 
integrated with the CHP plant by upgrading bio-oil to gasoline 
and diesel. The hydrogen required is produced from the SOEC 
unit 

4.1.4 Case 4: Pyrolysis process integration with biogas 
plants (Papers IV and V) 

 
Case 4 is used to answer RQ3(a) and the results are presented in Papers IV 
and V. Figure 19 shows the plant configuration of the standalone reference 
processes for biodegradable and lignocellulosic fractions of MSW. In the 
reference case, the waste is source-separated to 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.  
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Figure 19: Sludge, biodegradable and lignocellulosic waste utilization in 
base standalone biogas and combustion processes 

For AD, data from a biogas plant — Växtkraft — located in Västerås, 
Sweden, were collected and used. The plant utilizes source-separated organic 
waste as well as industrial waste such as grease and agricultural waste such 
as ley crops 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 4(a): On-site pyrolysis integration with AD (Paper IV) 

Figure 20 shows the configuration for integrating pyrolysis and AD, as 
presented in Paper IV. The pyrolysis process configuration was adapted from 
Ringer et al. (2006) and Shemfe et al. ( 2015). The biochar obtained from 
pyrolysis was utilized to fulfil the heat demand of pyrolysis processes such as 
the pyrolyzer and dryer. Biochar was also sent to the digester as an adsorbent 
to enhance biomethane production. The remaining vapours from the 
pyrolyzer were reformed and then converted to biomethane by catalytic 
methanation. 

Waste-integrated biorefineries 

 
40  Chaudhary Awais Salman 

 

 

Figure 19: Sludge, biodegradable and lignocellulosic waste utilization in 
base standalone biogas and combustion processes 

For AD, data from a biogas plant — Växtkraft — located in Västerås, 
Sweden, were collected and used. The plant utilizes source-separated organic 
waste as well as industrial waste such as grease and agricultural waste such 
as ley crops 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 4(a): On-site pyrolysis integration with AD (Paper IV) 

Figure 20 shows the configuration for integrating pyrolysis and AD, as 
presented in Paper IV. The pyrolysis process configuration was adapted from 
Ringer et al. (2006) and Shemfe et al. ( 2015). The biochar obtained from 
pyrolysis was utilized to fulfil the heat demand of pyrolysis processes such as 
the pyrolyzer and dryer. Biochar was also sent to the digester as an adsorbent 
to enhance biomethane production. The remaining vapours from the 
pyrolyzer were reformed and then converted to biomethane by catalytic 
methanation. 

64



Methodology 

 41 

 

Figure 20: Case 4(a) On-site process integration of pyrolysis with AD 

Case 4(b): Off-site pyrolysis integration with AD (Paper V) 

Case 4(b) considers the off-site integration of pyrolysis with AD (Figure 21). 
Pyrolysis and upgradation of pyrolysis vapours require heat to operate. In this 
case, pyrolysis of lignocellulosic waste was integrated with the CHP plant. 
The biochar produced was combusted in the existing boiler and the required 
heat and steam for the pyrolysis process were obtained from the CHP plant. 
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Case 4(b): Off-site pyrolysis integration with AD (Paper V) 

Case 4(b) considers the off-site integration of pyrolysis with AD (Figure 21). 
Pyrolysis and upgradation of pyrolysis vapours require heat to operate. In this 
case, pyrolysis of lignocellulosic waste was integrated with the CHP plant. 
The biochar produced was combusted in the existing boiler and the required 
heat and steam for the pyrolysis process were obtained from the CHP plant. 

 

65



Waste-integrated biorefineries 

 
42  Chaudhary Awais Salman 

 

 

Figure 21: Case 4(b) Off-site process integration of AD with pyrolysis + CHP 

4.1.5 Case 5: Thermochemical process integration with 
a WWTP (Papers VI and VII) 

An existing WWTP in Eskilstuna, Sweden was selected as a reference for 
integration of thermochemical processes. Table 3 presents the main operating 
parameters of the WWTP.  

 
Table 3: Main operational data of the WWTP 

Parameters Value 

Biogas production (MWh) 6,844 

Dewatered sludge, (m3/yr) 86,725 

Solid digestate (m3/yr) 6,391 

Reject water (m3/yr) 105,835 

Case 5(a), (b) and (c): Combustion, pyrolysis and 
gasification process integration with the WWTP (Paper VI) 

Case 5 was designed in response to RQ3(b), and the results are presented in 
Paper VI. Digested sludge from the biogas process in the WWTP was 
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dewatered and dried. The dried sludge was thermally treated using 3 
processes: combustion, pyrolysis and gasification. Process schemes for case 
5(a), (b) and (c) are presented in Figure 22. The thermochemical processes 
were assessed to determine whether they could provide the heat required for 
drying and nitrogen recovery from liquid digestate. 
 

 

Figure 22: Description of the thermochemical integrated systems for   
processing of digested sewage sludge in case 5(a), (b) and (c) 

 

Case 5(d): Drying of sludge integrated with the biomass-
based CHP plant (Paper VII) 

In this case, sludge drying is integrated with the existing CHP plant (Figure 
23). Flue gas from the reference CHP plant leaves the boiler, and after 
cleaning, flue gas enters the flue gas quench (FGQ). The temperature of flue 
gas leaving the boiler of the reference CHP plant was 163 °C and the exit 
temperature of flue gas leaving the FGQ was ~65 °C (Li et al., 2019). The 
low-temperature waste heat from flue gas leaving the boiler was utilized for 
sludge drying. Dried sludge was also co-combusted with biomass in the 
boiler. 
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Figure 23: Case 5(d) Sludge drying integrated with existing CHP plant 

4.2 Description of operational scenarios 

4.2.1 Scenarios to assess CHP–gasification integration to 
compare different gasifiers and assess production 
of biomethane, methanol and DME (Papers I and II) 

Three different operational scenarios for CHP–gasification integration, 
described below, were established to answer RQ1(a) and RQ2(a). The 
processes were simulated with defined operational scenarios to measure and 
compare the technical feasibility of integrating gasifiers with CHP plants to 
produce biomethane, methanol and DME. 

Reference scenario for CHP–gasification integration: The monthly 
heat and power production from the CHP plant was taken as identical to the 
annual production of the reference CHP plant in 2016, shown in Figure 29.  

Scenario 1:  In this scenario, the CHP plant operates at full load. The CHP 
plant generates district heat and electric power 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. District heating and power are considered the primary products, with 
biofuel as a by-product. 

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 
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plant. District heating and power are considered the primary products, with 
biofuel as a by-product. 

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 

68



Methodology 

 45 

production utilize the excess heat from the CHP plant after the plant has 
fulfilled the district heat load. District heating is still considered as the 
primary product, but biofuel is prioritized over electric power in this scenario. 

Scenario 3: The CHP plant operates to fulfil the district heat demand 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 biofuel is again prioritized over electric 
power in this scenario. 

The scenarios are integrated with the three selected gasifiers and pyrolysis 
reactor:  

(a) Indirectly heated DFBG. 
(b) Directly heated CFBG. 
(c) EFG. 
(d) Pyrolysis reactor. 

4.2.2 Scenarios to determine the operating limitations of 
the CHP plant for thermochemical process 
integration and assess drop-in biofuels production 
(Paper III) 

Scenarios 4, 5, and 6 were established for CHP–gasification integration, and 
scenario 7 was established for CHP–pyrolysis integration in response to 
RQ1(b) and RQ2(b). 
 
