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Combined Heat and Power plants Integrated with Carbon Capture
Madeleine Ahlmén, Jesper Hellsberg
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Abstract
The world has expressed a strong desire to mitigate climate change during the past
decades. In Sweden, the government has expressed the aims to achieve negative car-
bon emissions, Carbon Capture and Storage (CCS) is one of the key technologies in
reaching this goal. This thesis determines the national potential for carbon capture in
the Swedish waste and biomass fired Combined Heat and Power (CHP) plants. The
effects on plant performance and the operation of connected district heating systems
are evaluated.

The evaluation was performed by developing CHP plant process models of all 110
Swedish CHP plants based on plant data. Each model was retrofitted with post-
combustion carbon capture units with a 90 % capture rate of plant carbon dioxide
emissions. A district heating system dispatch model was created and incorporated
with the process models. The operating profiles of each plant was estimated based on
the heat demand within each district heating network. Four strategies for operating
the CHP plants were evaluated, based on the fuel consumption, district heating deliv-
ery and electricity generation relative to the amount of carbon captured.

The results of the evaluation showed that the Swedish CHP plants alone have the
potential, if equipped with CCS, of reaching Sweden’s goal of 11 Mton negative emis-
sions. The Power to Heat Ratio (α) (before implementation with CCS) is the most
determining factor for the CHP process performance after CCS integration. The most
determining factor for the district heating network performance is the ratio between
plant heat generation capacity and the peak demand for district heating. Each opera-
tional strategy investigated, had advantages and disadvantages. The fuel consumption
will increase with the implementation of CCS regardless of the operating strategy, al-
though to different extents. Also, most CHP plants will not be able to maintain the
present heat delivery if integrated with CCS. Each district heating system is, however,
unique and should be investigated in further detail.

Keywords: CCS, CHP, district heating, biomass, waste.
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1
Introduction

Currently a majority of the world’s energy supply comes from fossil fuels [2]. A strong
willingness and several climate targets to mitigate climate change has driven innovation
and several carbon neutral, and even carbon negative power generation technologies
now exist. Technologies to capture and store carbon dioxide (CO2) emissions, Carbon
Capture and Storage (CCS), are seen as a necessity to reach global climate targets
[3]. These technologies often require a lot of energy. In Sweden, the government has
published an investigation outlining how Sweden’s net emissions can become negative
by the Year 2045 [4]. It is assumed that the fossil share of the emissions can only be
reduced by 85 % by 2045 from 1990’s level of emissions. Therefore, the remaining 15
%, corresponding to 11 Mton CO2, must come from negative emissions. To reach the
goal of negative emissions, a part of the method presented includes implementing CCS
on biogenic combustion (BECCS) within Swedish energy production and industry.

Combined Heat and Power (CHP) plants are a central part of Sweden’s energy system
as Sweden has a strong tradition of using district heating (DH). CHP plants produce
both district heating and electricity. In 2018, 8.5% of Sweden’s total electricity pro-
duction and about 50% of Sweden’s district heating came from CHP [5]. Sweden has a
long history of district heating, the urbanisation and population increase in the forties
led to large cities building centralised CHP to manage the increased heat and electric-
ity demand. The demand for heat has increased over the last decades, leading to large
district heating networks and many centralised heating units. Today 270 of Sweden’s
290 municipalities have a district heating network [6].

In the beginning of the nineties, energy taxes on CO2 emissions were introduced to
keep the amount of fossil fuels down, most of Swedish CHP is therefore fuelled with
bio fuels or municipal solid waste (MSW). Installing CCS on Swedish CHP could be
a part of the answer to reaching the goal of negative emissions. Several studies inves-
tigate the potential of integrating CHP with CCS. Since the existing Swedish CHP
capacity is large, retrofits and, thus, post-combustion types of CCS should be foremost
considered. A post-combustion CCS testing plant has been installed on a part of a flue
gas stream on a biomass CHP plant in Stockholm by the company Stockholm Exergi,
showing potential for the technology [7]. A study by S. Öberg investigates the costs
associated with adding post-combustion CCS to a MSW-fired CHP plant in Sweden
[1]. In the study, the effect on heat production is investigated, however it is not set in
the context of the district heating system. The district heating system will be affected
by a reduced amount of heat production due to CCS, which can lead to increased use
of other heat sources, sometimes fossil.
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1. Introduction

1.1 Aim
There are several types of CHP plants in Sweden, where multiple sizes, configurations
and fuel types are used which affects their capability of supporting CCS. By organising
the types of plants in different categories, the effects and potential of adding CCS to
all of Sweden’s CHP can be evaluated. Integrating CCS with CHP plants will reduce
the process heat output of the plant. This thesis aims to determine the potential
of implementing CCS on Swedish CHP and combine the knowledge of CCS process
integration and energy systems, ultimately looking into the effect CCS implementation
would have on the operation of district heating systems. The total potential of CCS
on the aggregated CHP plants in Sweden will be evaluated and presented in terms of
carbon captured per year. More specifically, this thesis aims to answer the following
questions.

• How does implementation of CCS impact the heat output of different waste and
biomass CHP plants?

• How will CCS integration on Swedish waste and biomass CHP plants impact the
operation of district heating systems?

• What is the total carbon capture potential of implementing CCS on Swedish
CHP plants?

1.2 Report overview
The outline of the report follows a bottom-up approach starting with a process per-
spective which is scaled up to district heating networks and, ultimately, a national
level. Initially, a background chapter on CHP and CCS is included to cover essential
knowledge for the thesis. Further on, an introduction to the data containing the plants
in Sweden is presented, which serves to give an idea of different characteristics of im-
portance among Sweden’s CHP plants. The chapter on Sweden’s CHP is followed by
the method of the project, covering the different stages; where the process approach
leads into the system approach. Next in turn are the results which cover the CCS
integration as well as the four case studies, together with a discussion of the results
presented. The report is concluded with a chapter covering the conclusions drawn
from the project as well as a brief highlighting of further work that could be done.

