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Abstract
In order to reach targets on reducing greenhouse gas emissions from fossil resources it is necessary
to reduce energy losses in production processes. In polygeneration, several processes are combined to
complement each other to avoid sub-optimization of the standalone processes. This thesis addresses
polygeneration with focus on Combined Heat and Power (CHP) production integrated with other
processes. Biomass-fired CHP plants are commonly dimensioned to have surplus heat production
capacity during periods with lower heat demand. At the same time, production of biomass based
vehicle fuels and fuel upgrading are heat demanding processes. The opportunity to combine CHP
with ethanol production from lignocellulosic feedstock and torrefaction with the aim of replacing
fossil fuels are used as cases during the evaluation of polygeneration. Simulation models are used to
investigate the performance of CHP integrated with production of ethanol and torrefaction. Measured
data from commercial CHP plants have been used to reflect the operation boundaries. The findings
show that polygeneration can compete with stand-alone production in both energy and economic
performance. Polygeneration offers a wider operating range where reduced minimum load gives
increased annual operating time. Therefore, under limited heat demand more renewable electricity
production is possible due to increased operating hours and steam extraction from the turbine during
part-load operation. Resource availability and fluctuations in fuel price have the largest impact on the
profit of polygeneration. Other aspects that have substantial effects on the economy in polygeneration
are the electricity spot price and subsidies. Furthermore, it has been proven that the yield of each product
in a multiproduct process plant, the size of the plant and the heat demand have a large impact on the
economy. Polygeneration turns by-products into buy-products.
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Summary 

To curb the accelerating greenhouse effect and achieve the goals set to 
reduce emissions of greenhouse gases from fossil resources, it is necessary 
to reduce energy losses in production processes. One way to achieve these 
goals is through polygeneration. In polygeneration, multiple products are 
produced in symbiosis, focusing on the use of energy and materials 
between and within processes to avoid sub-optimization. The transport 
sector is largely based on fossil fuels and contributes to global warming 
through CO2 emissions. Renewable transportation fuels can be produced 
from biomass, which show large potential for integration with Combined 
Heat and Power (CHP).  

This thesis presents the results of studies on polygeneration with the 
production of heat and electricity as the common denominator. The 
integration between CHP and two different processes - the production of 
ethanol fuel from hemicellulose and torrefaction of wood for co-
combustion in power plants - have been used as case studies to study the 
configuration and operation parameters in polygeneration. Furthermore, 
economic outcome of the operation and optimal locations for 
polygeneration have been analyzed. 

Simulation models have been used to evaluate the performance of 
polygeneration with CHP integrated with production of ethanol and 
torrefaction. The results show that polygeneration can compete with stand-
alone production, both in terms of energy and economy. Polygeneration 
offers a flexible operating range with reduced minimum load leading to 
increased annual operating time. In summer, when the heat demand is 
limited, more renewable electricity can be produced in polygeneration 
compared with a CHP plant due to the increased operating hours and the 
extraction of steam from the turbine. Availability and variation in fuel 
prices have the greatest impact on the economic results of polygeneration. 
Other aspects that are important for the profitability are the spot price of 
electricity and taxes and subsidies. Furthermore, the yield of each product, 
the size of the plant and the heat demand have a large impact on the 
economy. The results also show that the optimal locations for 
polygeneration are where there is sufficient demand for district heating and 
supply of biofuel. 



 

Sammanfattning 

För att stävja den accelererande växthuseffekten och nå uppsatta mål om 
att minska utsläppen av växthusgaser från fossila resurser är det 
nödvändigt att minska energiförluster i produktionsprocesser. Ett sätt att 
göra det är genom användning av energikombinat (eng. polygeneration). I 
ett energikombinat produceras multipla energiprodukter i symbios där 
energi- och materialåtervinning mellan och inom processerna är i fokus för 
att undvika suboptimering. Transportsektorn är till stor del baserad på 
fossila bränslen och bidrar till den globala uppvärmningen med CO2-
utsläpp. Förnybara bränslen för transportsektorn kan produceras av 
biomassa där en stor potential finns genom integrering med kraftvärme-
processen för att hitta en så bra lösning som möjligt.  

Den här avhandlingen presenterar resultaten av studier kring energi-
kombinat med produktion av fjärrvärme och el som gemensam nämnare. 
Integrationen mellan kraftvärme och två olika processer, etanol-
framställning för drivmedel från hemicellulosa och torrefiering av trä för 
samförbränning i kraftvärmeverk har använts som fallstudier för att studera 
konfigurationen och driftparametrarna i ett energikombinat. Även drift-
ekonomi och optimala platser för energikombinat har analyserats. 

Simuleringsmodeller har använts för att ta fram prestanda för 
energikombinat med kraftvärme integrerat med produktion av etanol och 
torrefiering. Resultaten visar att energikombinat kan konkurrera både 
energi- och ekonomimässigt med fristående produktion. Energikombinat 
erbjuder ett flexiblare driftområde där reducerad lägsta driftläge ger ökad 
årlig drifttid. Sommartid när värmebehovet är begränsat kan mer förnybar 
el produceras i ett energikombinat jämfört med ett kraftvärmeverk på 
grund av ökade drifttimmar och utvinning av ånga från turbinen. 
Tillgänglighet och variation i bränslepriser har störst påverkan på det 
ekonomiska resultatet i ett energikombinat. Andra aspekter som har stor 
betydelse för ekonomin är spotpriset på el och skatter och styrmedel. Även 
utbytet av varje produkt, storleken på anläggningen och värmebehovet har 
en stor inverkan på ekonomin. Resultaten visar även att en optimal 
placering för energikombinat är där det finns tillräcklig efterfrågan på 
fjärrvärme och tillgång på biobränsle.  
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1 Introduction 

1.1 Background 
The EU has set the 20-20-20 target on climate and energy policy which aims 
to reduce greenhouse gases by 20% compared to the levels of 1990, 20% 
renewable share in energy end use and 20% reduction of primary energy 
compared to business-as-usual. Following the 20-20-20 target, the EU 
renewed the targets in 2014 with an updated climate and energy policy 
framework for 2030 (EU, 2014). The policy stated the following 40-27-27 
targets: 
 

1. At least 40% domestic reduction in greenhouse gas emissions by 2030 
compared to 1990. 

2. At least 27% share of renewable energy consumed in the EU in 2030. 
3. An indicative target of at least 27% for improving energy efficiency in 

2030 compared to projections of future energy consumption based on the 
current criteria. 

 
Biomass, if grown sustainably, is a carbon neutral energy source that can be 
used as a renewable energy resource to help reach the above mentioned goals. 
Bioenergy has become widely considered as a substitute for oil and coal in 
electricity and heat production (Magar et al., 2011). In Sweden during the 
1980’s and 1990’s, the prices of wood fuels were largely unchanged due to 
the availability of large amounts of byproducts from the wood industry 
(Swedish Energy Agency, 2014). After the year 2000, the competition of 
biofuels has increased resulting in parallel increases in price levels. The 
development of different biomass fuels in Sweden from 1993 to 2012 are 
shown in Figure 1, in SEK/MWh (Swedish Energy Agency, 2014). 
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The cold winter of 2009/2010 and the following warm winters are part of the 
reasons for the high prices in 2009-2010 and the decrease in price the 
following years (Swedish Energy Agency, 2014). The use of biomass and land 
surface affect multiple areas in the economy apart from the energy sector 
including agriculture, forestry, food production, pulp and paper and 
construction materials (Faaij, 2006a). The competition among biomass 
resources requires that it is utilized efficiently for the purpose that is suitable 
for each type of biomass. Biomass can be converted into energy by thermal, 
chemical and biological methods (McKendry, 2002b). The conversion can 
take many different routes. What they have in common is that there are always 
integration opportunities where energy and/or material flows can interact 
within several of these processes and supplied to end customers. 

District heating and cooling are when heating and cooling demands are met 
by distributing the energy with an energy carrier through a grid from the 
producer or source. The most common energy carrier is pressurized water 
distributed in underground pipelines. District heating is most commonly used 
to heat housing areas and tap water. Recently, the heat demand of district 
heating is decreasing in the district heating networks due to building energy 
savings and efficiency improvements (Åberg and Henning, 2011, Åberg et al., 
2012). The heat producers make up for the reduced heat consumption with 
expansion of the network to remote areas to the extent that is economically 
possible. In parallel, due to the competition of biomass fuels for different 
purposes, it is important to make better use of biomass with polygeneration 
being one suitable option. In this thesis, polygeneration is defined as a plant 

Figure 1. Prices for wood fuel and peat for heating plants in Sweden 1998-2012. 
(Swedish Energy Agency, 2014).  
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that produces additional products than electricity and heat from the same 
integrated plant.  