Scenario 4. Steam is extracted before the steam turbine at high temperature 
and pressure (Figure 24). 
Scenario 5. Steam is extracted through the crossover pipe between the 
medium-pressure and low-pressure turbine stage (Figure 24). 
Scenario 6.  Steam is extracted from both extraction points, 1 and 2.  
In all scenarios, it is ensured that the amount of steam extracted from all the 
points does not change the measured heat and power output, and only the 
available excess heat is transferred to the gasification process (Figure 24). 
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Figure 24: Heat extraction pathways from the steam cycle in the CHP plant 
in scenarios 4,5 and 6 

 
Scenario 7. The pyrolysis process does not utilize oxidizing agents such as 
steam or oxygen, so an alternative to steam extraction was designed; heat is 
extracted by high-temperature flue gas splitting in the boiler. Flue gases are 
cooled down in two steps. First, flue gases are cooled to 520 oC to produce 
the high-temperature steam for bio-oil up-gradation. Flue gas at 520 oC 
provides the heat to the pyrolysis reactor (Figure 25).  

 

 

Figure 25: Heat extraction pathway from flue gas in the CHP plant in 
scenario 7 
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4.3 Modelling and simulation  

Section 4.1 describes the design of five integrated biorefinery configuration 
cases. The waste-integrated biorefineries are intended to convert various 
fractions of waste into biofuels to improve energy efficiency and increase 
their economic performance. The technical performance of the waste-
integrated biorefineries was assessed through modelling and simulation. 

A basic overview of the methodology applied for waste biorefineries is 
shown in Figure 26. Process models were created for the existing processes 
and the new thermochemical processes. The models were integrated to 
convert them to waste biorefineries. Waste biorefineries were simulated 
under several operational scenarios to estimate their technical potential and 
cost-effectiveness. The impact of the integration of the thermochemical 
process on the operation of existing waste processes was also analyzed.  

When making the process model for system analysis, it is important to 
provide a full set of assumptions and input parameters for the assessment of 
base cases and scenarios. The appended papers contain all the assumptions 
and parameters used for modelling and simulation. This thesis describes only 
the main assumptions and boundary conditions in the following sections.  

Figure 26: Overview of the methodology followed in the thesis 
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4.3.1 Modelling and simulation tools 

The integrated processes were modelled using a number of tools appropriate 
for specific processes. In all Papers (I–VIII) thermochemical processes were 
simulated with Aspen Plus — a flowsheet-based process simulation software 
(Aspen Technology Inc., USA.). Paper VIII also used Aspen simulation 
workbook linked with Aspen Plus to perform the Monte Carlo simulations. 
In Paper III, Ebsilon Professional (Steag System Technologies) was used to 
model the off-design performance of the CHP plant (scenarios 4 ̶ 7).  In 
Papers IV and V, Python programming was used to model the pyrolysis 
reactions for the estimation of pyrolysis products from lignocellulosic waste. 
The data analysis and correlation matrix in Paper VIII were developed in the 
Python program. Deterministic economic analysis in Paper I, II, III and IV 
was performed using spreadsheets and MATLAB through discounted cash 
flow method. Economic uncertainty analysis and Monte Carlo simulations in 
Papers II, III and VIII were carried out in MATLAB. 

4.3.2 Waste thermochemical process modelling and 
simulation  

The appended papers contain detailed methodology and assumptions for 
processes described in section 4.1. The summarized assumptions and 
methods are presented in the following sections. 

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

Integrated processes in case 1 were modelled using several Aspen Plus 
modules. RDF waste drying was modelled by the stoichiometric reactor 
(RSTOICH). The gasification was simulated using the RYIELD and 
continuous stirred tank reactor (RCSTR) blocks of Aspen Plus.  

Post-treatment of syngas includes tar reforming, cooling, WGS reactor 
and cleaning. The RSTOICH block modelled the tar reforming with steam 
coming from existing CHP plant. The WGS rector utilized steam from the 
CHP plant and was modelled by the RGIBBS block. After the WGS reactor, 
H2S and CO2 were removed from the syngas in the acid gas removal (AGR) 
section. Syngas cleaning through AGR was modelled only to estimate the 
heat balance and, for simplicity, it was assumed that there was 100% removal 
of H2S and 98% removal of CO2.  
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The CHP plant was modelled and calibrated with reference plant data. The 
RSTOICH block of Aspen Plus with combustion reactions was used to model 
the combustor of the CHP plant. The heat recovery steam generation (HRSG) 
was modelled by heat exchanger blocks of Aspen Plus. The steam turbine was 
simulated by the turbine block. 

Case 2 and 3: Polygeneration of heat, power and biofuels 
(Papers I, II and III) 

Conversion of syngas produced from waste gasification to biomethane, 
methanol, DME and drop-in biofuels was modelled in Aspen Plus.  

For biomethane synthesis, syngas was compressed to 6 bar and converted 
to biomethane at 300 °C (Stefan Heyne, 2007) using the RGIBBS block of 
Aspen Plus. Syngas was compressed to 95 bar for methanol synthesis and 56 
bar for DME synthesis. The RGIBBS block was used to model the conversion 
of syngas to methanol production at 220 oC and to DME at 240 oC (Clausen 
et al., 2011). The products were upgraded and purified with distillation 
columns. The RYIELD block modelled the MTG process with a gasoline 
yield of 39% from methanol (Dimitriou, 2013). 

The product distribution for FT fuels is dependent on the H2/CO ratio and 
follows the Anderson–Schultz–Flory (ASF) model (Pondini and Ebert., 
(2013) and Song et al., (2004)). The limiting step in the FT reactor is CO 
conversion, which was selected as 70% at 220 oC and 20 bar (Pondini and 
Ebert, 2013). The FT reactor was simulated in Aspen Plus by combining the 
RSTOICH and CALCULATOR blocks.  

Case 4: Pyrolysis–AD process integration to enhance 
biomethane production (Papers IV and V) 

(a) On-site integration of pyrolysis with the AD process (Paper IV) 
Pyrolysis was modelled at 500 °C in Python, based on kinetic reactions 
presented by Ranzi et al. (2014). The biochar produced from the pyrolysis 
process was added to the digester as 5% of the daily organic loading rate. The 
remaining biochar was combusted to provide the necessary heat for the 
pyrolysis process modelled by the RGIBBS block. The process used for the 
production of biomethane from the pyrolysis vapours was adapted from 
Görling et al. (2013). The conversion of pyrolysis vapours to biomethane 
involves reforming, WGS and methanation reactors modelled by RGIBBS 
reactor blocks, followed by the removal of carbon dioxide modelled in the 
separator block of Aspen Plus. Design and simulation of CO2 removal and 
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biomethane upgrading were outside the scope of this work. The biomethane 
content in the final stream was assumed to be 98%.  

(b) Off-site integration of pyrolysis with AD and the CHP plant (Paper 
V) 
Pyrolysis was modelled in Python; the results were soft-linked to Aspen Plus 
for integration with the CHP plant. CHP was modelled similarly to the 
methodology presented for cases 1 and 2. The required heat to operate the 
pyrolysis process was transferred from the CHP plant. Biochar from pyrolysis 
was sent to the AD plant, while excess biochar was combusted in the existing 
CHP plant. 