2



2
Combined Heat and Power

A CHP plant is a combustion plant that, as the name declares, produces both heat
and power. This technology is used to maximise the use of fuel, since high thermal
efficiencies can be reached [8]. In practice, CHP plants deliver heat to both district
heating and industry. However, this thesis focuses on plants that deliver heat to district
heating networks. Although there are several ways to co-generate heat and power, this
thesis focuses on methods involving steam turbines, since this is the most common
method in Sweden. The following sections will present a more detailed technical and
systemic description of steam cycle-based CHP.

Figure 2.1: A simplified illustration of a basic steam cycle. The dashed line represents
an optional system boundary. qfuel is the heat added to the system from the fuel
while qF GC denotes the heat recovered from condensing the water in the flue gases.
qboiler denotes the heat added to the steam cycle from the boiler, whereas qDH is
the produced heat. wpump and wT are the pump work electricity and the produced
electricity respectively.

3



2. Combined Heat and Power

2.1 System boundaries and efficiencies
A basic steam cycle process scheme is presented in Figure 2.1. Generally, when con-
sidering a steam cycle the system boundary is drawn at the dashed line in Figure 2.1,
resulting in the inputs of the system being the boiler heat flow, qboiler and the pump
electricity, wpump. The two outputs then become the turbine work, wT and condenser
heat flow, qDH . The total efficiency can be calculated with Equation 2.1.

ηtot = ηel + ηheat = (wT − wpump) + qDH

qboiler

(2.1)

However, sometimes the system boundary is extended to also include the furnace and
flue gases. The inputs then become the fuel input into the furnace, qfuel, and the pump
electricity. Typically, boilers have an efficiency of 80-88 %, thus since qfuel in practice
is not equal to qboiler, and also due to the sometimes occurring flue gas condensing
(FGC), the efficiencies differ depending on the choice of system boundary. The total
efficiency of the cycle is for this case calculated by using Equation 2.2, where qF GC

denotes the heat recovered from condensing the flue gases.

ηtot = (wT − wpump) + qDH + qF GC

qfuel

(2.2)

The measurement qboiler can also be referred to as the thermal capacity of the plant
which is usually used to state the size of the boiler. When considering the performance
of a process cycle, another indicator of interest is the power to heat ratio, α, which is
the ratio between the produced electric power and the production of useful heat. To
calculate α, this project uses Equation 2.3.

α = (wT − wpump)
qDH

(2.3)

In the pursuit of higher values for α, to increase the electricity production, several
different configurations exist which are based on using extraction points from the
turbine. The extracted steam is used for either feedwater preheating or as a two stage
district heating exchanger [9]. These configurations will affect α and thus the electric
efficiency. In addition to alternative configurations, there are however other ways to
increase α, for example, increasing the temperature and pressure of the live steam.

2.2 CHP inputs
The main input for a CHP plant is the fuel, which is combusted in the furnace. Heat
is exchanged from the furnace to the steam boiler, generating steam. Moreover, there
are several different types of fuel to consider for CHP; waste, fossil based ones such as
oil and coal as well as renewables including biomass and biogas. Naturally, they all
differ when it comes to both physical and chemical properties, and some of them are
more easily handled than others. Most commonly, direct combustion of biomass and
waste is used in Sweden [5]. Fossil fuels are used mainly as reserves and are, due to
the climate incentives in Sweden and the EU, often expensive to run [10].
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2. Combined Heat and Power

In Sweden, biomass mostly comes in the form of wood chips and pellets, which due to
their small sizes enables an even combustion [11]. A large amount of forestry residues
are also available which further promotes the use of biomass when producing energy.
Additionally, peat is included as biomass in this project, this due to the state of the
current Swedish laws where peat is eligible for electric certificates. Biomass is often
considered carbon neutral, which is why it has gained a lot of ground in Sweden’s
energy industry over the last three decades [6]. There are, however, also a few draw-
backs with biomass as a fuel. There is an ongoing discussion on whether, and to what
extent biomass can be seen as carbon neutral since the carbon binding rate of biomass
is limited [12]. From a more technological perspective, some biomass contains high
amounts of chlorine which sets limitations on the temperature in the furnace, since
it gives rise to corrosion, thus fouling, on process equipment reducing its lifetime and
heat exchanging performance [13].

Waste is often Municipal Solid Waste (MSW) and contains a heterogenous mix of
materials, including some with fossil origin. It is estimated that 48 % of waste is from
fossil sources [5]. Waste incineration can therefore only be considered partly CO2
neutral at best, but it is an increasingly important way of managing waste flows in
society. In Sweden, waste incineration is encouraged in forms of subsidies and taxes
[14]. In other words, companies are paid to incinerate waste to generate energy. This,
in contrast to biomass which is an expensive fuel, results in waste being an attractive
fuel for CHP. However, due to its diverse content, waste often contains high amounts
of ash and heavy metals, leading to high amounts of slag which has to be removed
from the bed and flue gases [15].

Type of fuel will strongly impact the type of boiler that can be used as well as the
maximum temperature that the steam can reach. To keep high enough flue gas tem-
peratures and limit unwanted species in the flue gases, the fuel type will also influence
the extent to which a plant can be operated at part load. The diversity of content
in waste fuels will lead to larger temperature fluctuations in the boiler, especially at
part load. To account for this, minimum load for waste plants are determined to be
70 % of maximum load. For biomass plants, the minimum load is set to be 30 % of
maximum load.