1.2 Thesis outline 
First, the objectives and scope of the work is defined and explained. A 
literature review on biomass based heat and power generation in Sweden 
followed by the trends for the future use of Combined Heat and Power (CHP) 
are presented. Further, the literature review covers the expansion of CHP 
plants to form polygeneration plants and industrial parks. The methodology 
covers the modeling approach that has been carried out within this thesis. The 
results are presented in the results chapter followed by a discussion and 
conclusions. 

This thesis is based on five papers (Papers I-V). Paper I is a case study of 
the energy system of an industrial park in the Guangdong province of China 
where a gas turbine has been suggested to supply power, cooling and heat. 
Paper II presents the findings of a simulated system where a torrefaction 
reactor is retrofitted to an existing CHP plant to replace the fossil coal with 
torrefied biomass for heat and electricity production. Paper III-V deals with 
lignocellulosic ethanol production integrated with CHP plants. Paper III and 
IV present technical findings of process integration with ethanol production 
including how process parameters in such a system affect the overall perform-
ance. Paper V presents optimal locations for building polygeneration plants.  

The thesis does not cover biorefineries in terms of production of value-
added chemicals, textile or materials. The results focus on what we 
traditionally call “energy”, such as heat, power, upgraded fuels and 
transportation fuels. The findings presented are related to lignocellulosic 
ethanol production and torrefaction of wood together with the production of 
CHP and cooling. The appended papers and studied area of the papers are 
linked together by the CHP process as depicted in Figure 2. 
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Figure 2. The links and area of the appended papers in this thesis. 
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2 Objectives and scope 

2.1 Objectives 
This thesis addresses the issue of how a polygeneration plant with several 
products would operate in terms of seasonal conditions and if polygeneration 
could be operated with increased efficiency and profit compared to a CHP 
plant. 

Since renewable vehicle fuels have started to penetrate the fossil dominant 
market, R&D activities have been carried out to produce renewable fuels 
economically and efficiently. Most of the production processes have excess 
heat, byproducts or heat requirements that make them suitable for, among 
other things, integration with the existing energy systems in terms of district 
heating and CHP production. Further, the CHP production that relies on heat 
consumption in the district heating networks has a lower demand for heat 
throughout the years. Therefore, other alternatives for the utilization of waste 
heat or to produce other products are needed. These observed trends have 
driven the need for research to develop polygeneration systems with several 
products from the same process. 

The findings presented in this thesis are meant to give insights into the 
future development direction of CHP plants. The results aim to provide 
decision-makers with suggestions on how existing and planned CHP plants 
could be constructed as polygeneration plants for the production of more 
products besides electrical power and heat. Further, findings will also show 
what factors are important for the operation of a polygeneration plant. From 
the objectives of the thesis the following research questions were formulated 
under two main points: 
 

1. Polygeneration versus CHP 
- What are the differences in the performance of polygeneration 

compared to stand-alone operations? 
- How efficient is polygeneration compared to CHP? 
- What are the operating possibilities for a polygeneration plant? 

2. Key parameters for profitability and efficiency 
- What impact does the fuel price and availability of fuel have for 

the profitability of polygeneration? 
- How does the product yield and heat demand affect the efficiency 

and profitability of polygeneration? 
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2.2 Scope 
The scope of this work is to find the characteristics of a CHP plant integrated 
with one or more processes. This area could cover many different fuels, 
configuration and processes. Therefore, the thesis has been limited to, apart 
from the production of power and heat, studies of the production of ethanol 
for vehicle fuel, torrefied biomass for replacing coal in existing boilers and 
cooling for an industrial park based on absorption chiller technology. The 
methodologies used in the studies are mass and energy balance calculations. 

To answer the research questions stated in section 2.1, several process 
models based on energy balance calculations have been set up. A case study 
of the supply of power, heating and cooling demand for an industrial park in 
China has been carried out. Further, improvement of CHP plants by 
integrating other processes has been investigated to increase the renewable 
portion of primary energy supply to a regional energy system. The simulation 
models have been used to evaluate the different integrated processes in terms 
of energy efficiency and economy.  

The energy efficiency and CO2 emissions of an integrated torrefaction 
reactor and a CHP plant have been investigated. Moreover, the efficiency of 
polygeneration with ethanol production is compared to stand-alone processes. 
The produced volumes of electricity with a limited heat demand is also 
compared. Finally, the parameters that affect the production economy the most 
are identified. 
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3 Literature review 

3.1 Biomass for electricity and heat production 
Biomass has been used for as an energy resource since the beginning of 
mankind (McKendry, 2002a). Biomass is the largest renewable energy source 
and its use has been increasing rapidly, accounting for about 10% of the total 
world’s energy demand (IEA, 2012). Most commonly, biomass is converted 
to useful energy through combustion. The energy that is released through 
combustion of biomass is determined by the heating value of the fuel. Two 
different heating values are usually dealt with when it comes to combustion, 
the higher heating value (HHV) and the lower heating value (LHV). The 
difference between the HHV and the LHV relates to the post-combustion 
water phase. When using the LHV, the water after combustion is in vapor 
form. This means that if energy is obtained by condensing water in the flue 
gas in a flue gas condenser (FGC), additional energy can be utilized. In this 
case, efficiencies larger than 100% can be found when the LHV is used in the 
calculations. When considering the HHV, the energy from condensing the 
water vapor after combustion is included. The heating value is usually 
determined by standardized methods in a calorimetric bomb in laboratory. The 
heating value can also be calculated from the ultimate and proximate analysis 
of biomass with fairly good approximation (Demirbas, 1997). The heating 
value is highly affected by the moisture content in the fuel which normally 
varies between 45-55%; however, variations between 10-65% occurs 
occasionally (Nyström and Dahlquist, 2004). 

Combustion of biomass for heat and power generation is well developed 
and has been successfully operated during decades. The electrical efficiency 
of a biomass-fired power plant is in the range of 20-40% (McKendry, 2002b). 
With CHP production, where both heat and power are produced, the total 
efficiency can reach over 100% with FGC on LHV basis. Heat can be 
delivered by district heating to customers through a network of pipelines. 

In the year 1948, the first district heating network in Sweden was taken 
into operation (Bernstad, 2009). Several networks were built the following 
years in different cities. Up until the oil crisis at the end of the 1970’s, the 
production was dominated by combustion of oil. Since then, the transition 
towards renewable resources in district heating has continued and, in 2013, 
about 44% of the district heating delivery originates from woody biomass 
(Swedish District Heating Association, 2012). 
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From the beginning of district heating the boilers were mainly heat-only 
boilers. Heat-only boilers produce hot water from combustion that is heat 
exchanged with district heating water. When district heating started to expand, 
the district heating companies began to build steam boilers that could run a 
steam turbine. The turbine steam outlet was condensed in district heating 
condensers for heat production; a CHP plant. The interest in expanding the 
CHP market stalled in the late 1970’s when the nuclear power plants were 
taken into operation and the increased electricity production, in turn, lowered 
the electricity prices and the interest of investing in new CHP plants (Shahnaz, 
2013). The de-regulation of the electricity market in the 1990’s and the 
introduction of the electricity certificate system in 2003 made CHP production 
profitable again. 

The heat demand in the northern countries in Europe varies largely due to 
the cold climate during the winter season. As an example of the heat demand 
in a typical city in Sweden, Figure 3 shows the average production of heat 
during one year in the plant in Västerås, Sweden. The resolution of the values 
are the mean value of each hour during 2002-2011. 
 
 

The market for district heating is constantly changing. From the 1990’s until 
today, the biomass-based district heating production has been lucrative. With 
the targets set by the EU there are reasons to expect further changes in the 
district heating market. Houses will be built more energy efficient with lower 
heat losses and the increased share of renewable transportation fuels will put 
pressure on the competition of biomass resources (Nyström, 2009).  

Figure 3. Average heat demand in the Västerås region, Sweden during 2002-2011. 
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3.2 Biomass conversion 
Biomass is a large source of renewable energy available in various materials 
like crops, woody and grassy resources, as well as waste. Biomass can be 
converted into energy by means of thermochemical and biochemical methods 
like direct combustion, co-combustion and gasification or chemical synthesis. 
However, biomass is a complicated feedstock due to its characteristics and 
heterogeneous composition among and within species. The challenge, 
currently, is to identify methods that overcome the problems with biomass as 
fuels and, hence, increase the efficiency of the conversion methodology used 
to obtain energy from biomass. This chapter will give insights in biomass 
pretreatment by torrefaction and ethanol production from lignocellulosic 
materials, which are the most relevant processes to this thesis. 