Case 5: Thermochemical process integration with the 
WWTP (Papers VI and VII) 

For combustion, dewatered sludge was dried to 35% moisture. The sludge 
was then combusted using the RSTOICH reactor of Aspen Plus with 
combustion reactions. Products from pyrolysis of sludge were modelled by 
using the correlations from Neves et al. (2011) in the CALCULATOR block 
and results were transferred to RYIELD block of Aspen Plus. The gasification 
of sludge was modelled by RGIBBS at 850 °C in the presence of air.  

Sludge drying integrated with existing CHP plant was modelled in 
Aspen Plus. The model contains three sections: the boiler section, the steam 
turbine section and flue gas section including sludge drying, FGQ and FGC. 
Flue gas between the economizer and FGQ provided the heat for sludge 
drying. 

4.3.3 Process integration  

The concept of co-location of new technologies with existing waste-
management industries builds on the process-integration approach described 
in Chapter 3. In Papers I–III, three aspects of process integration were used, 
namely feedstock, heat and mass integration. In Paper IV, mass integration 
was applied mainly through product and by-product utilization within the 
integrated system. Paper V used the heat- and mass-integration approach for 
pyrolysis coupling with CHP, while only mass integration was applied in the 
AD plant. Papers VI and VII used mass and thermal integration among the 
designed processes.    
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4.4 Performance indicators  

4.4.1 Technical performance indicators 

This section describes the performance indicators that are designed to answer 
RQs 1, 2 and 3 presented in Chapter 1.  

The maximum amount of syngas, biomethane, methanol, DME and drop-
in biofuels produced annually through CHP–gasification integration operated 
under scenarios 1–3 is reported as a performance indicator (Cases 1, 2 and 3). 
The maximum amount of heat that can be extracted from the existing CHP 
plant for thermochemical process integration per operational scenarios 4–7 is 
another reported performance metric.  

The energy efficiency of the entire process configuration was also 
evaluated and compared as a performance indicator for examined systems in 
cases 2 and 3. The energetic efficiency of the studied scenarios was 
determined using equation 1: 

 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 %  
𝐻𝑒𝑎𝑡 𝑃𝑜𝑤𝑒𝑟 𝐵𝑖𝑜𝑓𝑢𝑒𝑙
𝑊𝑎𝑠𝑡𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛𝑝𝑢𝑡

 (1)

The annual increase of biomethane production as a result of AD–pyrolysis 
integration (Case 4) is reported alongside the thermodynamic performance of 
the whole integrated process (equation 2): 

 
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 %   

   

   
   (2) 

All the terms in equations 1 and 2 are in units of MW.  
Mass and energy balance from thermochemical process integration with 

WWTPs is reported for cases 5(a)–(c). The impact of sludge drying 
integration on heat and power production of CHP plant is reported as a change 
in its thermodynamic performance due to sludge drying and co-incineration 
of dried sludge with waste (Case 5(d)). 

4.4.2 Economic performance indicators 
The economic assessment was performed to answer RQs 2, 3(a) and 4. The 
discounted cash flow method adapted from Turton et al. was used to check 
the economic feasibility of integrated systems (Turton et al. 2009). Fixed 
capital investments were estimated using correlations and estimates from the 
literature. Detailed information about FCI and module costs are provided in 
the appended papers. Total capital investment (TCI), NPV, ROR and PBP 
were estimated and reported as key performance economic indicators.  
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4.5 Uncertainty analysis (Paper VIII) 
RQ4 relates to the uncertainty of thermochemical processes studied in this 
thesis. Case studies 1–5 are studied as early-stage design processes. 
Sensitivity analyses of various variables on performance indicators are 
reported in Papers I–IV. Uncertainties in the input and operating data of 
various thermochemical processes, capital investments, raw material and 
product costs are some important variables that influence the performance 
indicators of early-stage designs of WtE processes. This challenge is 
addressed in Paper VIII.  

Figure 27 describes the methodology framework applied for uncertainty 
analysis of waste-to-biofuels processes. The Aspen Plus models created for 
RDF gasification and pyrolysis were linked with the Aspen simulation 
workbook (ASW). Multiple volatile variables and assumptions were selected. 
The range of values for selected inputs and process parameters were 
generated in ASW. ASW was linked with the Aspen Plus model to perform 
Monte Carlo simulations for waste-to-biofuel processes with a one-minute 
resolution for the whole year. The impact of uncertainty on technical and 
economic indicators is reported.  
 

 
Figure 27: Methodology framework for uncertainty analysis of waste-to-

biofuel early-stage designs 
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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 according to the 
research questions presented in the chapter 2. The chapter concludes with a 
general discussion of the implications and potential contributions of these 
results. 

 
This chapter is divided into 5 sections. The first 4 sections are categorized to 
answer the 4 research questions presented in chapter 2. The first section 
answers RQ1 and describes the limitations of process integration and 
possibilities for operation of new thermochemical processes retrofitted in the 
existing CHP plant. The effect on the performance of the existing CHP plant 
after the integration of new technologies is also presented. The second section 
answers RQ2, and reports the techno-economic feasibility of producing 
different biofuels through thermochemical process integration with existing 
CHP plants. The third section, presents results from case studies 4 and 5 to 
answer the RQ3. The fourth section of this chapter challenges the parameters 
and assumptions used in the first three research questions and addresses RQ4 
and uncertainty analysis of early-stage waste-to-biofuels designs. The chapter 
ends with a discussion on the results. 

5.1 Results: Research Question 1 

RQ1: What are the limitations and opportunities for integration of 
thermochemical process in existing waste-based CHP plants? 
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Table 4: The integration approaches and different cases and scenarios 
studied to answer RQ1(a) 

 Process-integration configurations 

CHP–gasification integration CHP–pyrolysis integration 

DFBG CFBG EFG 

O
p
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ti
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n
al

 s
ce
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ar
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s

 

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

Scenario 2 CHP runs to fulfil only heat demand per the reference case, and 
excess heat is transferred to gasification. 

Scenario 3 CHP runs to fulfil only heat demand per the reference case, and 
excess heat is transferred to a 40 MW gasifier. 

Paper I I I V 

Energy balance results (Papers I and V) 

Energy balance results for DFBG, CFBG, EFG and pyrolysis integrated with 
the CHP plant are shown in Figure 28. The standalone CHP plant has an 
efficiency of 81%. If the same amount of waste that is fed to the CHP plant 
is fed to the integrated biorefineries for heat, power and syngas production 
through gasification, the results show that DFBG can produce 14% more 
syngas than CFBG and 26% more syngas than EFG — in terms of energy. 
EFG has a lower syngas 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 the CHP plant. As a result, the integrated CHP plant 
produces less power and heat. The reduction of heat and power is less for 
DFBG integration than for CFBG and EFG integration in CHP plant. 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 fulfils the power required to 
run the thermochemical processes. CFBG and EFG require more power than 
DFBG due to the need for an ASU in the process. The effect on heat and 
power output is reduced when the CHP plant is converted to an integrated 
biorefinery for heat, power and bio-oil production through pyrolysis 
integration than for gasifiers–CHP integration. One reason for this reduced 
effect is that the burning of biochar and syngas from pyrolysis in the existing 
boiler compensate for the heat required for the endothermic pyrolysis process. 
However, the energy obtained as bio-oil from the pyrolysis reactor through 
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CHP integration is less than the energy from syngas produced by gasifier–
CHP integration. 

 
Figure 28: System descriptions for CHP–gasifier and CHP–pyrolyzer 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). 