2.3 CHP outputs
This section will consider the three plant outputs; heat, electricity and flue gases.
Heat output will be related to the district heating system and how the plants are
operated. Electricity and the electricity system is not a main focus of this project and
will only be mentioned briefly. When it comes to flue gases, CCS will be introduced
and elaborated on.
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2.3.1 Heat and district heating
Heat is an important output from CHP, mostly it is used for district heating. Simply
put, a district heating network consists of a centralised facility that generates hot
water, to a temperature of between 70 and 90 °C which is distributed in pipe networks,
to heat up buildings and produce hot tap water. When the heat is delivered, the water
flows back to the heat production plant, usually with a temperature between 40 and
50 °C depending on outside air temperature. From here the cycle is then repeated [6].
Determining the supply temperature for a district heating network is generally based
on a compromise between different factors; outside air temperature, heating demand
and piping diameter among others. For lower outside temperatures, the demand for
district heating increases. An illustration of how the district heating demand depends
on the outside temperature is shown in Figure 2.2, where it can be seen that the
relationship between heat demand and outside air temperature is linear. However, for
temperatures above 15 °C, the district heating demand is constant. The constant heat
demand is due to the reduced need for household heating and the heat demand will
only be for hot tap water.

Figure 2.2: District heating demand versus outside air temperature in Gothenburg
2012. The red line represents a linear regression for temperatures below 15 °C.

To further demonstrate how the hourly district heating demand might vary throughout
a typical year, the district heating demand for Gothenburg 2012 plotted against time
is shown in Figure 2.3. The demand is lower, and remains rather constant during the
summer due to the outside temperature being greater than 15 °C. During the night,
demand for house heating is generally higher due to lower outside temperature, and
the tap water usage is normally higher during the day.
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Figure 2.3: Hourly district heating demand in Gothenburg throughout 2012.

In Sweden, district heating is mainly produced by CHP plants, Heat Only Boilers
(HOBs) and with waste heat. However, some networks also use heat pumps, electrical
boilers, geothermal and solar energy [16]. These technologies have different roles in
fulfilling the heat demand, some serve as the base load and some are mainly used as
peak loads. A conceptual illustration of how the different production categories are
used is shown in Figure 2.4. It is often the technology with the lowest operating cost
that will be run as a base load whereas the most expensive, but also most flexible
technology will be used to fill the peak demand. Base load is often MSW or biomass
CHP, while peak load can be covered by oil or natural gas fuelled HOBs or CHP plants.
The operating cost for combustion technologies is usually fairly constant over a longer
time period, whereas technologies based on electricity inputs will be more vulnerable
to the volatility of the electricity market.

Figure 2.4: Illustration of district heating demand and supply divided into base, in-
termediate and peak load blocks.
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2.3.2 Electricity production and the electricity market
The second main output from CHP is electricity, which is generated in the turbine.
From there, the electricity is transmitted to the power grid. The Swedish electric-
ity comes from several sources, in which CHP only accounted for 5.6 % of the total
production in 2017 [17]. The Swedish electricity system uses nuclear power and CHP
as its base load, however other renewable sources of electricity, such as hydro power
and wind power makes electricity readily available at a low cost many hours of the year.

Generally, electricity prices vary according to the balance between supply and de-
mand, i.e. when the demand is high compared to supply the prices rise and vice versa.
The highest electricity demand is often found in the winter, when demand for district
heating is also high. If the demand for district heating is higher than the production
capacity, some district heating networks utilise heat pumps or electric boilers to ex-
change electricity for heat. On the other way around, a CHP plant sacrifices heat to
produce electricity. Subsequently, the two energy markets co-vary and are, to some
extent, coupled.

2.3.3 Flue gases and CCS
The flue gases from CHP contains a variety of different pollutants and greenhouse
gases (GHG) as well as water vapour. Generally, an air ratio higher than 1 is desired
in order to facilitate full combustion and reduce unwanted substances in the emissions.
Today, due to strict pollution regulations, most CHP plants are also equipped with flue
gas cleaning facilities that rids the flue gases of hazardous substances such as nitrous
oxides, fly ash and dioxins. Wet flue gas cleaning is a technology that is often used to
remove acidic gases by absorbing them in either pure water, or an alkaline solution.
The wet flue gas cleaning also opens up for the possibility to condense the formed
water vapour from the combustion gases which provides additional heat production
[18].

Regulations regarding CO2 emissions are currently becoming stricter, leading to in-
creased economical interest in reducing carbon emissions. One way to achieve this is
with removal of CO2 emissions from the flue gases via CCS. If carbon capture units
are implemented at plants fuelled by biomass, negative emissions could be achieved
via so-called BECCS, which is short for Bio Energy Carbon Capture and Storage.
Mainly, there are three configurations of CCS; post-, pre- and oxy-fuel combustion,
which each have their advantages and disadvantages [1]. Since this report focuses on
potential of CCS on already existing processes, an alternative which can easily be ap-
plied to a retrofitting perspective is favourable. Due to this, only the post combustion
configuration will be considered.

Post combustion CCS focuses on separating carbon dioxide from the exhaust gases
from combustion. The levels of CO2 are higher than in regular air, which facilitates
the separation and leads to a higher amount of captured CO2. Typically, a 90 %
capture rate is assumed for this type of CCS. A process scheme of a typical Rich
Stream Split (RSS) CCS facility is presented in Figure 2.5. The capturing is most
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commonly achieved by absorbing the CO2 in an aqueous solution, typically buffered
with monoethanol amine (MEA). The MEA is then, in a stripper column, exposed
to heat, which separates the CO2 from the MEA, and the CO2 can be transported
to and placed in storage reservoirs [19, 1]. Since a regeneration of the absorbents is
desired, high amounts of heat is required for the process reboiler as well as electricity
for pumping and fanning of the material flows and compression of the captured CO2
[19].