3.2.1 Torrefaction 
Biomass is heterogeneous as a raw resource with varying fuel composition 
and moisture content. The varying quality of biomass is accompanied with 
storage problems (Rentizelas et al., 2009), costly logistics (Rentizelas et al., 
2009, Frombo et al., 2009), and combustion issues, such as undesired 
emissions, corrosion problems and operational upsets (Tomás-Aparicio, 
2013). Common problems when grinding raw biomass are the relatively high 
amount of energy needed and the non-uniform particle size of the wood. To 
overcome these issues, there are several ways of upgrading biomass to a more 
high-value product. The first step in thermal treatment of biomass is drying. 
This process is greatly energy demanding and, therefore, has the largest 
impact on the LHV of the fuel. Drying is the first step in combustion of wet 
biomass (Wimmerstedt, 1999). When biomass is heated further in the absence 
of oxygen, volatiles are released and torrefaction initiates.  

In the search for improved quality biofuels and total independence of fossil 
fuels, biomass torrefaction has become interesting as a pretreatment. 
Torrefaction is a pretreatment method in which biomass properties as a fuel is 
enhanced. The final product has better handling, milling and co-firing 
capabilities compared to other biofuels (Kleinschmidt, 2011). Torrefaction is 
carried out by heating biomass without access to oxygen to temperatures 
between 200 and 300°C (van der Stelt et al., 2011). Torrefaction is, thus, 
carried out at higher temperatures than drying and lower temperatures than 
pyrolysis, which is usually carried out between 350 and 650°C (Demirbas, 
2009). During torrefaction of wood, the main components start to decompose, 
resulting in a solid, a liquid and a gaseous part. After torrefaction, about 70% 
of the mass and 90% of the energy stay in the torrefied solid product (Shankar 
Tumuluru, 2011). The gases released during torrefaction can be utilized for 
heating of the reactor in autothermal operation (Medic et al., 2012, Bates, 
2013). The main components of the permanent gaseous products are H2, CO, 
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CO2, CH4 and light aromatics as benzene and toluene and the condensable 
gaseous products are made of the subgroups water, lipids and organics 
(Peduzzi et al., 2014).  

After the thermal conversion by torrefaction, the energy density is 
increased favoring the transportation cost since more energy is transported at 
lower volumes. The moisture content of the torrefied biomass is around 0-3% 
compared to around 10% for dried biomass (Prins et al., 2006). The torrefied 
material is hydrofobic, making the storage of biomass easier and safer.  

Many boilers for electricity and heat production are still utilizing coal as 
combustion fuel. One alternative for reducing CO2 emissions is to co-combust 
coal with biomass. The co-combustion ratio is defined as the amount of 
biomass that can be used to replace coal in terms of energy content in a boiler. 
For example, if 100 MW coal is replaced by 25 MW of biomass and 75 MW 
coal, the co-combustion ratio is 25%. Large co-combustion ratios bring many 
problems to a boiler built for coal firing. Problems with co-combustion are 
mainly related to feeding of biomass and large flue gas volumes which causes 
load reduction and corrosion issues on heat transfer surfaces. Many of these 
issues can be overcome. Pretreatment technologies of biomass, such as 
torrefaction, have developed over the years which provide good opportunities 
for increasing the co-combustion ratios in coal fired power stations. 

3.2.2 Ethanol production 
Ethanol (C2H5OH) is a renewable fuel which emits low net CO2 to the 
atmosphere and has similar properties to petrol, thus, allowing distribution via 
existing infrastructure. The oxygen in ethanol provides oxygen for 
combustion in engines, resulting in lower carbon monoxide (CO) emissions 
compared to petrol combustion (Galbe and Zacchi, 2002). Ethanol production 
from sugarcane in Brazil and from corn in the USA are commercially available 
technologies. The production processes for ethanol from sugarcane and corn 
are similar. The sugars in sugarcane can be fermented directly while the starch 
in corn has to be broken down to fermentable sugars by hydrolysis before 
fermentation.  

The alcohol produced in the fermentation vessel is separated by distillation. 
Approximately 50% of the costs of producing ethanol from agro-feedstock, 
such as wheat, corn or sugar beets, are feedstock costs (Reith, 2001). 
Therefore, the development of lignocellulosic ethanol production has seen 
increasing attention during the past decade. Lignocellulosic ethanol 
production remains on the verge of commercialization due to higher capital 
and operating costs (Pourbafrani et al., 2014). A basic process scheme of 
lignocellulosic ethanol production is shown in Figure 4. The process steps are 
described in the following chapters. 
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3.2.2.1 Pretreatment and hydrolysis of lignocellulosic feedstock 
Lignocellulosic biomass can be treated physically and mechanically to destroy 
its cellular structure and make it more accessible to further chemical or 
biological treatment (Hamelinck et al., 2005). The lignin part of the biomass 
is removed and the hemicellulose is hydrolyzed (saccharified). The cellulose 
is then hydrolyzed to glucose. Lignocellulosic wood can also be degraded 
using enzymes as catalysts. This hydrolysis process is thought to give 
potentially higher yields while avoiding the problems caused by the high 
temperatures in acid hydrolysis. The enzyme hydrolysis process requires 
pretreatment to expose the cellulose and hemicellulose to the enzymes. Steam 
pretreatment, or steam explosion with or without acid catalysts, is the most 
thoroughly investigated pretreatment method and is considered to be the most 
promising available pretreatment method (Bernstad, 2009). Steam pre-
treatment is ideally performed at high temperature in a continuous process and 
with an explosive discharge to quench the reaction by exposing it to 
atmospheric pressure (Roehr, 2001). This conversion is accomplished using 
dilute sulphuric acid and high temperature. These conditions solubilise some 
of the lignin in the feedstock and expose the cellulose for subsequent 
enzymatic hydrolysis. Input feedstock is pretreated and hydrolyzed. An 
example of a hydrolysis reaction of a 5-carbon sugar compound (C5) that 
converts xylan to xylose is:  

C5H8O4 + H2O → C5H10O5    (1) 

An example of conversion of a 6 carbon sugar compound (C6) is the 
conversion of glucan to glucose: 
C6H10O5 + H2O → C6H12O6    (2) 

The different hydrolysis processes are briefly described below. 
 

Figure 4. Basic process scheme of lignocellulosic ethanol production. 
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Acid hydrolysis 
Acid hydrolysis can be performed with different acids (e.g. HCl or H2SO4) 
and gives high glucose yields of up to 90%. However, the high acid 
concentrations used create problems, such as material corrosion and energy 
demanding processes for acid recovery (Galbe and Zacchi, 2002). The lignin 
portion of the hydrolysed material is an important part of the system, as it is 
used as combustion fuel for the boiler within the system. However, with acid 
hydrolysis, there is a substantial increase in unwanted components in the 
lignin fuels that require further treatment and washing and more advanced flue 
gas cleaning.  

 
Dilute acid hydrolysis 
Dilute acid hydrolysis can also be used but requires high temperatures to 
achieve acceptable cellulose to glucose yields (Galbe and Zacchi, 2002). The 
main advantage of this process is the relatively low acid consumption. A two 
stage process can be used to increase the glucose yield from cellulose with 
dilute acid hydrolysis. The hemicellulose in the wood is more easily 
hydrolysed when the first hydrolysis step is performed under mild conditions. 
In the second step the cellulose is hydrolysed under harsher conditions (Galbe 
and Zacchi, 2002). A disadvantage of this is that the high temperatures 
required for hydrolysis can cause the sugars to decompose and inhibit the 
fermentation step. 
 
Enzymatic hydrolysis 
The water content in enzymatic hydrolysis is lower than in acid hydrolysis. 
The enzymatic hydrolysis process has the advantage of lower energy 
consumption at the distillation stage due to higher ethanol concentrations in 
the broth. A negative aspect of enzymatic hydrolysis is the enzyme cost, which 
has to decrease for the process to become economically viable (Hahn-
Hägerdal et al., 2006). 
 
Simultaneous saccharification and fermentation  
Simultaneous Saccharification and Fermentation (SSF) have shown higher 
ethanol yields than separate hydrolysis and fermentation (Öhgren et al., 2006). 
SSF also comes with lower capital cost than the Separate Hydrolysis and 
Fermentation (SHF) process (Sassner et al., 2006). In SSF, the hydrolysis and 
fermentation occur simultaneously in the same reactor. The acetic acid must 
be removed and the pH value has to be corrected and adjusted (first lowered 
and then raised) before fermentation. The reactor’s temperature can be 
increased by direct injection of steam (Aden, 2002). The National Renewable 
Energy Laboratory (NREL) in the USA has developed the process further so 
that both C5 and C6 sugars are fermented together in the Simultaneous 
Saccharification and Co-Fermentation (SSCF). The development path is 
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leading towards fewer reactors and more integrated process steps (Hamelinck 
et al., 2005).  

