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Abstract 

Today’s biomass-fired combined heat and power (CHP) plants have sur-
plus heat production capacity during warmer times of the year. In order to 
allow them to increase their electricity production, it is essential to find a 
use for the surplus heat.  

Additionally, the transport sector is struggling with high fuel prices 
and the contribution of CO2 emissions to global warming. A promising 
way of reducing the negative effects caused by combustion of fossil fuels 
in the transport sector is to mix ethanol with gasoline, or to use pure etha-
nol in modified engines. Ethanol is produced by fermentation at low tem-
peratures and the production process could be integrated with CHP 
plants. 

The first generation of ethanol production as fuel has recently been 
criticized for competing with food crops and for its production chain be-
ing a larger polluter than was first thought. The second generation of 
ethanol production from lignocellulosic materials offers very promising 
results, but this process has several steps that are energy demanding.  

This thesis presents the findings of research on the configuration of a 
CHP plant with an integrated second generation ethanol production proc-
ess. It also presents the operational economics and optimal locations for 
such plants in Sweden. Two case studies were performed to compare dif-
ferent feedstocks for ethanol production. 

The results show that when electricity prices are high, CHP plants 
benefit from heat consumption. Even with low yields in an ethanol pro-
duction process, the integrated plant can be profitable. The plant must be 
located where there is sufficient heat demand. A cellulosic ethanol pro-
duction process can work as a heat sink with profitable outcomes even 
with the current state of development of cellulosic ethanol technology. 
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Sammanfattning 

Dagens biobränsleeldade kraftvärmeverk har överkapacitet av värmepro-
duktion under de varma perioderna av året. För att öka produktionen av 
el, är det viktigt att hitta en användning av överskottsvärmen. 

Transportsektorn bidrar till den globala uppvärmningen med CO2-
utsläpp. Dessutom är bränslepriserna höga. Ett lovande sätt att minska de 
negativa effekter som orsakas av förbränning med fossila bränslen inom 
transportsektorn är att använda etanol för inblandning med bensin, alter-
nativt kan den användas direkt i modifierade motorer. Etanol framställs 
genom jäsning vid låga temperaturer och produktionsprocessens tempera-
turnivåer gör att processen är lämplig för integrering med kraftvärme-
verk. 

På senare tid har första generationens etanol som drivmedel fått kritik 
för att produktionen konkurrerar med livsmedelsgrödor och att produk-
tionskedjan är en större förorenare än vad man från början räknat med. 
Andra generationens etanolproduktion från lignocellulosa visar mycket 
lovande resultat för framtiden. Processen har dock flera processteg som är 
energikrävande. 

Den här licentiatavhandlingen presenterar resultaten av forskning 
kring konfigurationen och driftparametrarna i en integrerad kraftvärme-
anläggning med andra generationens etanolproduktionsprocess. Utöver 
det presenteras driftekonomi och optimala platser att bygga sådana an-
läggningar på i Sverige. 

Två fallstudier har genomförts med olika råvaror som bas för etanol-
produktion för jämförelse. Resultaten visar att vid höga elpriser drar 
kraftvärmeverken nytta av en hög värmeförbrukning som underlag för att 
producera el. Faktum är att även vid låga utbyten i en etanolproduktions-
process kan den integrerade anläggningen vara lönsam. Resultaten visar 
även att anläggningen bör placeras där det finns tillräcklig efterfrågan på 
fjärrvärme. En cellulosabaserad etanolprocess kan fungera som en återky-
lare med lönsamma resultat även i det aktuella läget för utvecklingen av 
andra generationens etanolproduktionsprocess. 
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Introduction 

Human intervention in the form of burning fossil fuels for transportation, 
heat and power production have a negative effect on the environment. The 
reduction of CO2 emissions and global warming are recognized as one of the 
greatest challenges of our time. The transport sector is responsible for a 
quarter of the energy use in Sweden and 27% of global energy use. In 2009, 
only 5.4% of the fuel consumed for transportation was produced from re-
newable resources [1]. 

Renewable vehicle fuels from biomass (biofuel) have great potential for 
replacing the fossil fuels used for transportation. This has been demonstrated 
in several European countries, including Sweden, with imported ethanol 
from Brazil. Brazil and the USA are the major producers of ethanol, which is 
made from sugarcane and corn in the respective countries. However, with 
the exception of sugarcane feedstock in Brazil, the sustainability of ethanol 
production has been widely criticized for competing for feedstock with food 
production and for using large amounts of fossil fuels in the production 
process [2]. Moreover, as the climate in northern Europe is not suitable for 
sugarcane cultivation, other feedstock has to be considered. Because of low 
efficiencies and competition with the food market, crops such as wheat do 
not fulfil the criteria of a sustainable production system. However, Börjesson 
[2] argues that the sustainability of ethanol production cannot be judged 
solely on the resource. He also shows that it is very important to use the cel-
lulosic material in the crop, e.g. to use the straw as well as the wheat, and to 
use integrated systems in order to make optimal use of by-products.  