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

 
One aim of RQ1 was to determine the potential and extent to which the 
operation of the CHP plant is affected by the integration of thermochemical 
processes. The results of the energy balance show that the heat and power 
output from the CHP decrease because of thermochemical integration. 
However, to obtain a more detailed picture, the simulations were carried out 
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taking the seasonal variation of CHP output into account in the scenarios 
defined above; the results are presented in Paper I. 

The results of the simulation of gasification and pyrolysis integration with 
CHP plant under scenarios 1, 2 and 3 are presented in Figure 29 and Figure 
30. Figure 29 shows the reference data of CHP plant. The CHP plant operates 
at nearly full capacity from November to February. The monthly results 
provide an overview of the variation of the production potential of biofuels 
in different seasons. Spring and summer provide an opportunity to utilize the 
excess heat from the CHP plant with better control. In scenario 2, in which 
district heat and biofuels are prioritized over electric power generation, 
production of biofuels is higher than in scenario 1, in which electric power is 
prioritized over biofuels. The higher production of biofuels in specific months 
(mainly during spring and summer) also results in an increased demand for 
RDF in those months.  

Reference case 

Figure 29: Monthly heat and power production of the reference standalone 
CHP plant 
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In scenarios 1–3, heat and power from existing CHP plants suffer a penalty 
as a result of thermochemical process integration. Scenarios 1–3 were 
designed to study thermochemical processes and how they can impact CHP 
plants after integration. Scenarios 4–7 were developed to answer RQ1(b) by 
modelling the off-design performance of the CHP plant and extracting heat 
from various points of the CHP process. Table 5 summarizes the process-
integration approaches and the scenarios used to evaluate RQ1(b).  

 
Table 5: The integration approaches and different cases and scenarios 

studied to answer RQ1(b) 

 Process-integration configurations 

Heat extraction from steam 
Heat extraction from flue 

gases 

O
p

er
a

ti
o

n
al

 s
ce

n
ar

io
s

 

Scenario 4 HP steam extraction NA 

Scenario 5 LP steam extraction NA 

Scenario 6 Adjusted HP + LP steam extraction NA 

Scenario 7 NA Heat extracted from flue gases 

Paper III III 

  
Simulations of the CHP plant with steam extraction under scenarios 4, 5 

and 6 are displayed in Figure 31. According to measured data, the CHP plant 
operates around 290 days a year. The CHP plant ran for ~60 days at 75–100% 
of maximum load, during which no extraction was possible. The plant 
operated at 50%–75% load for ~100 days, and for the rest of the year, it 
operated at less than 50% part load. Simulations show that it is possible to 
extract steam at high pressure during off-peak hours without compromising 
the heat and power output. Steam extraction at low pressure can provide a 
maximum of 100 MW heat for gasification processes, but the district heat 
output suffers as a result. However, electricity production was higher than 
measured data with low-pressure steam extraction. In scenario 6, steam was 
extracted at both high and low pressures such that the CHP plant fulfilled the 
district heat demand. The simulations of the CHP plant under this combined 
extraction scenario were able to fulfil the district heat demand and produce a 
larger amount of power than the real plant data. However, the amount of heat 
that could be extracted to integrate the thermochemical process was lower 
than the high-pressure or low-pressure steam extractions. This is because the 
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district heat output was maintained according to the measured data from the 
reference plant, which provides less excess heat for thermochemical process 
integration. 

 

 

Figure 31: Heat and power output, and heat availability from the CHP plant 
that can be extracted through steam extraction under scenarios 4, 
5 and 6 

 
In scenario 7, flue gas was extracted and the heat was recovered with two heat 
exchangers in Ebsilon model (Figure 25) — high-temperature heat (from 
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~850–520 °C) was recovered from flue gas and utilized in the bio-oil 
upgradation process, and low-temperature heat (from ~520–160 °C) was used 
to operate pyrolysis and the drying process. Figure 32 shows the limits of the 
boiler for utilizing heat from flue gas extraction at various operating loads. 
The amount of excess heat available for integration was negligible for almost 
100 days of the year. The simulations show that heat available for pyrolysis 
reactor integration was lower than the heat available for bio-oil upgradation. 
At a lower boiler load, the heat at high temperatures was double that of the 
low-temperature heat. Also notable in Figure 32 were the small peaks of heat 
available after 250 days. The fluctuations occurred when a large amount of 
flue gas heat was extracted for external integrated processes. 

 

 

Figure 32: Heat available from the CHP plant that can be extracted through 
flue gas extraction under scenario 7 

5.2 Results: Research Question 2 
RQ2: What is the feasibility of current waste-based CHP plants shifting from 
cogeneration to polygeneration of biofuels, heat and power? 

 
RQ2 deals with the polygeneration of biofuels, heat and power by 
thermochemical process integration with CHP plants. RQ2 is divided into two 
parts by categorizing biofuels based on whether they require external 
hydrogen for upgradation. RQ2(a) addresses the technical potential and 
economic implications of CHP–gasification integration for three different 
biofuels — biomethane, methanol and DME. Table 6 summarizes the 
process-integration approaches and the scenarios used to evaluate RQ2(a). 
Integrated CHP–gasification processes to produce biomethane, methanol and 
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DME were also simulated under operational scenarios 1–3 and the results are 
presented in Papers I and II.  

 
Table 6: The integration approaches and different cases and scenarios 

studied to answer RQ2(a) 

 Process-integration configurations 

CHP–DFBG gasification integration 

Biomethane Methanol DME 

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

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

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

Paper I II II 

 
The results for RQ2(a) are presented in Figure 33. In scenario 1, the CHP 

plant operates at full load for the whole year, and the flexible-capacity DFBG 
utilizes all the excess heat, but the average district heat and power production 
is not changed from the reference scenario. The waste-integrated biorefinery 
produced biomethane at a higher efficiency than methanol or DME. The 
average yearly production in the integrated process was 288 GWh for 
biomethane, 366 GWh for methanol and 336 GWh for DME. However, the 
higher capacity for methanol and DME production comes with lower 
efficiency and higher consumption of waste biomass as input, i.e. 
approximately 1943 GWh waste is required for methanol or DME synthesis 
as compared to 1576 GWh for biomethane. It is also notable that all CHP–
gasification based integrated biorefineries for biofuels production in scenario 
1 show lower efficiencies (66 –76%) than the standalone CHP system (81%), 
indicating that waste-integrated biorefineries are less efficient when electric 
power production is prioritized over biofuel production. 

In scenario 2, where electric power is not considered as a primary product, 
the simulation results show that the CHP can provide almost double the 
amount of heat to the gasifiers while fulfilling the district heat demand of the 
reference scenario. The integrated gasifier can produce about 544 GWh of 
biomethane, with electric power production of 248 GWh instead of the 302 
GWh that is produced in the reference scenario (Figure 29). Similarly, 
methanol and DME outputs from the integrated gasification–CHP process are 
528 GWh and 448 GWh, respectively. The increase in the amount of biofuels 
comes at the expense of power production in scenario 2. The high biofuel 
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production in scenario 2 also requires a high consumption of waste biomass. 
The integrated system for biomethane production has higher overall 
efficiency (85%) in scenario 2 than for the standalone CHP system (81%), 
whereas the methanol and DME systems result in lower energy output (i.e. 
66 and 65% efficiency, respectively). 