3.2.2.2 Fermentation 
The sugar is converted to ethyl alcohol in the fermentation process. 
Theoretically, concentrations of up to 23% ethanol can be produced but in 
reality the ethanol concentration does not reach this level (Jacques, 1999). The 
fermentation process generates heat which must be removed to maintain a 
constant temperature (Jacques, 1999). Glucose can be fermented with regular 
baker’s yeast whereas xylose requires specially selected or genetically 
modified micro-organisms (Reith, 2001). Conversion efficiencies for 
fermentation of different sugars are shown in Table 1 (Shleser, 1994).  

C5 sugar fermentation to ethanol has to be developed further to make the 
biomass to ethanol process economically viable, preferably by co-
fermentation with C6 sugars according to Reith (2001). 
Table 1. Conversion efficiencies for fermentation (Shleser, 1994). 

Conversion efficiency Low end of range High end of range Mean value 

Glucose to ethanol 95 % 100 % 97.5 % 

Fructose to ethanol 95 % 100 % 97.5 % 

Xylose to ethanol 40 % 90 % 65.0 % 

Sucrose to ethanol 94 % 100 % 97.0 % 

Fermentation of the sugars in the fermentation vessel can be described 
according to: 
C6H12O6 → 2C2H5OH + 2CO2    (3) 

3C5H10O5 → 5C2H5OH + 5CO2    (4) 

where the exothermic enthalpy is -58.75 kJ/mol ethanol (Pfeffer et al., 2007).  

3.2.2.3 Distillation 
The broth is distilled through evaporation. The energy demand of the 
distillation increases at low ethanol concentrations in the broth, especially if 
the ethanol content is less than about 4% (Öhgren et al., 2006). A higher 
concentration can be achieved by recirculation of process streams in the 
ethanol production process. Distillation takes place in several steps where the 
first step can be referred to as the beer column and further steps aim to 
concentrate the ethanol-water mixture to around 99.5% ethanol. This can be 
done with a molecular sieve (e.g., Aden, 2002). 
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3.3 Polygeneration 
The development in district heating production has progressed from producing 
district heating in heat-only boilers to combining this process with electricity 
production from steam turbines before supplying the heat demand through 
CHP. The subsequent step could include the production of other products, 
such as transportation fuels or upgraded fuels, into a polygeneration system.  

3.3.1 Polygeneration with torrefaction 
By pretreating biomass via torrefaction, enhanced fuel qualities are obtained, 
including: higher heating value (Chew, 2011); more hydrophobic properties 
(van der Stelt et al., 2011); higher energy density; and enhanced friability 
(Chew, 2011). One of the main features of torrefaction for electricity and heat 
production is the resemblance to coal. Therefore, torrefacation can substitute 
fossil coal directly in the existing fuel feeding system. Chew and Doshi (2011) 
stated that torrefied fuel can be co-combusted up to 80%. Torrefied fuel, 
compared to untreated biomass, also has the advantage of requiring less 
energy for grinding which be reduced by 80% (Kohl et al., 2013).  

Kohl et al. (2013) published results on the integration of torrefaction with 
a CHP plant by flue gas integration. However, detailed calculations of the 
torrefaction products, torrefaction gas and the utilization of the solid product 
were not presented. Zakri et al. (Zakri, 2013) investigated the integration of 
torrefaction with power plants. They found that several ways of integrating 
torrefaction is possible. A schematic flow scheme of a poly-generation system 
with a torrefaction reactor integrated with a CHP plant is shown in Figure 5.  
 

Figure 5. Material and energy flow diagram of an integrated torrefaction reactor 
with a CHP plant. Dotted line represents flue gas and grey line represents steam.  
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3.3.2 Polygeneration with ethanol production 
Ethanol production from woody biomass has been proven technically some 
years ago, but still has not had a commercial breakthrough. The production of 
ethanol from hemicellulosic material is energy intensive and has several clear 
integration possibilities. A schematic flow diagram of a polygeneration 
system with ethanol, electricity, chemicals and heat production is shown in 
Figure 6. The cellulosic ethanol process requires energy and steam for several 
process steps. Energy demand in different process steps is dependent on the 
type of feedstock. For example, wood chips and straw have different steam 
pressure requirements for hydrolysis and pretreatment (Hamelinck et al., 
2005, Morgen, 2006, Cardona, 2006). 

As shown in Table 2, lower steam data are needed to hydrolyse the 
cellulose and hemicellulose in straw than in wood. Many studies have shown 
that high ethanol yields are important for the economic feasibility of 
producing ethanol from cellulose (Sun and Cheng, 2002). In polygeneration 
applications, the aim is to utilize the biomass economically and sustainably 
from an overall perspective.  
 

 

 

 

 

Figure 6. General flow diagram of a polygeneration system with 
ethanol, district heating, electricity and other chemicals. 
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Table 2. Feedstock composition (% dry weight) and hydrolysis steam data. 

Feedstock Cellulose Hemicellulose Lignin Steam pressure 
(hemi-

hydrolysis/ 
hydrolysis) 

References 

Pine 44.6 21.9 27. 7 10-15/20-30 bar (Hamelinck et 
al., 2005, 

Fransson, 2006) 
Salix 43.0 21.3 26.6 10-15/20-30 bar (Fransson, 2006, 

Sassner et al., 
2006) 

Wheat 
straw 

46.4 31.0 18.3 4/11 bar (Hamelinck et 
al., 2005, Nigam, 

2001) 
Rye straw 51.0 21.0 17.0 4/11 bar (Hamelinck et 

al., 2005, 
Sander, 1997) 

The non-fermentables in the cellulose to ethanol process (mainly lignin) can 
be separated and this byproduct can be used as fuel feedstock in a CHP plant 
to provide steam for the biofuel process and/or the steam turbine without 
market-determined limits (Aden, 2002, Hamelinck et al., 2005). Excess heat 
from the ethanol process steps can also contribute to other parts of the process 
or to district heating.  

The world’s largest demonstration plant for processing lignocellulosic 
biomass to fermentable sugars was created within the Danish IBUS-project 
(Bentsen, 2006). By 2008, the process had been operating for four years and 
was reportedly close to commercialization (Larsen et al., 2008). By the end of 
2010, the plant was fully commissioned and continuously producing ethanol 
(Larsen et al., 2012). Electricity was considered to be a cost for the plant and 
was delivered by a condensing power plant (Bentsen, 2006). Unlike district 
heating plants that produce excess heat during large parts of the year, 
condensing power plants operate continuously at full load, meaning that 
electricity production is reduced when steam is extracted for other processes. 
The publications from this project focus on the ethanol process as a customer 
that is supplied with electricity and steam rather than as a part of the power 
plant (Larsen et al., 2008, Bentsen, 2006).  

By using pinch-point analysis, Pfeffer et al. (Pfeffer et al., 2007, Pfeffer, 
2005) showed that heat integration within the production process for ethanol 
can decrease the external energy demand of the plant. Heat and power 
production are integrated to supply the process itself and distillation 
byproducts are used for biogas production. Another example of cellulosic 
ethanol production which aims to convert as much of the feedstock as possible 
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to ethanol was published by Hamelinck et al. (Hamelinck et al., 2005). The 
authors claim that, in the long term, the process will convert a sufficient 
amount of the biomass to ethanol, leaving no surplus electricity production. 

Reith et al. (2001) studied ethanol production from biomass waste 
integrated with electricity and heat production. About 75% of the electricity 
produced by the plant was consumed internally and the remaining electricity 
could be sold to the grid. The findings were based on power production from 
the residues and the heat was only used to supply the heat demand of the 
ethanol process.  

In Örnsköldsvik, Sweden, there is a pilot plant where studies of 
pretreatment and hydrolysis of woody biomass to fermentable sugars have 
been conducted. In the pilot plant, both dilute acid hydrolysis and enzymatic 
hydrolysis have been tested. The process is continuous and produced its first 
ethanol in 2005. The feedstock is wood chips and the plant has a capacity of 
around 100 kg/h. For economic reasons and due to technology maturity, the 
pilot plant was taken out of operation in 2012 (Hansson, 2013). SEKAB E-
technology was convinced that integration with CHP production is necessary 
to achieve feasible production costs, although the main focus of the pilot plant 
was to maximize ethanol yields, not to produce electricity.  