CHP production is an efficient way of simultaneously producing electrical 
power to the grid and heat for residential heating, distributed by district heat-
ing networks. A large proportion of the CHP production in Sweden today is 
biomass based. Current electricity prices and the instruments presently used 
to support renewable electricity production make it especially profitable to 
produce electricity from biomass resources. As a result of the varying heat 
demand in district heating networks, additional heat consumption during 
spring, summer and autumn would benefit the CHP plants in the form of in-
creased electricity production. Therefore, this thesis investigates an inte-
grated system of a heat consuming process such as ethanol production with 
CHP plants (polygeneration). 

Previous studies have mainly focused on the ethanol yield and the im-
provements that can be realized by process integration within the process or 
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in CHP production to supply the ethanol process with heat and power [3-11]. 
These previous studies did not focus on integration with the aim of produc-
ing heat and power as more than a by-product or of using it within the proc-
ess. There is also little attention given to utilization of the heat in district 
heating systems and the limited demand for heating from CHP plants at 
warmer times of the year. 

Objectives 
The objective of this thesis is to present the findings from research on how 
an integrated biomass-based ethanol and CHP plant can operate and thereby 
contribute to renewable energy production with locally produced feedstock. 
The aim was to investigate the influence of cellulosic ethanol production 
when retrofitted to existing CHP plants and the outcome in terms of electric-
ity and ethanol production while satisfying the heat demand in the region. 
 
Specific issues addressed in this thesis are: 

- Is cellulosic ethanol production more efficient when integrated with 
CHP plants and what is its influence on power production when 
supplying the same amount of heat for district heating? 

 

- Where in Sweden should polygeneration plants be built? Which pa-
rameters have the largest impact on the location and the production 
cost? 

 
- What factors are important for profitability of ethanol production 

under polygeneration?  
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Background 

Combined heat and power production 
Combined heat and power production, or co-production, is the simultaneous 
generation of electrical power and heat. In a typical steam cycle, a boiler va-
porizes water to steam under high pressure and the steam expands in a steam 
turbine, which is connected to a generator, producing electricity. The low-
pressure steam outlet from the turbine is condensed and the heat released is 
delivered through an underground district heating network to residents and 
other consumers within the network.  

Around 220 district heating systems supply 40% of the total heat demand 
in Sweden [12]. Biomass is used to produce a large proportion of the heat in 
CHP plants with simultaneous production of electrical power [13]. CHP pro-
duction is most efficient in areas with a sufficient heat demand as this heat 
demand forms the basis for power production. Different price settings for 
electricity and heat, and the introduction of the electricity certificate system 
in Sweden have made it profitable to produce excess electricity above the 
limit of the heat demand. As the electricity produced is dependent on heat 
production, a high power to heat ratio is desirable. Several CHP plants in 
Sweden have installed heat sinks to dissipate the heat in order to increase 
electrical power production. The progress towards energy efficient buildings 
in the future will also contribute to a reduction in CHP based heat demand. 
This means that in order to increase, or to maintain, biomass based CHP 
production, new heat demands have to be found.  

Ethanol production 
Ethanol (C2H5OH) is a renewable fuel which emits low net CO2 to the at-
mosphere and has similar properties to petrol, thus allowing distribution via 
existing infrastructure. The oxygen in ethanol provides oxygen for combus-
tion in engines, resulting in lower carbon monoxide (CO) emissions com-
pared to petrol combustion [14]. 

Ethanol production from sugarcane in Brazil and from corn in the USA 
are commercially available technologies. The production processes for etha-
nol 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 fer-
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mentable sugars by hydrolysis before fermentation. Technology for CO2 cap-
ture is available at relatively low cost [15]. 

The alcohol produced in the fermentation vessel is separated by distilla-
tion. Approximately 50% of the costs of producing ethanol from agro-
feedstock such as wheat, corn or sugar beets are feedstock costs [9]. 