Figure 2.5: Fundamental scheme of a post-combustion CCS process equipped with a
Rich Stream Split (RSS), which is typically used for enhanced heat efficiency [1].

In the study conducted by S. Öberg [1], it was found that a reboiler duty between
2.8 and 4.0 MJ was required per kg CO2 captured. Additionally, MEA must not be
heated to above 120 °C in order to eliminate the risk of the absorbent decomposing.
This can easily be achieved by using saturated steam at 6 bar for heating [1]. The
energy demands of the process result in high operational costs which are topped off
with the capital costs of the equipment. Together with a lack of regulations for CO2
emissions, these high costs have earlier been the main reasons why CCS is not yet
commercialised [1]. In another study conducted by Biermann et al. [20] the specific
electricity consumption for an MEA absorption CCS unit was found to be about 3.8
MJ/kg CO2 for a capture rate of 90 %. This includes compression of the CO2 to 100
bar for transportation [20].

Moreover, due to variations in CHP load, the flue gas flows will also vary. For a CCS
unit designed for a certain CHP load, operation at off-design conditions will result in
decreased performance of the CCS. A way of circumventing this is to install a partial
CCS unit which only processes a portion of the flue gases. This enables cheaper capital
and operational costs while still meeting initial restrictions regarding CO2 emissions
[1]. Focus in this project will however be on full carbon capture, where 90 % of the
CO2 in the flue gases is captured.
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3
Swedish CHP plants

The data on Swedish CHP plants used in this project, consists of qualitative and
quantitative information about 110 Swedish CHP plants. The CHP plants are spread
over 78 district heating networks in Sweden where most of the large towns are covered.
CHP plants covered use biomass or waste as a fuel and their main purpose is to provide
district heating.

Two fundamental categories are used to describe the data; location and fuel. The fuel
is divided between biomass and waste, where biomass includes several types of biomass
and waste is limited to MSW. The location of the plants is divided between north and
south, where the geographical division is to handle the large climate difference between
different parts of Sweden which leads to different demands for district heating. The
definition between north and south is based on the European POwer Dispatch (EPOD)
region that the plant is located within. There are four EPOD regions in Sweden, SE1
and SE2 are regions in the north and SE3 and SE4 are more to the south. From these
categories, some of the trends, but also differences found in Swedish CHP are pointed
out.

3.1 Alternative steam cycle configurations
Figure 2.1 shows the basic steam cycle configuration, however very few plants will have
this exact configuration. This section will present a few of the ways in which Swedish
CHP plants differ from the basic steam cycle configuration.

A large joint steam network is the case in a few of the CHP plants covered by the data.
There is no direct purpose of having steam in a joint network and such systems are
often a consequence of several retrofits. An example of this is Högdalenverket, located
just outside of Stockholm. The steam network consists of steam from 5 waste boilers
that enters a steam network with two turbines.

Some CHP plants are designed to have as high α values as possible. This can be
achieved by implementing turbine extraction steps. There are two ways in which this
is commonly done, either by adding feedwater preheating or adding a second step in
the heating of the DH feedwater. The purpose of adding a second DH step is to al-
low for a lower temperature, and thus pressure, out from the turbine, increasing the
electricity output. Feedwater preheating reduces the fuel demand, giving an increased
electric efficiency.

11



3. Swedish CHP plants

There are several plants where electricity production is not prioritised due to the
steam being used for other purposes. Steam is needed in many industrial processes
and can be used within the plant, for example in the flue gas cleaning process or for
air preheating. It is also common to sell steam to proximate industries. In some
cases, often with smaller plants, an old turbine is retrofitted to an existing boiler. The
turbine is not always designed for the specified steam flow, which generates a lower
α-value.

3.2 Trends in Swedish CHP
The CHP plants in Sweden are spread out geographically, with a majority of them
located in the southern parts. Figure 3.1a shows the total number of plants installed in
each region, whereas Figure 3.1b shows the total installed thermal capacity in northern
and southern Sweden. Waste and biomass are both distinguished in the two figures.
The number of plants within each category gives an idea of the total capacity in each
region and for each fuel. As can be seen in Figure 3.1, a majority of the plants are
located in the south, most plants also use biomass as the main fuel. Comparing the
height of the bar for the north in number of plants and installed capacity, it can be
seen that the plants are on average smaller in the north than in the south. The average
thermal capacity of a plant in the north is about 48 MW compared to the average
thermal capacity in the south of 82 MW.

(a) Number of plants (b) Total steam capacity

Figure 3.1: Number of plants and the total thermal capacity installed in Swedish CHP,
divided into fuel categories and location.

The spread of α compared to thermal capacities can be seen in Figure 3.2. Fuel used
is included to show trends for the different fuel types. As Figure 3.2 shows, plants
with lower thermal capacity tend to have lower α. The α varies between 0.1-0.7 and
the thermal capacity varies between 10-540 MW. However, only a few plants are larger
than 200 MW. Waste plants have slightly lower α than biomass plants and the largest
waste plant is only 170 MW.
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Figure 3.2: Thermal capacity compared to the plants α for the CHP plants included
in this study.