The company Agroetanol uses wheat as feedstock and produces 55,000 m3 
of ethanol per year in a polygeneration system in Norrköping, Sweden. The 
byproducts are sold as animal food and steam for the distillation and drying of 
the byproducts are provided by a nearby CHP plant. This is one approach to a 
commercial polygeneration system, with integration of CHP and ethanol 
production. However, wheat feedstock competes with the food market and 
makes up around 50% of the total production cost of the ethanol produced 
(Reith, 2001). There is potential for further integration of these processes.   

The National Renewable Energy Laboratory (NREL) in the USA has 
studied the lignocellulose to ethanol process (Reith, 2001, Aden, 2002) and 
has developed the SSCF technology described above. NREL reports that the 
byproducts of ethanol production from corn stover can be used to produce 
electricity for the process and excess production can be sold to the grid. 
However, little attention is given to the utilization of heat and the operating 
conditions. 

Anaerobic digestion of the stillage from the beer column can be used to 
increase the efficiency of polygeneration systems (Pfeffer, 2005). Stillage can 
also be used to produce animal feed which might be more profitable (Morgen, 
2006). However, Börjesson (Börjesson, 2006) claims that substantial energy 
is needed to dry the byproducts to make animal feed and that digesting them 
to biogas is more energy efficient. 

Previous research in polygeneration with ethanol has either focused on 
attaining high yields in the ethanol production or, in few studies, on the 
integration of first-generation ethanol production technologies with CHP 
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plants. The majority of research in the cellulosic ethanol area focuses on 
increasing yields and thereby decreasing costs, as profitability is the ultimate 
driving force that will bring the product to the market. Meanwhile, CHP plant 
owners and operators are trying to find ways of discharging excess heat during 
periods where CHP production is in part-load.  

There is a clear opportunity for these two industries to combine, not only 
the processes but, also, knowledge, operation strategies, and views of what is 
important. Considering the processes jointly, the largest economic benefits 
may not necessarily come from higher ethanol yields in a polygeneration plant 
(McKechnie et al., 2011). It has been established that one of the main factors 
affecting the performance of a polygeneration system with ethanol production 
is the operational pattern (Lythcke-Jørgensen et al., 2014). 
 

3.3.3 Industrial parks 
The concept of an Eco-Industrial Park (EIP) has many definitions and 
explanations (Montastruc et al., 2013). Originally an EIP aimed to exchange 
resources between heavy industries in industrial complexes (Lambert and 
Boons, 2002). In this thesis, the definition could fit in most of the published 
material on EIP’s, as the general idea is that an EIP is a cluster of companies 
or industry processes integrated with each other in terms of energy and 
materials to miminize waste, losses and the environmental impact. In this 
sense, EIP’s often includes a polygeneration system or, alternatively, is a 
polygeneration of its own, since it is an integrated system that can produce 
more products than electricity and heat from the same process or plant. EIP’s 
and studies on EIP’s are most common in locations and countries where export 
of industrial products is large, such as in the Asian countries. There are, for 
example, over 1200 provincial-level industrial parks in China (Wang et al., 
2013). Successful examples of EIP’s are Kalundborg in Denmark and the Red 
Hills Ecoplex in the USA (Wang et al., 2006). 

The implementations of EIP’s have mainly been from retrofitting existing 
industrial parks in well-developed economic and high-tech zones (Tian et al., 
2014). There are still many less-developed industrial parks where 
improvements of energy and resource optimization could have large impacts 
on the economy and environment.  

Typically, in any industry, the energy demand is higher for electrical power 
compared to the required heating needs. At the same time, a CHP plant 
produce roughly half of the volume of electrical power compared to heat that 
can be used for heating or hot water. Research has commonly aimed to 
improve the power-to-heat ratio for economic reasons (Savola and Fogelholm, 
2006) and not for matching supply and demand. CHP processes with high 
power-to-heat ratios would be preferable for EIP’s to meet the energy demand. 
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4 Methodology 

The methodology in the studies presented in this thesis are of similar nature. 
Boundary conditions of each energy system are important for the results which 
is why a case study approach has been used. The methodology for the studies 
presented in this thesis is schematically depicted in Figure 7. 

 
The future development of CHP plants could take many different routes and 
it is, therefore, useful to evaluate several processes with simulation tools. Mass 
and energy balance simulation tools are widely used for research and 
development in this area. Simulation models of the systems have been carried 
out to conduct a performance analysis including both efficiency and economic 
impacts. The results of the simulations will be useful for system improvement 
and integration of future plant development. The results could also reveal 

Figure 7. Methodology for the studies in the thesis. 
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barriers for implementation or demonstration of the improved systems, 
especially in economic performance.  

It is crucial to select an appropriate tool for each studied case to clearly 
define the boundaries and details of the model. There are several features that 
should be considered before choosing what type of model to use for a specific 
problem. For example, the modeling approach differs depending on whether 
the dynamic or steady state behavior is important. The approach is also 
different when used for design purposes compared to addressing problems 
related to existing systems, such as process control (Hangos, 2001). 

4.1 Modeling and simulation 
When considering start-up, load changes and other transient behavior, 
dynamic models are usually suitable. For design simulations of process 
improvements, steady state simulations are often more useful. In this thesis, 
steady state design simulations are utilized to find the performance of new 
proposed plants. For the case where existing plants are studied by retrofitting 
different components, off-design simulations are necessary so that operation 
boundaries are not exceeded. Design simulations mean that inlet and outlet 
data of each component are given and the component’s characteristics and 
design values are determined as a result.  

For the construction of a new plant, design simulations should be carried 
out to design the components that are included. For example, the design of a 
heat exchanger for a specific purpose where an appropriate mean temperature 
difference - depending on the type of heat exchanger - is multiplied by the 
heat transfer coefficient and the heat transfer area (UA) in the heat exchanger 
(Incropera, 2001). 

In design simulations, the unknown variable is UA which can be 
determined with the design simulation for the heat exchanger when the 
temperatures and flows are known. An already existing heat exchanger cannot 
be simulated with design simulations because UA can no longer be changed 
manually in the calculations.  

Off-design simulations mean that existing components are simulated. For 
example during part-load when flows and temperatures at the boundary of the 
heat exchanger changes from the design mode. The unknown variable in off-
design is, thus, a temperature and the physical properties of the heat exchanger 
(UA) is known. 

For the studies carried out in this work, several simulation models have 
been set up. Simulation models for process applications are widely used in 
both industry and research. A number of commercial simulation tools are used 
for purposes such as investigating power plant behavior during different 
operation conditions, retrofitting, and designing new plants and processes. 
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The commercial simulation tools Prosim, IPSEpro and Ebsilon professional 
has been used for the polygeneration simulations in this thesis. The 
economical optimization of the placement of polygeneration plants has been 
carried out with the optimization tool GAMS.  

4.2 Simulation tools 
Prosim is a simulation program developed by Endat Oy and is used in several 
studies for power plant simulations, for example (Savola and Fogelholm, 
2006, Tveit, 2003, Steinwall, 1997). Prosim is a steady state simulation tool 
that has preprogrammed modules that can be connected by streams which 
represents water, steam, fuel or gas, etc. The models in Prosim are setup in an 
AutoCAD interface and the solver applies the Newton-Raphson method to 
iteratively find a solution from the user-numbered components in the model. 

The features of the simulation tool IPSEpro is similar to Prosim in that it 
is a steady state simulation tool that has model libraries suitable for power 
plant simulations. IPSEpro is provided by the company Simtech. The 
components in the IPSEpro libraries can be modified and new components 
can be created by the user since all equations are visible and possible to 
modify. All programming in components is done in MDK – Model 
Development Kit. After compilation, the libraries can be opened in PSE – 
Process Simulation Environment and the different components can be 
connected in a flow chart to the desired process layout. IPSEpro uses a 
gradient-based solver that applies a two-method solving technique (Häggståhl, 
2003). The equations are divided into smaller groups before the groups are 
solved simultaneously with a numerical solution method. 

The commercial simulation tool Ebsilon Professional by Steag Energy 
services has a large library of components for modeling of power plants and 
other processes. Ebsilon also enables a very fast modeling procedure and a 
convenient error analysis (Cifre et al., 2009). This enables the modeling of 
larger complex power plants and simulation with other integrated processes in 
a polygeneration process. 