Pre-treatment and hydrolysis of lignocellulosic feedstock 

Lignocellulosic biomass can be treated physically and mechanically to de-
stroy its celllular structure and make it more accessible to further chemical 
or biological treatment [5]. The lignin part of the biomass is removed and the 
hemicellulose is hydrolyzed (saccharified). The cellulose is then hydrolyzed 
to glucose [15]. 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 pre-treatment to expose 
the cellulose and hemicellulose to the enzymes. Steam pre-treatment, or 
steam explosion with or without acid catalysts is the most thoroughly inves-
tigated pre-treatment method and is considered to be the most promising 
available pre-treatment method [14]. Steam pre-treatment is ideally per-
formed at high temperature, in a continuous process and with an explosive 
discharge to quench the reaction by exposing it to atmospheric pressure [16]. 
This conversion is accomplished using dilute sulphuric acid and high tem-
perature. These conditions solubilise some of the lignin in the feedstock and 
expose the cellulose for subsequent enzymatic hydrolysis. Input feedstock is 
pre-treated and hydrolyzed. An example of a hydrolysis reaction of C5 sug-
ars that converts xylan to xylose is  

C5H8O4 + H2O  C5H10O5 

An example of conversion of C6 sugars is the conversion of glucan to glu-
cose: 

C6H10O5 + H2O  C6H12O6 

The different hydrolysis processes are briefly described below. 

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 concentra-
tions used create problems such as material corrosion and energy demanding 
processes for acid recovery [14]. The lignin portion of the hydrolysed mate-
rial 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 substan-
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tial 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 [14]. 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 hydroly-
sis. 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 [14]. 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 con-
sumption 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 [4]. 

Simultaneous saccharification and fermentation  

Simultaneous saccharification and fermentation (SSF) have proved to pro-
duce higher ethanol yields than separate hydrolysis and fermentation [17]. 
SSF also comes with lower capital cost than the separate hydrolysis and fer-
mentation (SHF) process [18]. The hydrolysis and fermentation can be done 
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) be-
fore fermentation. The reactor can be brought up to temperature by direct in-
jection of steam [3]. 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 cofermentation 
(SSCF). The development path is leading towards fewer reactors and more 
integrated process steps [5].  

Fermentation 

The sugar is converted to ethyl alcohol in the fermentation process. Theo-
retically, concentrations of up to 23 % ethanol can be produced, but in reality 
the ethanol concentration does not reach this level [19]. The fermentation 
process generates heat which must be removed in order to maintain a con-
stant temperature [19]. Glucose can be fermented with regular baker’s yeast 
whereas xylose requires specially selected or genetically modified micro-
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organisms [9]. Conversion efficiencies for fermentation of different sugars 
are shown in Table 1 [20].  

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 [9]. 

Table 1. Conversion efficiencies for fermentation [20]. 

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 ac-
cording to 

C6H12O6  2C2H5OH + 2CO2 

3C5H10O5  5C2H5OH + 5CO2 

where the exothermic enthalpy is -58.75 kJ/mol ethanol [8].  

Distillation 

The broth is distilled through evaporation. The energy demand of the distil-
lation increases at low ethanol concentrations in the broth, especially if the 
ethanol content is less than 4% [17]. A higher concentration can be achieved 
by recirculation of process streams in the ethanol production process [14]. 
Distillation is often done 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, 
for example [3]. 

Polygeneration process development 
In the progression from producing district heating in hot water boilers 
(HWB) to combining this with electricity production from steam turbines be-
fore supplying the heat demand through CHP, a logical next step would be to 
include production of a transportation fuel such as ethanol, into the system. 



Of course, this is only one of many 
system, also often referred to as a biorefinery. The common idea is to sep
rate the different components of the biomass and use 
ous products such as industrial chemicals, animal feed, fuels, etc. A sch
matic flow diagram of the described polygeneration system is shown in Fi
ure 1. 

Figure 1. General flow diagram of a polygeneration system.

There are several ways in which CHP plants and biofuel production
integrated. It is often said that it is more energy efficient to produce biofuels 
by gasification to produce syngas that can be further processed to met
Fischer-Tropsch diesel (FT-diesel), 
However, the high temperature ranges for the gasification process 
suitable for integration with gas turbine applications [4]. 
cuses on improving existing biomass based CHP plants through retrofit
an ethanol process with suitable temperatures has been considered for int
gration here.  

The cellulosic ethanol process requires
ess steps. Energy demand in different process steps is very 
type of feedstock. For example, wood chips and straw have different 
pressure requirements for hydrolysis and pre

As shown in Table 2, lower steam data is
lose and hemicellulose in straw than in wood. Many studies have shown that 
high ethanol yields are important for 
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Of course, this is only one of many possible examples of a polygeneration 
system, also often referred to as a biorefinery. The common idea is to sepa-

nts of the biomass and use them to produce vari-
ous products such as industrial chemicals, animal feed, fuels, etc. A sche-
matic flow diagram of the described polygeneration system is shown in Fig-

 

am of a polygeneration system. 