Of the 78 DH networks that include CHP plants, most of the networks only have one
CHP plant. However a third of all DH networks have more than one plant. Figure 3.3
shows how the CHP plants are divided between DH networks. The highest number
of plants in one DH network can be found in Stockholm city’s DH network, where a
total of four CHP plants are included.
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Figure 3.3: CHP plants divided into DH networks. Number of CHP plants in the DH
network is compared to the number of DH networks with that number of CHP plants.
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Method

Figure 4.1 shows the structure of the method. The project method is divided into two
approaches, the process approach and the system approach. In the process approach,
the information about Swedish CHP plants, presented in the previous chapter, was
converted to a database, which can be found in Appendix A.1. CHP process models
were developed, based on the data on Swedish CHP plants. The process models were
then retrofitted with CCS, and an additional operational Heat Only Boiler (HOB)
mode, was introduced. In the system approach, the CCS models were applied to
each individual DH system in order to evaluate the performance of the DH systems
if CCS would be implemented. Each DH system had its performance investigated for
four cases of operational strategies after which each case’s performance and national
carbon capture potential was evaluated. Inputs and outputs from the other stages are
defined and will be explained further in this chapter.

Figure 4.1: The project workflow.

4.1 Process model
This section explains the development of the process models. The categorisation
method used to make sure that the model matched the data as well as how CCS
was integrated with these models is explained. A description of the main model spec-
ifications is also included in this section.
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4.1.1 Plant categorisation
The alternative steam cycle configurations that exist in Swedish CHP were taken into
consideration. The data on Swedish CHP plants was processed to support these alter-
native configurations. As explained in Section 3.1, there are cases where the steam is
in a large joint network, connected to several boilers and turbines. To make it possible
to model joint networks, each turbine was treated as a separate CHP plant, according
to the following allocation method:

• Total steam capacity was determined in MW for the entire network, qth,tot

• Electrical output from each turbine was determined, wT,n

• Each turbine was seen as a separate plant and the steam was allocated based on
equation 4.1, where, ’n’ denotes the n:th turbine, while ’N’ is the total number
of turbines in the steam network.

qT,n = wT,n∑N
k=1wT,k

(4.1)

Other alternative steam cycle configurations were also considered when formulating
the process models. CHP processes that have alternative configurations that include
either turbine extraction steps or a turbine by-pass, have been modelled by categorising
the plants into six different design categories. Turbine extraction steps and a turbine
by-pass will change the plants power to heat ratio, α. The six designs were produced
by adding turbine extraction steps and a turbine by-pass to the basic steam cycle.
The basic steam cycle can be seen in Section 2. Figure 4.2 shows how the six designs
were produced. The power to heat ratio of the plant increases with a higher number
of extractions. The By-pass Design matches the lowest α values.
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Figure 4.2: The CHP plant designs used to describe the categories of CHP plants and
to create the process models. The designs, (A-E + bypass), depend on the number of
extractions, where the number of extractions increases from A to E.

In Design A, the steam passes all the way through the turbine before it condenses
in the first DH exchanger. In the other designs, some steam is extracted at higher
pressures to increase the plant α. The six designs, A-E and By-pass, were modelled
in EBSILON®Professional. All process designs for the base model can be seen in Ap-
pendix B.1 and a further description of the specifications used to produce the models
can be found in Section 4.1.3.

The process model uses the thermal capacities and live steam conditions from the
database as input variables. Following the procedure explained in Figure 4.3, the out-
puts from the model for each plant matches the plant’s outputs found in the database.
Each CHP plant was assigned one of the six designs.

Figure 4.3: Method used to allocate each plant to a specific design.
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The allocation method shown in Figure 4.3, will allocate each CHP plant to one of the
six designs. Each plant was first simulated with Design A, if the simulated α matched
the α in the database, it was placed in Design category A. If the simulated α in Design
A was lower than the value from the database, it was simulated with Design B and so
forth, until a design category matched the α in the database. For cases where Design
A generated an α value that was more than 10 % higher than the expected output,
the plant was placed in the By-pass Design category. The by-pass ratio was assigned
to generate a power to heat ratio similar to its expected value.

4.1.2 CCS integration
The process model, made up of all the Swedish CHP plants divided into six designs,
was used as a base to integrate the CHP processes with CCS. CCS was integrated
with the CHP plants with two operational modes. The two modes of steam cycle
operation with CCS are presented in Table 4.1. The CHP-mode and HOB-mode,
requires the same fuel input, but the outputs differ. In HOB mode, the turbine is
entirely by-passed, thus, the electricity production is discarded to generate a higher
heat production. For both modes, steam at 6 bar powers the CCS process. However,
since the turbine is not in operation in HOB mode, the steam by-pass is throttled to
6 bar instead of being extracted at 6 bar.

Table 4.1: Operating modes and method for CHP integrated with CCS.

Operational Mode Outputs Operation

CHP-mode Electricity, heat and
carbon capture

Steam for CCS is extracted
from the turbine at 6 bar

HOB-mode Heat and carbon capture Steam for CCS is taken
directly from live steam
and throttled to reach 6 bar

The CCS integrated process model designs were also modelled in Ebsilon, and the final
CCS designs can be seen in Appendix B.2. When operating with CCS in CHP-mode,
the process designs A-E and By-pass, were used. The CCS reboiler was modelled as
a heat consumer, using steam extracted from the turbine at 6 bar. In HOB-mode one
design covers all plants in the database. Further Ebsilon specifications used in the
models are presented in Section 4.1.3. The specific CCS reboiler duty was assumed to
be constant, hence, a reboiler duty proportional to the amount of captured mass of
CO2 could be assumed. The assumed capture rate was 90 % and the amount of CO2
captured was therefore 90 % of the total CO2 content in the flue gases. Equation 4.2
shows how the CCS reboiler duty, qCCS was calculated.

qCCS = 0.9 ∗mCO2 ∗ β (4.2)
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In equation 4.2, mCO2 represents the mass flow rate of CO2 in the flue gases and β is
specific reboiler duty for CO2 separation in MJ/kg CO2 which ranges from about 2.8
to 4.0 for a 90 % capture rate [1]. Since β depends on flue gas CO2 concentration which
in turn depends on several other factors, it was evaluated at the middle of the interval,
i.e. 3.4 MJ/kg CO2, but with a sensitivity analysis showing how plant efficiency is
affected by the specific reboiler duty.