Many studies have been carried out with the simulation tools mentioned 
above and there are abundant information in the literature on Prosim, IPSEpro 
and Ebsilon (e.g., see Cifre et al., 2009, Jonshagen and Genrup, 2010, Endat 
Oy, 2013, Peltola et al., 2013, Savola and Fogelholm, 2006, Steag Energy 
Services, 2012, Simtech, 2003, Simtech, 2011, Steinwall, 1997, Tveit, 2003). 
The General Algebraic Modeling System (GAMS) is a modeling system for 
optimization with a number of solvers that can be used to solve different types 
of optimization problems (GAMS, 2013). In Paper V, a process simulation 
model was used to generate input data for the optimization of a mixed integer 
linear programming model that was solved with the solver CPLEX.  
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In each of the appended papers in the thesis, a simulation model of a CHP 
plant has been developed. The model characteristics are listed in  
Table 3. 
Table 3. List of simulation models for the publications of which this thesis is based 
on. 

Paper Design/Off-design Simulation tool Case study location 

I Design Prosim Guangdong, China 

II Off-design Ebsilon Västerås, Sweden 

III Off-design IPSEpro Enköping, Sweden 

IV Off-design IPSEpro Sala, Sweden 

V Design IPSEpro Sweden 

 
For the proposed polygeneration system, each model has been extended with 
simulation models of integrated processes for alternative products with focus 
on improving the energy system. In Table 3, the off-design models are listed 
where the simulations have been made to retrofit an existing CHP plant. 
Where design simulations have been carried out, new plants have been 
investigated. 

4.3 Developed models 
The evaluation of the energy system has been done by comparing for example 
energy efficiency and economic parameters. Energy efficiency (η) is defined 
by the following equation:  
 
𝜂𝜂 = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑈𝑈𝑒𝑒𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒

𝐼𝐼𝑒𝑒𝐼𝐼𝑈𝑈𝐼𝐼 𝑈𝑈𝑒𝑒𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒     (5)
 
Economic evaluations have been carried out by the annuity method, where the 
fixed annual instalment (A) is defined by: 
 
𝐴𝐴 = 𝑖𝑖⋅(1+𝑖𝑖)𝑧𝑧

(1+𝑖𝑖)𝑧𝑧−1     (6) 
 
where i is the interest rate and z is the depreciation time.  
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4.3.1 Gas turbine model for EIP 
The proposed gas turbine system in Paper I was modeled in the simulation 
tool Prosim. Predefined components such as compressor, combustion 
chamber, turbine and generator were set up with a heat recovery steam 
generator for an absorption chiller and for steam production for injection in 
the combustion chamber. Two economizers for heating tap water and 
preheating feedwater is also used in the model. The configuration of the gas 
turbine-based process simulation model is shown in Figure 8. 
 

The gas turbine in the system is simulated with natural gas as fuel, assuming 
pure CH4. Steam generated in the Heat Recovery Steam Generator (HRSG) is 
injected in the combustion chamber of the gas turbine to improve electrical 
efficiency. The input data for the simulation model is shown in Table 4. 
  

Figure 8. Flow scheme of the simulation model in paper I. HRSG stands for Heat 
Recovery Steam Generator and ECO means economizer. 
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Table 4. Input data and boundary conditions for simulations of the gas turbine 
system presented in Paper I. 

Description Data Unit 
Electrical capacity 15.0 MW 
Exhaust temperature of gas turbine 333.0 °C 
Steam pressure for absorption chiller 7.0 bar 
Ambient temperature 15.0 °C 
Hot water temperature 65.0 °C 
COP Absorption chillers 1.3 - 
Hot water requirements 860.0 ton/day 

 
The model was designed to supply the required electricity demand of the EIP. 
Simulations were compared to a reference case where the required energy is 
supplied from the electrical grid and, also, Wu et al.’s (2007) study where 
diesel engines supply part of the energy requirements. 

4.3.2 Model for integration of torrefaction with CHP 
A case study of a power plant in Västerås, Sweden, has been carried out in 
paper II. The plant has two of the main boilers connected to a joint turbine. 
One of the boilers is biomass fired (P5) and the other coal fired (P4). A 
simulation model of the boilers and turbine system was developed in the 
simulation software Ebsilon professional and used to simulate an integrated 
torrefaction reactor to the existing system in an off-design approach. Figure 9 
shows the simulation model of the CHP plant where the boilers and high 
pressure turbine (HPT), intermediate pressure turbine (IPT) and low pressure 
turbine (LPT) including condensate and feed water system are included. 
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Operational data from the CHP plant were extracted and treated to find steady-
state data sets for all loads between full capacity to minimum load operation. 
Different loads and characteristics of each component were recorded to 
develop a model with the same behavior as the real plant in off-design to 
investigate the performance of the integrated system. Isentropic efficiencies 
and heat transfer values for all turbine stages and heat exchangers were 
recorded and implemented in the final model. Both boilers have reheat 
between turbine stages and live steam data is 540 °C at 170 bar for P4 and 540 
°C at 160 bar for P5. District heating supply temperature can vary from about 
75 °C during summer up to 120 °C during winter. After the model was 
implemented in Ebsilon professional it was validated against measured data 
from the plant’s Distributed Control System (DCS). Simulated values 
compared with measured are shown in Table 5. 
  

Figure 9. Boiler 4 (P4) and 5 (P5) with the joint turbine and condensate system. 
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Table 5. Validation of the CHP simulation model. 

Variable/Measuring point Measured Simulated Deviation Unit 

P5 mass flow FW 239.8 242.5 2.7 ton/h 

P5 drum pressure 177.4 177.7 0.3 bar 

P5 Steam temperature after drum 356.5 355.9 -0.6 °C 

P5 Steam temperature after SH1 386.8 386.8 0.0 °C 

P5 Steam temperature after SH2 495.5 496.2 0.7 °C 

P5 Steam temperature after SH3 538.8 538.8 0.0 °C 

P5 temperature after reheater 1 440.5 437.5 -3.1 °C 

P5 Fluegas temperature after 
superheaters 

335.5 322.6 -12.9 °C 

P4 mass flow FW 258.4 258.4 0.0 ton/h 

P4 Steam temperature after 
evaporator 

381.0 380.5 -0.4 °C 

P4 Steam temperature after SH1 359.2 359.2 0.0 °C 

P4 Steam temperature after SH2 446.3 448.4 2.1 °C 

P4 Steam temperature after SH3 525.3 525.3 0.0 °C 

P4 temperature after reheater 1 433.9 430.0 -3.9 °C 

P4 Fluegas temperature after 
superheaters 

498.8 544.9 46.1 °C 

Feed water temperature upstream 
preheater train 

171.4 176.0 4.6 °C 

Feed water temperature after 
preheater train 

247.7 246.7 -1.0 °C 

Net electricity production 163.3 163.3 0.0 MW 

 
The validation of the model is accepted for simulation of the integrated system 
of CHP and torrefaction. The largest deviations from the measured values are 
temperatures in the flue gas which often does not represent the complete 
temperature profile. Therefore, the temperature measurements on the water 
and steam side are considered more reliable. 

The torrefaction process was modeled empirically from experimental data 
(see Zanzi, 2004). The torrefaction model is a correlation from experimental 
results to predict the produced gases during the torrefaction process with 
torrefaction time and temperature as inputs. Mass and energy balances were 
used to determine the solid part of the torrefied material. Input for simulations 
of the torrefaction model are fuel composition and temperature through a heat 
source. As an example, Figure 10 shows the results of simulations of 
torrefaction at 250 °C during three hours to the left and one hour of 
torrefaction at different temperatures to the right. The efficiency is defined as: 
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𝜂𝜂 = 𝐿𝐿𝐿𝐿𝐿𝐿𝑠𝑠∙𝑚𝑚𝑠𝑠

𝐿𝐿𝐿𝐿𝐿𝐿𝑏𝑏∙𝑚𝑚𝑏𝑏+𝑄𝑄
    (7) 

 
where m represents mass and Q the input energy as heat. The subscript s means 
solid torrefied material and the subscript b means input biomass. 
 
 

 
As Figure 10 shows, the energy and solid yield are decreasing faster with 
increased temperature compared to torrefaction time. Integration with the 
model of the existing CHP plant were made in two ways; one where flue gas 
was used as heating medium for the torrefaction and one integration where 
steam was used to heat the torrefaction. The integration points are marked in 
Figure 9 with a circle (flue gas integration) after the De-NOx system in P5 and 
in the steam extraction of the turbine with a square (steam integration). 

4.3.3 Models for ethanol production integrated with CHP 
IPSEpro was used to model a second generation ethanol production process 
and form the polygeneration process in Papers III-V. Figure 11 shows the 
model layout for the simulations carried out in Paper III which is a study of 
a CHP plant integrated with an ethanol process. The approach for the model 
development were similar for the models used in Papers III-IV. For Paper 
III and Paper IV case studies of the energy system in Enköping and Sala, 
Sweden, were conducted. Data from the operation of the plants were extracted 
and treated. Steady-state data from the variations of different loads were 
identified and used to model an off-design model that behaves as the studied 
plant. After validation, the models were integrated with a model of an ethanol 
production process. Input data for the models of Sala and Enköping, Sweden, 
is listed in Table 6. 