CHP plants and biofuel production can be 
that it is more energy efficient to produce biofuels 

by gasification to produce syngas that can be further processed to methanol, 
diesel), dimethylether (DME) or hydrogen [15]. 

However, the high temperature ranges for the gasification process are more 
suitable for integration with gas turbine applications [4]. As this thesis fo-

ting biomass based CHP plants through retrofitting, 
an ethanol process with suitable temperatures has been considered for inte-

requires energy and steam for several proc-
ess steps. Energy demand in different process steps is very dependent on the 

wood chips and straw have different steam 
for hydrolysis and pre-treatment [5, 6, 21]. 

, lower steam data is needed to hydrolyse the cellu-
lose and hemicellulose in straw than in wood. Many studies have shown that 
high ethanol yields are important for the economic feasibility of producing 
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ethanol from cellulose [25]. In polygeneration applications, the aim is to util-
ize the biomass economically and sustainably.  

Table 2. Feedstock composition (% dry weight) and hydrolysis steam data. 

Feedstock Cellulose Hemicellulose Lignin Steam pressure 
(hemi-
hydrolysis/ hy-
drolysis) 

References 

Pine 44.6 21.9 27. 7 10-15/20-30 bar [5, 22] 

Salix 43.0 21.3 26.6 10-15/20-30 bar [18, 22] 

Wheat 
straw 

46.4 31.0 18.3 4/11 bar [5, 23] 

Rye straw 51.0 21.0 17.0 4/11 bar [5, 24] 

The non-fermentables in the cellulose to ethanol process (mainly lignin) can 
be separated and this by-product can be used as fuel feedstock in a CHP 
plant to provide steam for the biofuel process and/or the steam turbine with-
out market-determined limits [13]. 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 
[11]. By 2008 the process had been operating for four years and was report-
edly close to commercialization [10]. However, further research and optimi-
zation are needed to increase the value of by-products and reduce enzyme 
costs. Electricity was still considered to be a cost for the plant, and was de-
livered by a condensing power plant. Unlike district heating plants that pro-
duce excess heat, condensing power plants operate at constant load, meaning 
that electricity production is reduced when steam is extracted for other proc-
esses. 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 [10, 11].  

By using pinch-point analysis, Pfeffer et al. [7, 8] showed that heat inte-
gration 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 by-products are used for biogas pro-
duction. Another example of cellulosic ethanol production which aims to 
convert as much of the feedstock as possible to ethanol was published by 
Hamelinck et al. [5]. The authors claim that in the long term, the process will 
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convert so much of the biomass to ethanol that there will be no surplus elec-
tricity production. 

Reith et al. [9] 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 rest 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 pre-
treatment and hydrolysis of woody biomass to fermentable sugars are con-
ducted. The pilot plant currently uses dilute acid hydrolysis, but is designed 
so that enzymatic hydrolysis can also be used. The process is a continuous 
process and produced its first ethanol in 2005. The feedstock is wood chips 
and the plant has a capacity of around 100 kg/h. The next step will be to de-
velop a demonstration plant before proceeding to a full scale cellulosic etha-
nol plant. The owners are convinced that integration with CHP production is 
necessary to achieve feasible production costs, although the main focus of 
the pilot plant is to maximize ethanol yields, and 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 by-products are sold as animal food, and steam for the distilla-
tion and drying of the by-products 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 [9]. There is potential for further integration of these proc-
esses.   

The National Renewable Energy Laboratory (NREL) in the USA has 
studied the lignocellulose to ethanol process [3, 9] and has developed the 
SSCF technology described above. NREL reports that the by-products 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 or 
no 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 [7]. Stillage can also be 
used to produce animal feed which might be more profitable [6]. However 
Börjesson [26] claims that substantial energy is needed to dry the by-
products to make animal feed and that digesting them to biogas is more en-
ergy efficient. 

Previous research in the polygeneration area has either focused on attain-
ing high yields in the ethanol production, or in very few studies, on the inte-
gration of first generation ethanol production technologies with CHP 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 own-
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ers and operators are trying to find ways of removing excess heat in order to 
produce as much electricity as possible at times when electricity prices are 
high.  

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. 