In CHP-mode, Assbergsverket CHP, Hofors Energi CHP and Siljan Timber Mora
could not reach a 90 % capture rate with the steam that passed through the turbine
due to their low values of α and thereby, capture rates of 82.5 %, 52.5 % and 82.5
% were assumed, respectively. The decreased capture rate was achieved by partial
CCS, keeping the specific reboiler duty unchanged. CHP-mode and HOB-mode were
evaluated based on the change in maximum heat output from the plants integrated
with CCS compared to CHP-mode without CCS.

4.1.3 Ebsilon specifications
This section will explain how the thermodynamic cycles of the designs explained in the
previous section were modelled in Ebsilon. To make the models generic and applicable
to as many plants as possible, a basic thermodynamic cycle served as the base of all
models. A standard pump, boiler, furnace and turbine was used. The CCS reboiler
and DH network were both modelled as heat consumers, since heat consumers can
remove the required amount of energy from the system. The heat consumer acting
as the CCS reboiler is implemented as a retrofit to the process models described in
Figure 4.2 with an inlet and outlet of steam at 6 and 3 bar, respectively. When sim-
ulating the amount of district heating available from the process, the delivered heat
was equal to the heat removed by the DH heat consumer. No heat losses due to water
transport were therefore considered and the heat delivery is, in reality, slightly lower.
DH feedwater and return temperatures of 90 °C and 40 °C, respectively, were used to
compensate for this. The feedwater preheating as well as the DH feedwater heating
was achieved by Ebsilon’s heat exchanger with the default settings.

Modelling of the inlet and outlet pressures of the turbine steps was done differently.
The pressure drops over the turbine steps were assumed to be functions of the live
steam pressure, Pl, which are presented in Table 4.2. Note that depending on the
process model design, the number of extractions was different, as can be seen in Figure
4.2.

Table 4.2: Functions for turbine step outlet pressures.

Live steam
pressure [bar]

First
extraction

Second
extraction

Third
extraction

Fourth
extraction

<80 0.33 × Pl 0.125 × Pl
Set by
controller

Set by
controller

>80 0.33 × Pl 0.07 × Pl Set by
controller

Set by
controller
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To assign pressures for the last two turbine steps, controllers were used with the criteria
to assign extraction pressure that supplied sufficient heat for the DH to reach its target
temperature. Further, to model the CCS, an extra turbine step with an extraction
at 6 bar was inserted. To model the fuel input into the furnace, the compositions
presented in Table 4.3 were used for biomass and waste. The biomass was assumed to
be dry wood residues, thus not containing any moisture. An air ratio of 1.4 was used
to account for the assumption of a full combustion taking place in the furnace.

Table 4.3: Used fuel composition of biomass and waste

Fuel Type C H O N S Cl Ash Water Source
Biomass 49.7 6 41 1.7 0 0.1 1.5 0 [21]
Waste 29.8 4.2 15.4 0.6 0.2 0.6 13.2 36 [1]

4.2 DH system model
This section will present how the DH systems are affected by CCS integration with
the CHP plants in Sweden. The outputs, determined in the previous section were used
as input variables for plant operations in the DH system. DH demand profiles were
produced for all DH networks in Sweden. CHP operating patterns were produced, with
the objective to cover as much of the DH demand as possible. CCS was implemented
on the plants to operate according to four different cases.

4.2.1 Demand profiles
Heat demand profiles for the DH networks over a year were generated. For the plants
categorised as south, the demand profile has been approximated based on data for
the predicted demand profile of Västerås DH network for 2021. The data includes the
predicted demand, in MWh, for each hour of year 2021. The demand profile used can
be seen in Figure 4.4.
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Figure 4.4: DH demand profile used for the south of Sweden, based on predicted
heating demand for Västerås 2021. The demand has been scaled to show the fraction
of the peak demand in the system (Fk).

The plants categorised as north have a heat demand profile determined by the linear
relationship between DH demand and the air temperature profile. The relationship be-
tween temperature and DH demand shows a strong linear correlation for temperatures
below 15 °C, as can be seen in Figure 2.2. Temperatures above 15 °C therefore had a
constant demand of 9 % of maximum heat demand. Temperature data was recovered
from the Swedish meteorological institute (SMHI) where the Storuman weather sta-
tion was used to represent the temperature profile of the north. Storuman is located
in the central-north parts of Sweden. The resulting DH demand profile for northern
Sweden, presented in Figure 4.5, was produced.