Figure 10. Torrefaction results of three hours at 250 °C (left) and one hour at 
varying temperatures (right). 
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Table 6. Input data for simulation models at design load of Sala and Enköping, 
Sweden. 

Description Sala Enköping Unit 
Live steam data  480/78 540/100 °C/bar 
Steam mass flow 12.8 27 kg/s 
Steam extraction (hydrolysis) 11 30 bar 
Steam extraction (second hydrolysis) 4 16 bar 
Steam turbine exit pressure 0.3 0.3 bar 
District heating supply temperature 86 87 °C 
District heating return temperature 47 42 °C 
Electricity production 9 22 MW 

 
  
 
The models in Papers IV-V have the same general model layout and features 
as in Figure 11.  

In Papers IV-V, a high pressure preheater is also included to preheat the feed 
water after the deaerator by a turbine extraction. 

Figure 11. Process model layout for simulations in Paper III. Similar layouts have 
been used in Paper IV-V. 
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4.3.4 Optimization model for locations of polygeneration 
In paper V, a simulation model of a polygeneration system with ethanol, 
biogas and CHP production was used to generate input data for an 
optimization model (Leduc et al., 2009) where the optimal locations in 
Sweden for such plants were determined. The model minimizes the objective 
function which is set to total cost. A process model of a polygeneration system 
with ethanol and CHP production was used to generate input data for the 
optimization model. The input data were different yields and also the 
performance and cost of up and down scaling of plants. 

The scheme of the mixed integer linear programming model is depicted in 
Figure 12. Different scenarios were simulated to optimize the supply and 
delivery of ethanol where input data such as carbon tax, ethanol demand, 
product yield, available amounts of biomass, biomass price, electricity spot 
price and maximum plant size were varied. As such, the optimal locations 
could be found under uncertainty. 
 

Figure 12. Scheme of the optimization model used for location 
optimization in paper V. 
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5 Results 

5.1 Polygeneration versus CHP 
A polygeneration system with a natural gas fired gas turbine with steam 
injection in the combustion chamber, or STIG cycle, is suggested for energy 
supply in an EIP in Paper I. The heat in the exhaust from the gas turbine is 
recovered by producing steam that is used to run an absorption chiller to 
supply cooling for the EIP and for heating tap water. The total efficiency of 
the system is limited by the use of flue gas heat to 58% of the EIP. 

The simulations are compared with a baseline case where all the energy is 
bought from the electric grid. An electricity production mix of hydro, nuclear, 
oil and coal are applied to represent the conditions in Guangdong province. 
The electricity mix can is shown in Table 7. 
Table 7. Electricity mix in Guangdong province for EIP case study reference case. 

Production type Share of power production 

Coal 63% 

Oil 7% 

Nuclear 19% 

Hydro 11% 

 
Simulations of the EIP polygeneration system shows that the CO2 emissions 
can be reduced by 12 700 ton/year compared with a reference baseline case. 
The proposed gas turbine case is also compared with a studied diesel engine 
case for the same EIP (Wu, 2007). The CO2 emissions of the different 
scenarios are shown in Figure 13. 
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The integrated proposed energy system for the EIP benefits from the gas 
turbine high electrical efficiency and the use of exhaust heat for both heat and 
cooling supply. The results indicate that an energy supply system for an EIP 
requires a high power-to-heat ratio to match supply and demand. 

A polygeneration system with torrefaction of biomass for co-combustion 
with coal was studied in Paper II. Simulations show that higher co-
combustion shares of torrefied fuel increase the total efficiency but reduce the 
electrical efficiency. It is more efficient to use heat in the flue gas for the 
integration compared to steam. Results of the electrical efficiency is shown in 
Figure 14 and of the total efficiency in Figure 15. The simulated scenarios 
show that torrefaction should be carried out at high temperatures where the 
mass yield is high and a more coal-like product can be produced.  

Figure 13. Comparison between CO2 emissions for the IEP energy system. 

Figure 14. Electrical efficiency at three different torrefaction temperatures with 
flue gas integration (right) and steam integration (left). 
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The high temperatures required for a more severe torrefaction further favour 
the option of using flue gas as heating media instead of steam. 

Results from Paper III-IV show that polygeneration with ethanol and 
CHP production has a lower efficiency compared to CHP production alone. 
Since the ethanol process itself has a low efficiency with large energy losses 
during the conversion process, the integration with CHP will decrease the total 
efficiency since CHP plants with flue gas condensation often reach 
efficiencies above 100% on LHV basis.  

By utilizing the excess heat of CHP plants during part-load district heating 
demand, steam at lower pressures can be extracted for ethanol production and 
the polygeneration system can be optimized as one plant instead of two stand-
alone processes. The results from Paper III show that a stand-alone ethanol 
production plant and an existing CHP plant together give an energy efficiency 
of about 39%. When integrated, they can increase the efficiency to about 50% 
when producing the same amount of heat, and if the stillage is used for biogas 
production the efficiency could be increased even further. Figure 16 shows the 
energy flows in a polygeneration system with ethanol and CHP from Paper 
III. 

Results from Paper III further show that polygeneration plants can be 
operated at lower heat demand compared to the existing plant. With 
polygeneration during the full year except during maintenance, the electricity 
production could be increased by approximately 3% even though steam is 
extracted from the CHP plant during operation.  
 

Figure 15. Total efficiency at three different torrefaction temperatures with flue 
gas integration (right) and steam integration (left). 
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5.2 Key parameters for profitability and efficiency 
The findings in Paper I show that fuel costs represents about 87% of the total 
annual cost for the studied plant. The proposed system is sensitive for 
variations in electricity and fuel price fluctuations. Sensitivity analyses show 
that the gas turbine energy system for the EIP is economically viable under 
uncertainness of economical parameters. However, polygeneration systems 
should be able to achieve higher total efficiencies than 58% and, thus, more 
use for the excess heat could be found than the heat demand used in the studied 
EIP. 

In Paper II, an economic analysis showed that the district heating 
production cost of an integrated torrefaction reactor with an existing CHP 
plant lies in the range of 3.4-9.6 €/MWh higher compared to the reference cost 
with today’s system. Notwithstanding the large volumes of coal that is 
replaced by torrefied wood, variations in fuel prices and electricity prices are 
the main parameters affecting the production cost of district heating in such a 
system. The production cost with the torrefaction polygeneration system is 
shown in Figure 17. 

The findings in Paper IV show the impact of total efficiencies on the 
economy of a polygeneration plant. The findings imply that more electricity 
can be produced with polygeneration compared to CHP production because 

Figure 16. Sankey diagram of integrated ethanol and CHP plant with 
energy flows in MW from the results in paper III.  
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of an increased power-to-heat ratio and the lower operation limit in terms of 
district heating. A range of 17-23% more electricity could be produced 
annually in the polygeneration plant depending on the yield of ethanol. The 
results were presented with the definition of three different cases; a reference 
case with the existing CHP plant, a high yield ethanol case where as much as 
possible of the sugars in the feedstock is fermented, and a third case where 
only the C6 sugars were fermented and the byproducts were utilized in the 
boiler.  
 

The economic analysis showed that the low yield case is more profitable even 
though a higher power-to-heat ratio can be achieved in the high yield case. 
The findings of reduced CO2 emissions with lower ethanol yield is also 
indicated by McKechnie et al. (McKechnie et al., 2011). The economic results 
from the study in Paper IV is shown in Table 8. 
  

Figure 17. District heating production cost as a function of the co-
combustion ratio for each torrefaction temperature. FG stands for Flue 
Gas and St for Steam. 
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Table 8. Economic results from the low and high yield cases. 

Income/cost CHP Reference 
case (k€/year) 

Case High yield 
(C5 and C6) 

(k€/year) 

Case Low yield 
(C6) 

(k€/year) 
Costs    
Annual instalment cost 3 815 5 134 4 976 
Straw cost 0 6 455 6 455 
Biomass fuel to boiler 2 755 1 148 -1 364 
Other costs 435 2 599 2 599 
Income    
Electricity 2 223 2 734 2 591 
District heating 6 284 6 588 6 588 
Ethanol production cost - 0.46 €/liter 0.41 €/liter 
 
CHP production will be more profitable than polygeneration under certain 
conditions. Figure 18 shows that the CHP reference case is more profitable 
without ethanol production when the ethanol price is lower than 0.36 €/liter 
and 0.37 €/liter compared to the high and low ethanol yield cases, respectively. 
 