Methodology 

A case study approach was used in
odology pathway used for the case studies is 
collected from real plants and from 
for the design of the polygeneration system 
data from the plants were used for 

Selected configurations of the polygeneration systems 
steady-state energy balance models, simulated separately and integrated with 
validated models of existing CHP plants 
simulation results were analyzed based on system and economic perfor
ance. Sensitivity analyses of various parameters were 
find the critical factors of such a system.

Figure 2. Methodology pathway for the study presented in this thesis.

Table 3 shows the key features and parameters 
included in this thesis. The models 
flect the actual power plants in Enköping and Sala respectivel
eralised model was developed for the preparation of 
locations for new polygeneration plants 
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in Papers I and III. A scheme of the meth-
odology pathway used for the case studies is shown in Figure 2. Data was 

plants and from the literature. Different configurations 
sign of the polygeneration system were studied. Actual operation 

d for modelling and validation of the systems. 
configurations of the polygeneration systems were set up in 

state energy balance models, simulated separately and integrated with 
validated models of existing CHP plants selected for the case studies. The 
simulation results were analyzed based on system and economic perform-
ance. Sensitivity analyses of various parameters were performed in order to 
find the critical factors of such a system. 

 

ay for the study presented in this thesis. 

and parameters used in the different studies 
The models in Papers I and III were designed to re-

flect the actual power plants in Enköping and Sala respectively. A more gen-
eralised model was developed for the preparation of Paper II, where possible 

new polygeneration plants in Sweden were investigated.  
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Table 3. Comparison of the key features in Papers I-III. 

Feature/Parameter Paper I Paper II Paper III 

Case study Enköping, Swe-
den 

Sweden Sala, Sweden 

Feedstock for EtOH 
production 

Wood chips Wood chips Straw 

Installed power 
production 

22 MW Varying 9 MW 

Boiler fuel Wood chips, Lig-
nin residues 

Wood chips, Lig-
nin residues 

Wood chips, Lig-
nin residues 

Live steam data 100 bar/540 °C 100 bar/540 °C 78 bar/480 °C 

Hydrolysis method Dilute acid hy-
drolysis 

Dilute acid hy-
drolysis 

Dilute acid hy-
drolysis 

Products Ethanol, electric-
ity, district heat-
ing, biogas 

Ethanol, electric-
ity, district heat-
ing, biogas 

Ethanol, electric-
ity, district heating 

Limitations and Assumptions 
The work presented in this thesis does not include optimization or further 
development of the ethanol production process. Energy balance data were 
collected from the literature and pilot scale plants and were used in the mod-
elling of the ethanol production process. Acid removal from the dilute acid 
hydrolysis process step and the use of additives were also not considered. 
For the CHP plant production data, the case study operation data was used. 
The energy demand of the ethanol production process was used for evalua-
tion of the operation of a polygeneration system. Therefore, the production 
of heat, electricity and ethanol was evaluated using existing heat demand as 
the limiting factor.  

The adjustments that have to be made to the existing configurations of the 
CHP plants to, for example, extract the relatively large amounts of steam 
necessary for the ethanol production process, have not been taken into ac-
count in this thesis. 
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Regional Energy Systems 
Two Swedish regions, Enköping and Sala, that include around 100% bio-
mass based CHP plants were investigated for integration with ethanol pro-
duction. Both towns are located in mid-Sweden in regions with abundant 
biomass resources. The plants have good experience with utilizing biomass 
for power and heat production.  

Enköping and Sala have small populations of around 40,000 and 22,000 
inhabitants respectively. Household heating is dominated by district heating 
from back pressure CHP production with biomass combustion as fuel. The 
Enköping CHP plant can produce 22 MW of electricity at full boiler load 
and 55 MW of heat, and the Sala CHP plant produces 9 MW of electricity 
and 27 MW of heat, including FGC in both cases. Both plants have topping 
hot water boilers for colder days when the heat demand exceeds the base 
load of the heat production limit. 

In winter, when the heat demand is large enough, the CHP plants operate 
at constant base load. Thus no surplus heat can be extracted from the power 
plants without reducing the CHP based heat delivery. The plants are shut 
down for maintenance at certain times in the summer; therefore the periods 
with the most surplus heat production are during spring and autumn when 
CHP production runs on part load. 

The Enköping plant has long experience of combusting biomass, and 
lately with growing and utilizing salix in the plant. Salix is a fast growing 
willow that is planted on farmland. Each plantation can be harvested every 
4-5 years. The Sala region has large areas of farming land. The focus in this 
region has been to keep traditional farming on the arable land, but to utilize 
the straw for energy purposes. This is why wood chips were chosen as feed-
stock for the case study in Enköping, and straw for the case study in Sala, 
which also offered perfect cases for the study of the performance of poly-
generation based on different types of feedstock. 