In scenario 3, a fixed-size 40 MW gasifier is integrated with the CHP 
plant. The CHP plant maintains heat output equivalent to the reference 
scenario: the results show that the 40 MW gasifier can operate at full capacity 
for 10 months of the year without disturbing the heat production from the 
CHP plant. The integrated biorefinery shows higher efficiency with 
biomethane production (84%) than with methanol (63%) or DME (62%). 

 

Figure 33: Annual production potential and respective energy efficiencies of 
the studied process-integration configurations  

 
The economic performance of CHP–gasification integration for 

biomethane, methanol and DME production is presented as TCI, discounted 
PBP, NPV and ROR in Figure 34. They are divided into two graphs for ease 
of understanding – TCI and PBP are shown together, while NPV and ROR 
are displayed in another graph. A basic rule when comparing the economic 
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performance is that low TCI and PBP indicate better economic performance, 
and high NPV and ROR indicate better economic performance.  

Overall, biomethane produced the best economic indicators among the 
biofuels. DME had higher economic feasibility than methanol. Economic 
indicators for gasification–CHP integrated biorefineries are higher when they 
were operated flexibly in scenario 2. TCI for the integrated biomethane 
biorefinery was 242–458 Euro/MWh. TCIs are higher for both methanol 
(283–565 Euro/MWh) and DME (362–672 Euro/MWh). Similarly, NPV and 
ROR for biomethane in all scenarios are better than for methanol or DME. 
Lower fuel costs and higher capital investments, as well as lower production 
efficiency for DME and methanol, are the main reasons for their lower 
economic performance. 

 

 

Figure 34:  Economic performance indicators for biomethane, methanol and 
DME produced through process integration with existing CHP 
plant 
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RQ2(b) deals with the possibilities and limitations of integrated CHP–
gasification systems to operate flexibly and produce drop-in biofuels with on-
site hydrogen production. Case 3 was designed to answer RQ2(b), and the 
results are presented in Paper III. The processes in case 3 were simulated by 
using the heat from the CHP plant under operational scenarios 4–7. Table 7 
summarizes the process-integration approaches and the scenarios used to 
evaluate RQ2(b).  

 
Table 7: The integration approaches and different cases and scenarios 

studied to answer RQ2(b) 

 Process-integration configurations 

Drop-in biofuels from CHP–
gasification integration 

Drop-in biofuels from CHP–
pyrolysis integration 

Case 3(a)–(c) Case 3(d)–(f) 

O
p

er
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ti
o

n
al
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n
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s

 

Scenario 4 HP steam extraction NA 

Scenario 5 LP steam extraction NA 

Scenario 6 Adjusted HP + LP steam extraction NA 

Scenario 7 NA Heat extracted from flue gases 

Paper III III 

 
Figure 35 shows results for RQ2(b): the production of drop-in biofuels, 

heat, and power from CHP–gasification integrated for cases 3(a)–(f) under 
operational scenarios 4–7. According to the measured data, the CHP plant 
operates and produces 504 GWh of district heat and 211 GWh of power, and 
operates for approximately 290 days of the year. Overall, the gasification 
plant was able to run on full load for ~40 days, i.e. when the CHP plant did 
not produce any heat or power. The gasification plant would not be able to 
produce any biofuel for ~60 days when the CHP plant must meet the district 
heat demand. 

With high-pressure steam extraction in scenario 4, the CHP–gasification 
integrated process in cases 3(a)–(c) produced a higher amount of annual drop-
in biofuels than steam extraction under scenarios 5 and 6. In case 3(a), when 
syngas was upgraded to drop-in biofuels via FT synthesis and the required 
hydrogen was produced from the WGS reactor, the annual production 
obtained was 388, 346 and 227 GWh for scenarios 4, 5 and 6, respectively. 
The annual production from CHP–gasification integration in case 3(b) when 
the hydrogen was produced from SOEC was 147, 215 and 109 GWh for 
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scenarios 4, 5 and 6, respectively. Similarly, the annual production of MTG 
in case 3(c) was highest in scenario 4 than scenario 5 and 6.  
     In case 3(b), SOEC produced the required hydrogen by utilizing power 
from the CHP plant. In the simulations, it was stipulated that at any given 
time, a maximum of half of the power produced from the steam turbine was 
used for hydrogen production, and that the district heat output from the CHP 
plant should match the reference data. As a result of these additional 
restrictions, maximum output in case 3(b) was lower than in case 3(a) and 
3(b). 

The standalone efficiencies of FT fuels and MTG production by 
gasification are significantly lower than standalone CHP plant. The 
production of drop-in biofuels along with heat and power lowers the overall 
efficiency of the integrated process compared with the standalone CHP plant, 
as shown in Figure 35.  

In scenario 7, heat was removed by extraction of flue gas, and pyrolysis 
was integrated with the CHP plant (case 3(d)–(f)). The results are shown in 
Figure 35.  

The pyrolysis plant was able to produce 368 GWh of drop-in biofuels 
when hydrogen was produced by bio-oil reforming (case 3(d)). When the 
additional gasification unit for hydrogen was installed for bio-oil upgrading 
(case 3(e)), the annual drop-in biofuels production was higher (470 GWh). 
However, an additional gasification unit with 27 MW capacity would heavily 
influence the economic feasibility of the integrated system, as discussed in a 
later section (Figure 36). 

In case 3(f), when the SOEC unit produced the hydrogen for bio-oil up-
gradation, as in case 3(c), it was stipulated that at any given time only half of 
the power produced from the steam turbine would be used for hydrogen 
production, and that the district heat output from the CHP plant would match 
the reference data. The plant was able to produce 441 GWh annually of 
biofuels at full load when CHP did not have to produce heat and power 
demand. 
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Figure 35: Annual production potential of drop-in biofuels through 
gasification–CHP integration and pyrolysis–CHP integration 
under heat extraction scenarios 4–7  

 
Figure 36 shows the economic performance of polygeneration of drop-in 

biofuels by thermochemical process integration with existing waste-based 
CHP plants. The NPV and ROR are positive for scenarios 4 and 5 and 
negative for drop-in biofuels in scenario 6, in which steam from both 
extraction points was considered. In scenario 6, TCI and discounted PBP was 
also high compared with scenario 4 and 5. Drop-in biofuels in cases 3(a) and 
3(c) showed better economic feasibility in scenario 4, with high-temperature 
steam extraction than in scenario 2, with low-temperature steam extraction. 
However, for case 3(b), the economic indicators are better when integrated 
under scenario 5, in which a SOEC produced the required hydrogen to 
upgrade FT fuels – this is due to the increased power output from steam 
extraction in scenario 5 that was consumed by SOEC.  

Even though case 3(b) showed a positive economic performance when 
gasification and SOEC were integrated, the use of SOEC for hydrogen limits 
the overall gasification capacity compared with case 3(a). Overall, drop-in 
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biofuels derived from FT fuels performed better economically than those 
derived from the MTG process mainly because of higher throughput in FT 
synthesis than in the MTG process.  

In cases 3 (d), (e) and (f), pyrolysis was integrated with the CHP plant and 
bio-oil up-gradation with hydrogen produced by different methods was 
analyzed. Drop-in biofuels from pyrolysis showed positive economic 
indicators in all cases. The economic feasibility of drop-in biofuels 
production from pyrolysis–CHP integration was better than from gasification 
integrated with the CHP plant. Bio-oil up-gradation showed better economic 
feasibility when hydrogen was produced from an additional gasification unit 
(case 3(e)) and SOEC integration with CHP (case 3(f)) compared with case 
3(d), in which part of bio-oil was upgraded to hydrogen. Pyrolysis consumed 
a lower amount of heat from the CHP plant than gasification and showed 
slightly better economic performance. 