Figure 4.5: DH demand profile used for the north of Sweden, based on the temperature
profile for Storuman. The demand has been scaled to show the fraction of the peak
demand in the system (Fk).
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Equation 4.3 was used for both north and south to determine the hourly DH demand
in each DH network, based on the peak demand (qDHmax,n). Equation 4.3 shows how
the peak demand for any network, n, was determined using the hourly fractions of peak
demand (Fk), from the two scaled demand profiles. QDHtot,n is the yearly demand in
MWh for the DH network n, this was found at Energiföretagen for the DH networks
involved in this project [22]. Once the QDHmax,n was found the heat demand for each
hour was calculated by multiplying the qDHmax,n with the Fk for each hour.

qDHmax,n = QDHtot,n∑8760
k=1Fk

(4.3)

4.2.2 Plant dispatch order and operating constraints
The target of the CHP plants is to satisfy the heat demand, which is the determining
factor for the operation of the plants. A CHP plant dispatch order was determined
for networks with more than one CHP plant. The operating patterns for the CHP
plants in the networks was determined by introducing operating constraints based
on limitations and practicalities often considered when operating CHP plants in DH
networks. The constraints and the dispatch order are presented in Table 4.4. As
shown in Table 4.4, waste plants will always be run prior to biomass plants due to
operational cost. The base load is always operated, while the other plants, were only
operated if there is a demand left unsatisfied when plants with a higher priority were
running. The minimum load of waste plants was set to 70 % and the minimum load
for biomass plants was set to 30 %.

Table 4.4: Order in which the plants are run and constraints set within each plant.

Plant dispatch
order Operating pattern Priority order Minimum load

(%)

Base load Operated at all
times 1. Largest waste plant 70

Second plant Operated if needed
for 10 consecutive days

2. Smallest waste plant 70

Third plant Operated if needed
for 10 consecutive days

3. Largest biomass plant 30

Fourth plant Operated if needed
for 10 consecutive days

4. Smallest biomass plant 30

The plants were operated at part load to follow the demand curve, however, if the
demand is larger than a plants production capacity, it was run at full load. If the
demand required a part load lower than the minimum part load for a plant, the plant
was either run at minimum load or shut down. A constraint implemented on all plants,
except the base load, was that the plant was only started if it was needed to fill the
demand for at least ten consecutive days, otherwise it remained non-operating. The
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size of the plant was the second factor, after fuel used, that was considered when de-
termining the priority order. Other factors such as cost of fuel used and age of plant
could impact the dispatch order or operating constraints, but are not considered in
this study.

To categorise the DH networks, a ratio of the CHP capacity compared to the peak
demand was determined for each DH network. This ratio is henceforth RC,D. The CHP
capacity was defined as the maximum heat output of all plants in the DH network
added together. This ratio was calculated for all plants according to Equation 4.4.

RC,D =
∑
qDH,p

qDHmax,n

(4.4)

qDH,p is the maximum heat output from the plant p in the network in question and
qDHmax,n is the peak demand in that network. The plants maximum heat output,
qDH,p, was for without CCS in the system.

4.2.3 Operational cases for DH systems with CCS
The outputs generated from the CCS models were integrated with the DH system for
four different cases, which are shown in Table 4.5. For the first two cases, the CCS
integrated process outputs were used for all plants and at all times, but in the two
different operational modes. The first case used CHP-mode and the second case used
HOB-mode. The third case operated in CHP-mode however, the plants were only
operated with CCS during the summer. Summer season is defined as May the 13th
until September the 29th in the south and June the 5th to August the 25th in the
north, based on data from SMHI. For the final case, the process was also operated in
CHP-mode, however CCS was only installed on the first plant in the dispatch order,
the base load.

Table 4.5: The four cases investigated for CCS system integration.

Case Process operating
mode

CCS operating
time

CCS operating
plants

1. CHP full CHP-mode All operational
hours of the year

All plants in the
DH network

2. HOB full HOB-mode All operational
hours of the year

All plants in the
DH network

3. CHP summer CHP-mode Only during the
summer

All plants in the
DH network

4. CHP base load CHP-mode All operational
hours of the year

Only first plant in the
dispatch order

For each case, the plant usage, seen as the full load hours for each plant over a year
has been determined. Equations 4.5-4.7 shows how the fuel consumption (Qfuel,p),
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electricity production (Wel), and CCS (MCO2) was calculated for a year. Together
with the outputs determined from the process modelling, the number of full load hours
for each plant, was used to calculate the total fuel consumption in GWh, electricity
output in GWh and CCS in ktonCO2 over a year. qth,p is the thermal capacity of a
plant in MW, wT is the maximum electric output from a plant in MW and mCO2,p is
the amount of carbon captured from a plant at full load with a 90 % capture rate, in
kgCO2/s. For the fuel consumption, a boiler efficiency (ηb) of 0.84 was used and full
load hours for a plant is referred to as FLHp.

Qfuel,p = FLHp · qth,p · 10−6

ηb

(4.5)

Wel = FLHp · wT · 10−6 (4.6)

MCO2 = FLHp ·mCO2,p · 3.6 · 10−3 (4.7)

When it comes to heat output, it was more important to determine the actual heat
delivered, not only heat produced. The heat delivered is defined as the heat that is
used to fill DH demand (in GWh) and therefore no excess heat was accounted for.
This measurement will therefore require the operating profile for the heat to deter-
mine when heat was not needed to fill the demand. The excess heat (Qexcess) was
therefore defined as the difference in heat produced and demand, i.e. for when the
demand subtracted from the heat production for a given hour is greater than zero.
Heat delivery was therefore calculated according to Equation 5.1, where qheat,tot is the
sum of the maximum heat output in MW for all CHP plants in a DH system.

Qheat = (FLHp,tot ∗ qheat,tot) −Qexcess (4.8)
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4.2.4 Key performance indicators
All cases used a reference case as comparison, the reference case used plant inputs from
the process model without CCS, and assumes the same dispatch order and constraints
as presented in Table 4.4. Three key performance indicators (KPI) were composed,
with the main purpose of facilitating a comparison of the four cases. The KPI’s
were calculated with the amount of carbon captured as their functional unit, and are
explained through the following equations:

• KPIfuel gives the change in the amount of fuel needed for CHP in the DH system
with CCS compared to without CCS installed on the CHP. KPIfuel is calculated
according to Equation 4.9. For DH networks with several plants, the sum for all
plants in the system was used.