The location of a polygeneration plant is important, especially in terms of 
biomass price, heat demand, infrastructure and population [27]. Plant and re-
gional data used in the studies were collected on site in order to ensure that 
the results reflect the actual locations. 

Modelling and Simulation 
The CHP plants and ethanol processes were modelled and validated sepa-
rately before being integrated into the selected polygeneration configuration, 
shown in Figure 3. It is not possible to completely predict the chemical reac-
tions in an ethanol production plant by mathematical modelling [16], and 
this is not essential for the results presented in this thesis. The models devel-
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oped are applied for energy balance purposes, and are validated
pose.  

Figure 3. General configuration of the polygeneration process.
the figure show the steam and water cycle, the solid lines represent the organic m
terial and the grey lines represent the 

Each component in the process was
and outgoing process streams to design the component properties in a design 
mode. In an off-design mode, the process model 
same properties for each component, only 
This approach was applied to maintain the behaviour of 
behaviour during the simulations, in order to stay as close as possible to the 
operation of the actual plant. 

The main modelling software used was the commercial heat and mass 
balance software IPSEpro, developed by Simtech
due to its open structure where data and equations can 
isting modules, and completely new modules with new 
be created. 

IPSEpro is divided into two separate software
velopment Kit (MDK) is where different modules such as heat exchangers
and turbines etc. can be created and modified to fit the 
The Process Simulation Environment (PSE) is used to open the compiled l
brary created in MDK and connect 

plied for energy balance purposes, and are validated for that pur-

 

General configuration of the polygeneration process. The dotted lines in 
the steam and water cycle, the solid lines represent the organic ma-

terial and the grey lines represent the different products. 

was modelled using input data of incoming 
and outgoing process streams to design the component properties in a design 

design mode, the process model was simulated with the 
each component, only with the configuration changed. 

maintain the behaviour of the validated model 
behaviour during the simulations, in order to stay as close as possible to the 

software used was the commercial heat and mass 
balance software IPSEpro, developed by Simtech [28]. This tool was chosen 
due to its open structure where data and equations can be easily added to ex-

completely new modules with new process streams can 

IPSEpro is divided into two separate software packages. The Model De-
velopment Kit (MDK) is where different modules such as heat exchangers 

turbines etc. can be created and modified to fit the modelled process. 
s Simulation Environment (PSE) is used to open the compiled li-

brary created in MDK and connect it by defined streams to the chosen con-
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figuration. IPSEpro applies a method to separately solve the group of equa-
tions that can be solved independently, and the rest are solved simultane-
ously in a matrix. IPSEpro was used to develop models in the three papers 
included in this thesis. 
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Results 

This thesis is based on three papers in the area of polygeneration. A case 
study approach was applied in Paper I and Paper III. The operational advan-
tages were investigated in Paper I with a focus on total efficiency and the 
operational possibilities of the polygeneration system. Based on the results 
from Paper I, which implied that the integrated system could provide eco-
nomic benefits as a heat sink for CHP plants, Paper III is aimed at analyzing 
the benefits of such a plant. Paper II applied the results of the case study that 
showed that the CHP plants were of similar configuration, to find optimal 
locations for other similar systems. This chapter describes the contributions 
of each paper. 

Efficiency of polygeneration systems 
In Paper I, models of a standalone ethanol plant, CHP plant and a polygen-
eration process were simulated to compare the performance of the separate 
systems with the integrated system, with a focus on efficiency, power to heat 
ratio, fuel supply and operational options. Production data was collected for 
validation of the separate processes to achieve results based on real process 
data.  

The simulated standalone ethanol plant had an efficiency of 25%, and the 
model CHP plant had a total efficiency of 88%. The ratio between produced 
electricity and heat (power to heat ratio) was initially 0.48 in the existing 
CHP plant. This value was verified by the simulation model. The combined 
total efficiency of the two standalone plants together without integration was 
simulated at 39%. The integrated polygeneration system had a total effi-
ciency of 50% when set to supply the same amount of heat to the district 
heating system as in the standalone CHP plant. The integration itself there-
fore accounted for an efficiency increase of 11 percentage points. The total 
biomass consumption for the production of electricity, heat, biogas and etha-
nol can be reduced in the integrated system compared to standalone systems. 
Heat released from the ethanol production plant contributes 7.9 MW to the 
district heating system, accounting for 17.5% of the heat demand in the de-
sign case. 