 

Optimal locations of polygeneration plants with ethanol and CHP were found 
in Paper V and the robustness of the locations were evaluated in sensitivity 
analyses. Optimizations from Paper V shows that the optimal locations were 
chosen also with fluctuating economic parameters and therefore seem to be 
robust during varying conditions. Figure 19 displays the results of the chosen 
locations of polygeneration plants in Sweden. The results show that biomass 

Figure 18. Relative profit for the polygeneration plant at varying ethanol 
market price. 
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cost, availability and plant efficiency have the greatest influence on where to 
place the polygeneration plants and if import should contribute to the ethanol 
use in Sweden.  

The findings show that optimal locations for the simulated cases are in small-
to-medium sized cities with populations in the range of 50,000 to 140,000. 
The locations are chosen mainly due to their suitable heat demand and biomass 
resources. The energy efficiency of polygeneration plants have an impact on 
the chosen location and the profitability. 

Simulations in Paper V showed that ethanol production with co-generation 
of electricity, heat and biogas production is still profitable even without import 
taxes on ethanol. A sensitivity analysis was carried out to test the robustness 
of the simulation results. The analysis showed that profitability of poly-
generation can, in some cases, increase from importing sugarcane-based 
ethanol compared to producing it locally from wood. The most influential 
parameters are heat demand, biomass price and the distance to petrol stations. 
 
 

Figure 19. Plant identification with their number of appearance in brackets. 
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6 Discussion 

Technically, the integration of different production processes with existing, or 
newly built CHP plants to polygeneration is feasible depending on the 
maturity of the production process. However, polygeneration has not yet been 
commercialized in full scale. Most of the production processes that could be 
integrated with CHP plants, such as ethanol production, gasification processes 
to produce vehicle fuel, torrefaction, etc., are researched and optimized 
individually in R&D activities around the world. There is a risk that research 
become biased and focus often lies on the stand-alone process itself rather than 
taking the system perspective into account. Such approach could be an 
advantage in the context that single processes are optimized and increased 
yield of the product is the main purpose. This thesis highlighted the 
disadvantage to this approach; it is crucial to widen the system boundary and 
consider the environmental impact, energy efficiency and the economics of 
the system when designing new plants as well as when retrofitting existing 
ones to polygeneration systems. 

The total energy efficiency could be improved by finding alternative use 
of excess heat in the energy intensive industry. Paper I suggests a steam 
injected gas turbine application for an EIP because of its high electrical 
efficiency and the use of exhaust heat for heating and cooling production. 
However, a total efficiency of only 58% for the system could be acheived 
because the ratio of electricity and heat is low. The energy supply with the 
proposed system in Paper I still give a higher power-to-heat ratio compared 
to the existing system. Nevertheless, the amount of required electricity 
exceeds the amount of required heat for both heating and cooling. This is also 
the case for a city in a colder climate with higher heat demand. For example, 
in 2010, the electricity and heat demand in Sweden were 148 and 85 TWh 
(Energy Market Inspectorate, 2012, Swedish Energy Agency, 2012), 
respectively, representing a power-to-heat ratio of about 1.74. With the aim of 
producing according to demand, it is desirable with higher power-to-heat 
ratios. The overall efficiency is generally decreased in a polygeneration 
system compared to CHP production.  

In addition to the low power-to-heat ratio in conventional CHP plants, the 
varying heat demand results in many part-load operational hours every year. 
During periods with higher electricity spot market prices, it has been profitable 
with distribution losses and exchange heat from district heating to the air or 
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nearby lakes for the increased electricity production in Sweden. During recent 
years, the electricity spot market price has been relatively low and future 
predictions do not show large increases. As such, it will no longer be 
economically viable to waste district heating for the electricity production. 
The challenge in CHP plants is to find other heating demands for profitable 
operation in the future. Polygeneration with low-to-medium temperature heat 
demanding processes such as ethanol production has shown great potential as 
the results in Paper III-V displays. The results in Paper IV show an 
economical benefit from operating a polygeneration plant with lower ethanol 
yields. The trade-off between different products and operational strategies can 
be further optimized with an integrated polygeneration system compared to 
traditional CHP production. 

Coal is still used world-wide for electricity production. An alternative that 
could have a great impact on the CO2 emissions is co-combustion of coal with 
biomass. As the results in Paper II suggest, a large share of biomass could be 
co-combusted if pretreated by torrefaction to a more coal-like product. The 
results further show that it is possible to integrate a torrefaction reactor with a 
CHP plant without compromising the heat delivery or efficiency.  

Biomass can have elements that are corrosive and/or cause more fouling 
on the surfaces in the boiler, requiring more intense soot blowing or reduced 
steam temperatures. Issues related to corrosion or fouling have not been 
studied in this thesis. Notwithstanding the problems of corrosion and fouling, 
the focus has been on increasing the co-combustion ratio by overcoming the 
fuel feeding problems and increasing the fuel properties by pretreatment of 
the co-combusted biomass. The pretreatment technology of torrefaction has 
been considered in this thesis.  

When considering integration of other processes into CHP plants to better 
suit the demand, or to increase the renewable share of fuels used, many 
alternatives are available. Each individual case should be considered to reach 
the desired goal. 
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7 Conclusions 

The objective of this thesis has been to study the possibility for CHP to evolve 
to polygeneration production. From the objectives, two main research points 
with more specific research questions under each point were formulated.  
 
Polygeneration versus CHP 
The main benefit from polygeneration compared to stand-alone operation is 
the increased energy efficiency and, thus, lower CO2 emissions. Another 
benefit with polygeneration that is shown is that an integrated torrefaction 
reactor can be used to replace fossil coal combustion without compromising 
heat delivery. Further, a polygeneration plant have other benefits where part-
load operation can be shifted to use excess heat for the integrated processes. 
Ethanol production with existing CHP plants has a reduced minimum load of 
district heating production. This means that CHP plants can cover more of the 
annual energy demand in the duration curve each year. In addition, more 
renewable electricity production is possible with the same heat demand from 
longer operating hours and steam extraction from the turbine during part-load 
operation.  

Torrefaction can be integrated in existing CHP plants without 
compromising the efficiency of the plant. High co-combustion ratios can be 
achieved without large adjustments to existing coal feeders and burners. The 
higher co-combustion ratios that can be realized, the greater CO2 reduction 
will be achieved. Though it is technically feasible to integrate torrefaction with 
existing CHP plants, the energy prices of fossil fuels are not high enough to 
encourage the transition to renewable fuels for electricity production. 
 
Key parameters for profitability and efficiency  
The largest impact on the economic result of polygeneration is caused by 
fluctuations in the fuel price. Further, the income for produced electricity 
which includes subsidies have a large impact on the profitability under 
polygeneration, just like in today’s CHP plants. Furthermore, the yield of the 
integrated production process, the size of the plant, biomass availability, heat 
demand and the amount of byproducts affect the operation economics to a 
large extent. 

Ethanol production from cellulosic material with energy demanding 
pretreatment technologies can contribute to producing ethanol at lower 



40 
 

production costs than expected if the byproducts are not viewed as byproducts 
but as valuable products and the polygeneration system can be optimized 
under such conditions.  

A polygeneration process with production of renewable fuels for vehicles, 
heat for district heating and electricity to the grid from the same process is 
contributing to all three of the 40-27-27 targets to 2030 set by the EU; since 
biomass is a carbon neutral fuel it reduces greenhouse gas emissions and is a 
renewable fuel. Furthermore, the increased efficiency of polygeneration 
compared to stand-alone processes ensures that the target related to energy 
efficiency is addressed. 
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8 Future work 

The future for the district heating business is uncertain for a number of reasons 
including forecasts of low electricity prices, reduced heat demand and 
competition from other heating sources such as heat pumps. Besides the 
environmental benefits of polygeneration with district heating, it also extends 
the production portfolio for improved operation flexibility and economy for 
district heating plants.  

Standardized research activities to get a better overview and identify the 
most promising alternatives for each specific location would be useful for the 
industry. In order to reach such results, case studies with other processes 
linked to CHP plants in district heating networks with focus on the overall 
performance and economy would be necessary. 

The evaluations in this thesis between different cases and systems are made 
by comparing energy efficiency and economics. However, the obstacles for 
future development are in many cases not technical or financial. To reach a 
fossil free energy system, the evaluation of polygeneration should aim to 
improve the energy supply from a system perspective. It would be interesting 
to study how the comparisons regarding polygeneration should be carried out 
to understand the relevance of each integration alternative. The key to success 
is to develop the necessary infrastructure in terms of policies and subsidies to 
optimize the use of forest feedstock. 
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