 

Figure 36: Economic indicators for integrated thermochemical processes to 
produce drop-in biofuels in the existing CHP plant  
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5.3 Results: Research Question 3 
RQ3: What are the opportunities for process integration for different types of 
existing AD-based biogas plants? 
 
RQ3 concerns the identification of opportunities for process integration in 
existing biogas plants with thermochemical processes. RQ3 is divided into 
two parts. RQ3(a) evaluates the integration potential of existing AD plants 
based on biodegradable waste with pyrolysis of lignocellulosic waste. Case 4 
was designed to answer RQ3(a) (Table 8); this study was carried out in Papers 
IV and V. 

 
Table 8: The integration approaches and cases studied to answer RQ3(a) 

 Process-integration configurations 

On-site integration of pyrolysis with 
AD 

Off-site integration of 
pyrolysis with AD 

Case 4(a) Case 4(b) 

P
ap

er
 

IV V 

 
In case 4(a), pyrolysis of lignocellulosic waste produced biochar and 

vapours, and the vapours were upgraded to biomethane. In case 4(b), the 
pyrolysis of lignocellulosic waste was integrated with the CHP plant instead 
of incineration. Biochar was sent to the AD plant, the remainder was 
combusted in the existing boiler of the CHP plant.   

Overall, the pyrolysis process showed good potential for enhancing 
biomethane production, even after considering the heat demand of the whole 
production process. The overall amount of biomethane produced by the 
pyrolysis process alone was approximately 24.7 GWh annually (Figure 37). 
The efficiency of the integrated process, i.e. 67%, was significantly higher 
than that of the independent AD process (i.e. 52%). In case 4(b), the required 
heat and power for the pyrolysis process was generated by integrating 
pyrolysis with the existing CHP plant. The total biomethane production 
remained the same in both cases. However, the heat required for the pyrolysis 
process was transferred from the CHP plant in case 4(b), which increased the 
overall efficiency (Figure 37).  
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Figure 37: Annual production potentials and energy efficiencies of pyrolysis 
integration configurations with the AD plant in case 4 

 
The economic performance of the pyrolysis–AD integration is shown in 

Figure 38. The TCI per MWh for both on-site and off-site pyrolysis-
integration were similar due to the same equipment and capacity in both 
processes. However, NPV and ROR for off-site pyrolysis–AD integration to 
produce biomethane was higher than for on-site pyrolysis–AD integration. 
This is because of the lower operational utility costs required for off-site 
integration as utilities can be covered through excess heat from the existing 
CHP plant.  

Figure 38: Economic indicators for both on-site and off-site integrated 
pyrolysis process with AD plant 
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RQ3(b) was used to determine the potential of recovering energy from 
sludge digestate and recovering nitrogen from reject water. Case 5 was 
designed to answer RQ3(b). The results are presented in Papers VI and VII. 
Digested sludge was thermally treated using one of three processes (case 
5(a)–(c)), and in case 5(d) sludge drying was integrated with the existing CHP 
plant. Table 9 outlines the processes integrated with biogas plants in WWTPs. 

 
Table 9: The integration approaches and different cases and scenarios 

studied to answer RQ3(b) 
 

 Configurations of thermochemical process integration with WWTP biogas 
plants 

Combustion       Pyrolysis 
   Gasification Sludge-drying-

CHP plant 

Case 5(a) Case 5(b) Case 5(c) Case 5(d) 

P
ap

er
 

VI VI VI VII 

 
The results for the thermochemical processing of digested sludge are 

shown in Figure 39. The annual energetic value of the solid digestate was 
6,391 MWh. Sludge was dried from initial moisture level of 73% to 35% and 
sent for incineration, which required 3,120 MWh, corresponding to almost 
half of the energy content of the input digestate. Recovery of nitrogen as 
ammonium sulfate required 3,363 MWh of heat. The total heat that could be 
recovered through combustion was 5,936 MWh, which was less than the heat 
required to dry and recover nitrogen from the digestate (6,483 MWh).  

Similarly, in the case of pyrolysis, the digested sludge had to be dried to 
10% final moisture. In the first pyrolysis option, in which vapours from 
pyrolysis of sludge were condensed, and syngas was combusted along with 
biochar to recover the energy. The total heat balance was negative, i.e. −4553 
MWh. The pyrolysis of sludge was not able to provide sufficient heat for 
drying and nitrogen recovery when pyrolysis vapour was combusted while 
biochar was collected as a product (option 2) or where all the pyrolysis 
products were incinerated to recover heat (option 3).  

Drying of sludge to 10% was also used in its gasification. An equivalence 
ratio of 0.3 was required to make the gasification process self-sufficient. The 
syngas from digestate gasification was combusted, but the overall heat 
balance was negative. Overall, none of the processes was able to provide 
sufficient heat for both drying and nitrogen recovery, and external heat or 
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auxiliary fuel was required to make the overall process self-sufficient in 
energy. 

 

Figure 39: Energy balance results obtained from thermochemical process 
integration with WWTPs (Case 5) 
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The results of sludge handling through thermochemical processes indicate 
that sludge drying is the bottleneck step in the post-treatment of sludge 
digestate. Thus, in case 5(d), sludge was dried by using waste heat from an 
existing CHP plant (Paper VII). The impact on CHP performance as a result 
of sludge drying and co-incineration is presented in Figure 40 (a). The sludge 
was first dried to a water content of 40% using flue gas leaving the boiler of 
the CHP and the dried sludge was co-incinerated with biomass. However, the 
amount of sludge that can be dried using the waste heat from flue gas was 
very low (8460 kg/h) and accounts for only 8.7% of the total fuel input — the 
impact on the operation of the boiler and the steam Rankine cycle was limited. 
However, since some heat was used for sludge drying, less heat was 
recovered from the FGC, resulting in a reduction in district heat output. 
Consequently, the overall energy efficiency of the CHP plant decreased from 
85.9% to 83.1%.  

Figure 40(b) shows the impact on CHP plant performance sludge digestate 
was dried to different moisture contents. The final moisture content of dried 
sludge was varied between 30% and 50%. The results show that when less 
water was removed from the digestate, less heat was required from the CHP 
flue gas, and therefore more heat could be recovered in the FGC. The overall 
energy efficiency was reduced from 84.2% to 81.3%.  

 

 

Figure 40: Effect of integrating sludge drying and co-combustion with CHP 
plant (Case 5(d)) 
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5.4 Results: Research Question 4 
RQ4: How do uncertainties and future market changes influence the early-
stage design and analysis of waste-to-biofuel processes? 

 
The waste biorefineries concepts presented above were evaluated as early-

stage designs using modelling and simulation tools. Different 
thermochemical processes were integrated to convert various fractions of 
waste into value-added products. Thermochemical conversion processes are 
complex and dynamic networks of different unit operations. The complexity 
increases when the scope of biorefinery broadens by integrating various 
thermochemical processes simultaneously. Data collection, lack of operating 
plant data, uncertainties in process inputs, operating parameters, capital 
investments, raw material and product costs are some of the critical 
parameters that influence the performance indicators of early-stage designs 
of WtE processes.  