The operation of the case study plant changes during the year due to dif-
ferent heating needs during summer and winter. A summer case and a winter 
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case were simulated with different heat loads. The CHP plant is usually shut 
down for a while in the summer due to the low heat load in the district heat-
ing system, and for maintenance purposes. The existing plant configuration 
can operate down to 21% of the full district heating load. Simulations of a 
summer case with low heat demand show that the polygeneration system can 
operate at loads down to 15% of full load. This means that the operating time 
can be extended and the plant can operate for the whole year, only shutting 
down for maintenance. In the summer case, the ethanol production produces 
more lignin fuel than the boiler can handle at the low summer loads. The fuel 
can either be sold as it is or upgraded to pellets and stored. The polygenera-
tion system proved capable of increasing the electricity production by 2.7% 
per year. Figure 4 shows the efficiency relationships between the standalone 
and integrated plants. 

 

Locations of Polygeneration Plants 
In Paper II, a strategy of combining energy system models that focus on the 
overall conditions with detailed process models to include the entire produc-
tion chain was applied to find optimal locations for polygeneration in Swe-
den. Scenarios of both rapid and gradual development of the cellulosic etha-

Figure 4. Efficiencies for standalone CHP and ethanol plants and integrated poly-
generation plants. 
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nol production technology were simulated in the process model in order to 
investigate how the optimal locations would change.  

The factors that proved to have the most influence on the plant location 
and ethanol production cost were biomass cost, biomass availability and 
plant efficiencies. 

The optimization results show that the optimal locations for the simulated 
cases are in towns with populations in the range of 50,000 to 140,000, which 
means that these plants are not optimal in larger or smaller cities. The opti-
mal size for each plant depends on the heat demand in the region where the 
plant is located, and on the biomass price and the distance to petrol stations. 

Aside from the influence of the sellable by-products on the ethanol price, 
the competitive import price has a large impact on whether it is profitable to 
produce ethanol in polygeneration plants in Sweden or to purchase imported 
ethanol. Simulations showed that ethanol production in Sweden with simul-
taneous electricity, heat and biogas production is still profitable even without 
import taxes on ethanol. However, the operational cost, feedstock cost and 
other related factors are difficult to predict and a sensitivity analysis shows 
that in some cases it may be more profitable to import sugarcane-based etha-
nol than to produce it locally from wood.  

The locations where it was most profitable to put up polygeneration plants 
under varying conditions proved to be in small-to-medium sized cities with 
abundant biomass resources in the adjacent region.  

Profitability of Polygeneration 
A case study method was applied in Paper III, using a smaller scale of CHP 
production compared to Paper I, and also utilizing small scale ethanol pro-
duction. This approach was chosen for evaluation and use of locally pro-
duced feedstock for ethanol production. Data for farming by-products 
(straw) was collected and used in the calculations.  

As the results of Paper II indicated that the economics of the plant were 
improved at lower yields, lower ethanol yields were investigated in Paper III. 
Thus, a larger proportion of the biomass was made up of by-products and 
utilized as fuel in the CHP plant. This was done by only considering fermen-
tation of the C6 sugars in the biomass, versus fermentation of both C6 and 
C5 sugars. This approach was considered due to the high cost of fermenting 
C5 sugars [9]. 

Compared to the existing case, this change resulted in an additional elec-
tricity production of 18% in the higher yield case and 25% in the lower yield 
case. This was mainly due to the extended operation time during the lower 
heat demand period, which also proved to be valuable in Paper I. Ignoring 
the extended operating time, the two cases still increased power production 
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by 18% and 12% respectively compared to the existing plant, due to an in-
crease in power to heat ratio. 

The economic analysis showed that even though a higher power to heat 
ratio can be obtained at high ethanol yields, lower yields result in better eco-
nomic performance. 

The results showed that even in the presence of many uncertainties the 
ethanol production cost was highly dependent on the utilization of the by-
products. At current prices, ethanol production can be even more profitable 
with lower fermentation and hydrolysis yields. One has to consider that 
when ethanol production yield fall, production is reduced and the ethanol 
may have to be supplemented with imports.  

There were many uncertainties in the economic calculations because the 
technology has not been developed yet and there is no actual operation data. 
The differences between different operation conditions show that it is more 
profitable to use the by-products of ethanol production for CHP production. 
The results indicate that the by-products should actually be viewed not as 
by-products, but as valuable input feed for other areas. 
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Summary and Discussion 

The results of the simulations in the three papers presented in this thesis 
demonstrate that a polygeneration system can operate more profitably than 
conventional CHP production. A retrofitted CHP plant with integrated etha-
nol production can produce ethanol using low temperature steam, with the 
ethanol plant acting as a heat sink.  

If a larger ethanol plant is retrofitted, the existing plant would need more 
adjustments in order to extract the large amounts of steam necessary. If the 
amount of steam needed is much smaller it could be extracted without costly 
adjustments to the turbine.  

The increased electricity production that was simulated in Paper III was 
based on the assumption that the boiler could provide more steam than in full 
CHP operation. The maximum load would therefore not be limited by the 
boiler’s steam production capacity. This solution may not be applicable to 
the majority of the CHP plants in operation. However, the conclusions from 
the simulations still apply. Paper III presents an increase in electricity pro-
duction of 25% for fermenting C5 and C6 sugars, and 18% for fermenting 
only C6 sugars. If the overload operation is not considered, the increases 
amount to 22% and 16% respectively. Figure 5 shows the duration diagram 
of the case where both C5 and C6 sugars are fermented without overload op-
eration. 
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Figure 5. Duration diagram without ethanol production during full load operation 

(Fermentation of both C5 and C6 sugars). 

Both locations chosen for the case studies have many of the features that are 
desirable for polygeneration production. However, optimal size towns 
should be larger and have higher heat demand than Enköping and Sala. A 
small plant that would fit in smaller towns means higher installation cost per 
installed energy unit. Figure 6 shows the cost for biomass in Sweden as pre-
sented in Paper II. High population and low forest density causes the bio-
mass cost to increase. Both Enköping and Sala are located within the marked 
circle. The results show that fuel cost is one of the most important factors 
when considering locations for polygeneration systems. 
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Figure 6. Biomass cost in Sweden (€/m
3
) presented in Paper II. 

The papers in this thesis show that optimal results for one production chain 
are not always optimal when considering integration with other processes, 
such as ethanol production integrated with CHP production. A CHP plant 
has high total efficiency, often above 100% (LHV including flue gas con-
densation). A polygeneration plant with ethanol and CHP production does 
not reach high efficiencies due to the low efficiency of ethanol conversion. 
During the development of polygeneration plants, the value of producing 
ethanol has to be considered in addition to electricity and heat, and not only 
in terms of total efficiency. 

Profitable results with low ethanol yields are presented in this thesis, 
something that has often been stressed as very important in previous publica-
tions. The results indicate that even at lower efficiencies or yields of ethanol 
production, the profitability may increase due to the high efficiency of CHP 
production where the by-products are used. The results were shown to be ro-
bust even under changed operation conditions. 
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In the longer term, if enzymes can be produced at low cost and ethanol 
can be produced without large energy consumption, new ways of using the 
excess heat from CHP plants must be found. 

The technology of producing ethanol from cellulosic biomass is under 
development and has been for several decades. Many power plant owners 
are awaiting the commercialization of this technology for implementation in 
existing CHP plants. It has been shown that even though the technology is 
not fully developed and/or optimized, it could be successfully implemented 
in existing CHP plants based on energy balance data. With the high electric-
ity prices of recent years, many CHP plants in Sweden have started to cool 
away excess heat in order to produce more electricity than can be made from 
the steam that powers the district heating network. This thesis demonstrates 
that the cellulosic ethanol production process can operate as a heat sink with 
profitable outcomes even with the current development phase of cellulosic 
ethanol technology. This would be an efficient way for the technology path-
way to increase its pace of development towards a higher ethanol ratio in so-
ciety. 
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Conclusions 

Simulations showed that better use is made of biomass for ethanol and CHP 
production when the processes are integrated than in separate plants. A pos-
sible reduction in biomass consumption of 14% compared to separate plants 
was demonstrated. A polygeneration plant shows an increase in power pro-
duction compared to a CHP plant with the same heat demand. 

The simulation results show that the optimal locations for polygeneration 
plants in Sweden are in mid-sized towns where there is enough district heat-
ing demand and biomass prices are relatively low.  

Production cost was found to be low due to the income from the increased 
heat and power yield, which clearly shows that research in this area should 
aim towards optimizing the energy system as a whole and should focus on 
the best utilization method of biomass instead of a single product. The larg-
est impact on the ethanol production cost in a polygeneration plant is the 
biomass cost and the heat demand. 

Ethanol production under polygeneration is highly dependent on the other 
sold products, primarily heat and power. It proved to be more profitable 
when only C6 sugars were fermented. The low production costs can be ex-
plained by the excess by-product fuel (lignin etc.) that can be combusted 
within the plant or sold as combustion fuel. 
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