The challenges were addressed formally in Paper VIII. Variations in the 
system’s technical and economic performance indicators were estimated for 
waste-to-biofuel processes by applying a stochastic modelling approach using 
Monte Carlo simulations. Two thermochemical processes were considered 
for evaluation: (a) gasification of RDF waste to produce methane, DME, 
methanol and FT fuels; and (b) pyrolysis of waste to produce bio-oil, syngas 
and biochar and upgradation of bio-oil to vehicle fuels. Monte Carlo 
simulations were performed at a one-minute resolution by varying the critical 
variables within their selected range. 

Figure 41 shows the results for various biofuels produced from RDF 
gasification (MJ/MJ) when simulated under uncertain parameters. All 
biofuels showed that there would be a change in performance metrics with 
changes in technical and economic parameters. Gaseous methane and FT 
fuels varied in a smaller range compared with methanol and DME. The output 
range obtained for methane was 0.53–0.8 MJ methane per MJ RDF gasified, 
Similarly, the output range for FT fuels was 0.2–0.37 MJ FT fuels/MJ RDF. 
Simulation of annual FT fuels production also resulted in outliers; however, 
the outliers obtained for DME and methanol were far more significant, as 
shown in Figure 41, with ranges of ~0.28–0.79 (MJ DME/MJ RDF) and  
~0.3–0.74 (MJ methanol/MJ RDF). The results also show that the simulations 
for the production of liquid biofuels are more sensitive to input parameters 
than those for gaseous methane. 
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Figure 41: Variation in biofuels synthesis due to uncertainty in waste and 
process probability  

 
Monte Carlo simulations for the pyrolysis of RDF waste with uncertain 
parameters were found to be more parametric sensitive compared with those 
for RDF gasification to biofuel synthesis. Figure 42 shows the mass fraction 
of bio-oil, syngas and biochar. The range within the 25th–75th percentile 
values were lower and narrower for pyrolysis products than for biofuels 
synthesis, but there were many outliers due to continuous variations in RDF 
characterization and pyrolysis temperature. There were fewer outliers for 
syngas than for bio-oil and biochar. The fluctuation of values within 1.5× 
Inter Quartile Range (IQR) for the mass fraction of bio-oil was ~0.42–0.62, 
while for syngas, the range was ~0.19–0.38. However, for biochar, the range 
was much lower and narrower, ~0.18–0.22. 
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Figure 42: Variation in pyrolysis products due to uncertainty in waste and 
process  

 
The technical simulations of RDF pyrolysis and gasification under 

uncertain inputs and parameters resulted in a wide range of outputs for the 
different biofuels. The parameters used for the economic feasibility of such 
systems are also uncertain; thus economic uncertainty associated with waste-
to-biofuels was also simulated. The NPVs for all the biofuels from RDF waste 
for both pyrolysis and gasification are shown in Figure 43. The median line 
and mean NPV was positive for all biofuels with both uniform and normal 
price distribution for the biofuels and RDF waste. However, the overall 
distribution of NPV for the biofuels was spread widely between negative and 
positive values (Figure 43). Furthermore, in the case where uncertainty of the 
RDF and biofuels prices was set with a normal distribution, the variation in 
NPV was lower compared with when the RDF and biofuels prices were 
uniformly distributed. This phenomenon can also be seen in the box plot for 
all biofuels, in which the size of the box is smaller for normally distributed 
prices than for uniformly distributed prices of RDF and biofuels.  
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Figure 43: Uncertainty in ROR (%) and NPV (MEuro) for biofuels through 
gasification and pyrolysis 

5.5 Discussion on results 
 
The system integration of different waste-management industries has been 
studied here by linking the increase in the WtE economy and the 
identification of cost-effective solutions for integrated biorefineries. This 
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section discusses the key limitations and issues related to the analysis carried 
out for integrated processes. 

The process simulation studies of the mass and energy balance make 
important assumptions about the estimation of products, which can result in 
uncertainties. These uncertainties are comprehensively addressed in Paper 
VIII. In addition, the models developed for gasifiers are validated with 
experimental results (detailed validation results are presented in Paper I). The 
conversion of syngas from gasification to biofuels was modelled by 
considering the equilibrium conditions, which gives the maximum achievable 
biofuel production from the syngas.  This limitation was evaluated by varying 
biofuel production in the sensitivity analysis to measure its effect on the 
performance of integrated biorefineries.  

Other assumptions in the model can affect the performance of process 
integration if changed. For example, the sulfur and ammonia were assumed 
to be removed completely, and the cleaning and cooling of syngas for all three 
gasifiers are considered similar but may differ in reality for each gasifier 
process. Furthermore, only steam drying is considered for RDF waste and 
sludge is dried with heat from flue gas; air drying is another alternative to 
consider when designing the process, which may affect the process in 
different ways. 

Nevertheless, the DFBG showed the best technical and economic 
performance with minimal effects on the performance 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 is quite complex for 
existing CHP plants and requires very extensive work to connect the gasifier 
to the boiler; by contrast, the CFBG does not require such complex 
retrofitting. One disadvantage of the CFBG is that it requires an additional 
ASU for nitrogen-free production of syngas, which not only increases the 
economic cost with increased capital and operating expenses but also takes a 
large amount of space or land when both plants are co-located in the same 
place.  

In some of the integrated cases, hydrogen was produced from the SOEC 
using the power from the CHP plant. The availability of water for electrolysis 
was not addressed, as this was beyond the scope of this study. However, for 
SOEC systems to be both economically and socially beneficial, the 
sustainability of water consumption for hydrogen production must be 
considered. 

The coupling of pyrolysis with AD demonstrates the ability to increase 
biomethane production by the integration of these two technologies. As 
mentioned above, the process simulation studies have to make significant 
assumptions for the estimation of products, which can produce uncertainties. 
The models for pyrolysis and AD were validated with experimental results 
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(detailed results are presented in Paper IV). However, the equilibrium 
conditions were selected for the downstream processes, i.e. reforming and 
methanation steps. The actual production of biomethane may vary for 
different process conditions. In this work, the biomethane produced through 
catalytic methanation from the standalone pyrolysis process had an efficiency 
of 75%, which is similar to the efficiency estimated by Görling et al. (2013), 
i.e. 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 researched 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.  

The current price of waste is lower than that of woody biomass. In future, 
as the number of waste-treatment facilities increases, the price of waste is 
expected to increase (Fact.mr, 2019). For the economic analysis, the price of 
waste was set close to that of biomass, and its effect on economic assessment 
was also studied using sensitivity and uncertainty analysis. Future prices of 
biofuels will also be critical for determining the economic benefits of 
integrated biorefineries. The thesis considered current biofuel prices and the 
uncertainty of their prices was reported in Papers I–IV and VIII.  

The discount rate selection is critical in the estimation of process design 
feasibility. The discount rate is an interest rate that helps to determine the 
value of current payments in future terms (Mussatti and Vatavuk, 2002). This 
study used a discount rate of 7%, as used by the Swedish Energy Agency in 
their economic assessments. Information on capital costs for installed or 
demonstrated waste or biomass thermochemical processes is scarce, and the 
costs were therefore estimated from previously published literature. It is 
difficult to assess the reliability of capital costs in an objective manner. The 
uncertainty effects of FCI, operating and maintenance costs, and the discount 
rate were studied through Monte Carlo analysis in Papers II, III and VIII. 

The coupling of different technologies also appears feasible when the 
logistics are taken into consideration. The collection, source-separation and 
transport of waste for various technologies is an energy-intensive process, 
and the standalone processes become less efficient when these factors are 
taken into consideration. As mentioned earlier, total global waste generation 
will amount to 3.4 billion tonnes by 2050. There will be a need for smarter 
technologies to treat this waste, and the development of integrated 
biorefineries can be an effective way to achieve this.  
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6 Conclusions 
 

This chapter summarizes the main conclusions, with reference to the research 
questions presented in chapter 1, as well as overall conclusions regarding 
the conversion of existing waste-management processes to waste-integrated 
biorefineries. 

This thesis proposes to modify the waste-management system by integrating 
thermochemical processes in current standalone WtE technologies. Overall, 
the system studies conclude that the current waste-management system is not 
an optimal solution for the long run and there are significant margins for 
improving resource and energy utilization from non-recyclable waste from a 
purely energetic perspective. Waste-integrated biorefineries can utilize 
various fractions of MSW more efficiently compared with standalone WtE 
processes. The waste-integrated biorefineries also showed better economic 
performance for polygeneration of biofuels, heat and power, especially for 
biomethane and DME. The selling price of the other liquid biofuels would 
need to increase to provide an economic advantage for polygeneration 
processes. The conclusions with respect to specified research questions are 
stated below: 
 

RQ1  
(a) What is the potential for integration of thermochemical waste 

processes with existing CHP plants?  

Of the thermochemical processes integrated with the existing CHP plant, 
DFBG produces the most energy as syngas when integrated with the existing 
CHP plant and has less effect on the performance of the CHP plant following 
integration. The CFBG and EFG produce less syngas output per input RDF 
waste and lower energy efficiencies. The pyrolysis process has less effect on 
CHP performance if integrated with the boiler. However, integrated pyrolysis 
produces less energy (as bio-oil) than integrated gasification (as syngas).  

Simulations also show that a gasifier or pyrolyzer built with 40 MW fixed 
capacity can operate for 10 months of the year when integrated with a CHP 
plant of ~180 MW capacity. Gasifiers or pyrolyzers with larger flexible 
capacities can be built, but they have to operate at part-load in months with 
high district heat demand, which would lower their energy efficiencies.  
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(b) How does the current waste-based CHP framework operate under 
retrofitting with energy-intensive waste-to-biofuel technologies?  

CHP plants were able to fulfil the heat demand while producing biofuels 
through integration of thermochemical processes. The integration also 
increased the operational flexibility of the CHP plant, with high annual 
operating hours. Integration also appears to be an attractive investment 
option because of the uncertainty in electricity prices and variability in 
district heat demand. Modifications required in the CHP plant to integrate 
pyrolysis are different from those required to integrate gasification. The 
extraction of steam at different points has different effects on the 
performance of the CHP plant. The use of high-pressure extraction steam 
for process integration provides more heat and flexibility than low-
temperature heat. 

RQ2  
(a) How can biofuels be produced efficiently and economically from 

RDF using only excess heat from an existing CHP plant?  

Among the biofuels synthesized from CHP–gasification integration, 
biomethane has higher annual production potential and energy efficiency 
than methanol and DME. From an economic perspective, biomethane 
production through process integration give good economic performance 
i.e. 95 ̶ 250 Euro/MWh NPV than DME (29 ̶ 195 Euro/MWh NPV) and 
methanol (~0 ̶ 100 Euro/MWh NPV), mainly because of lower 
efficiencies, higher capital expenses, and lower fuel costs of methanol and 
DME than biomethane. 
 

(b) How can existing CHP plants handle integration of waste-based 
thermochemical processes to synthesize drop-in biofuels with 
parallel on-site hydrogen production? 

When integrated with CHP plants to produce drop-in biofuels, 
thermochemical plants were able to operate at 50% part load or more for 
approximately half of the year. Hydrogen can be produced on site from WGS 
or SOEC to upgrade intermediate FT fuels and bio-oil to drop-in biofuels. 
However, on-site hydrogen production from SOEC reduced the capacity of 
the integrated process to maintain CHP production, as compared to hydrogen 
production from WGS. However, hydrogen production from the WGS reactor 
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was a more expensive option. Drop-in biofuels produced through pyrolysis–
CHP integration showed slightly more stable economic performance than 
those produced through gasification–CHP integration. 

RQ3 
(a) What is the potential for existing AD plants to utilize lignocellulosic 

waste along with biodegradable waste to increase synergy?  

The integration of pyrolysis with AD can increase biomethane production 
from 15 GWh to 24.7 GWh annually. However, integration is technically and 
economically more attractive and provides more flexibility when off-site 
integration of pyrolysis with AD is considered, compared with on-site 
integration. From an economic perspective, biomethane from pyrolysis–AD 
integration shows higher NPV and ROR than biomethane from gasification–
CHP integration.  

 

(b) How can existing WWTPs add product value to digestate by 
integrating thermochemical processing?   

Digested sludge contains a large amount of water, and thermochemical 
processing of sludge requires dried feed. The integration of thermochemical 
processing with WWTP to treat digested sludge was not able to satisfy the 
heat demand for drying and nitrogen recovery. Combustion and gasification 
of digested sludge gave better results than pyrolysis. To make the heat 
integration feasible, auxiliary biogas has to burn alongside products from the 
thermochemical processing of digested sludge.  

However, an alternative method is to integrate the drying of digested 
sludge with the existing CHP plant by utilizing its waste heat. The integration 
mainly affects the heat recovery from the FGC. Dried sludge can be co-
incinerated in the boiler to counter the impact on CHP performance.  

 

RQ4  
How do uncertainties and future market changes influence the early-stage 
design and analysis of waste-to-biofuel processes?  

 
The integrated biorefineries designed to answer RQ1, 2 and 3 are early-stage 
designs and were analyzed by modelling and simulation. Uncertainty analysis 
of waste thermochemical processes shows that the heterogeneous nature of 
waste is a highly sensitive parameter, and a small change in its elemental 
analysis can have a significant effect on the technical performance. Similarly, 
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operating hours, plant size, capital investment, waste and biofuel price are 
also highly influential parameters on process design. The feasibility of waste-
to-biofuel systems depends largely on how researchers and engineers select 
these parameters. Thus, inclusion of the uncertainty of input parameters and 
assumptions in process design can reduce biases in results and increase the 
reliability of the overall assessment. 
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“Rich people’s garbage was every year more complex, rife with hybrid 
materials, impurities, impostors. Planks that looked like wood were shot 
through with plastic. How was he to classify a loofah? The owners of the 
recycling plants demanded waste that was all one thing, pure.”  
― Katherine Boo, Behind the Beautiful Forevers: Life, Death, and Hope in a 
Mumbai Undercity 

 
In this thesis, process integration has been investigated only for biofuels 

production. However, there is a market for other bio-based chemicals that can 
contribute to sustainable waste management.  

Further investigation will be required to address the synergy and flexibility 
of integrated processes. The production of intermediate products at one 
facility and upgradation to bio-based products in another facility could 
increase their overall synergy and feasibility.  

Sludge digestate can also be treated via hydrothermal carbonization and 
hydrothermal liquefaction. Both these processes occur at high pressure and 
do not require extensive drying of sludge. These processes can also be 
integrated into existing WtE processes. 

Integrated biorefineries have been assessed using technical, operational 
and economic process indicators. There are other indicators that can be 
investigated to address other issues of integration, such as waste feedstock 
availability, the possibility of mixing waste feedstock with high-quality 
biomass, issues related to space for process integration and process 
optimization. 
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