KPIfuel = Qfuel,CCS −Qfuel,noCCS

MCO2,capture

(4.9)

• KPIel gives the change in the electricity produced by CHP in the DH system
with CCS compared to without CCS installed on the CHP. KPIel is calculated
according to Equation 4.10. For DH networks with several plants, the sum for
all plants in the system was used.

KPIel = Wel,CCS −Wel,noCCS

MCO2,capture

(4.10)

• KPIheat gives the change in the amount of heat delivered with CCS compared
to without CCS. KPIheat is calculated according to Equation 4.11.

KPIheat = Qheat,CCS −Qheat,noCCS

MCO2,capture

(4.11)
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5
Results and discussion

The results from the CCS modelling are presented as a comparison between the CHP
and HOB-mode. Focus is on how heat output is affected by the integration with
CCS. For the case studies, the system level results are presented for the four cases
individually after which a comparison is made. The individual results focus on the
reasons behind certain trends found within each case. The comparison highlights the
key performance indicators.

5.1 Impact on CHP heat output with CCS
The effect CCS integration has on heat output when operated in CHP-mode can be
seen in Figure 5.1, where change in maximum heat output for each plant is displayed.
Operating in CHP-mode shows that the heat production with CCS compared to with-
out CCS will decrease with an increasing power to heat ratio, α. Plants with low
α can maintain up to 80 % of the maximum heat production. The reason the heat
production for plants with large α is more affected by CCS integration than plants
with low α is due to the 6 bar extraction point. A high α is often related to higher
steam pressures and before reaching the 6 bar extraction point, more electricity will
have been produced. The maximum heat output will therefore be proportionally more
reduced than reduction in maximum electricity output. The plants with low α will
therefore have a comparably larger reduction in electricity production with CCS. Two
of the outliers, with the highest heat production are due to the lower capture rates
used in the corresponding plants.
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Figure 5.1: Change in maximum heat output of CHP plants integrated with CCS, when
operated in CHP-mode. The α values are for the plants without CCS integrated.

When operating in HOB-mode, the trend is different, as can be seen in Figure 5.2.
Operating the plants in HOB-mode shows a clearly linear trend with an increasing
amount of heat being maintained with increasing α. The trend can be explained by
the lack of electricity available to be traded for CCS in plants designed with low power
to heat ratio. Plants with an α above 0.5 have a heat production capacity that is
above the plants maximum heat production capacity without CCS. Biomass plants
have a slightly lower heat production with CCS, since the carbon content in the flue
gases is expected to be higher, thus, increasing the reboiler duty. In CHP-mode the
same difference with fuels exists, however, other factors such as difference in plant
design will also have an effect on the output. The two levels are therefore not as clear
in Figure 5.1.
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Figure 5.2: Change in maximum heat output for CHP plants with CCS, when operated
in HOB-mode. The α values are for the plants without CCS integrated.

Figure 5.3 shows the relationship between the total efficiencies for all plants, and
the specific reboiler duty. The trend seen in Figure 5.3 is linear and the plant level
results can therefore easily be scaled for different specific reboiler duties. Based on
studies done on heat requirement for CCS, there are several different factors that will
determine the actual reboiler duty required. The size of the equipment needed and the
concentration of carbon in the flue gases are just examples of things that will affect
the actual specific reboiler duty, and these aspects have not been considered in this
project. With a high specific reboiler duty, the total efficiency of heat and electricity
production of the plant can decrease by up to 40 %, as can be seen in Figure 5.3.

Figure 5.3: A sensitivity analysis of the plant efficiencies with different specific reboiler
duties for the CCS reboiler. Note that axes are cropped to show the trend.
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5.2 Impact on DH systems when CHP is operated
with CCS integration

This section investigates how the operations of CHP plants integrated with CCS will
affect the DH systems. The section includes results from the four cases presented in
Table 4.5. For each case, examples of DH networks are discussed and plant operating
profiles are compared. The final section (5.3.2) presents a comparison of the key perfor-
mance indicators, calculated for each case. A specific reboiler duty of 3.4 MJ/kgCO2
is used throughout these results, however considering the linear relationship presented
in Figure 5.3, the actual reboiler duty may vary.

5.2.1 Case 1 - all plants in DH system operating with CCS
in CHP-mode

When implementing CCS on all plants and operating the plants with CCS at all times
in CHP-mode, both heat and electricity outputs are lower than without CCS. A lower
heat output will make it more difficult to meet DH demand and during the hours when
CHP is normally operated on full load, heat delivery is reduced. The clearest way to
see this is from a DH network with only one plant. Figure 5.4 shows how the biomass
plant, Munkegärdsverket operates in the context of the Kungälv DH network. The
demand profile is shown as the grey line and the plant operation is the green blocks.
During the winter the plant is operated at maximum load and even without CCS the
demand cannot be fulfilled with CHP alone. During the summer, the demand can be
fully satisfied with CHP, however to reach the same heat output with CCS, the fuel
consumption for the CHP must be increased. Due to the constraint of a minimum
load of 30 % for biomass plants, some excess heat is produced during the summer.
In reality, plants producing a lot of excess heat are shut down unless the heat can be
used for some other purpose.

(a) Without CCS (b) With CCS

Figure 5.4: Heat demand and plant operating profile for Kungälv when the CHP plant
is operated without CCS and with CCS using CHP-mode.

Most of the larger DH networks have more than one plant in the system. Jönköping
has a DH network containing two plants, one small waste plant and a biomass plant.
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According to the dispatch order, the waste plant will serve as the base load, shown in
brown and the biomass plant operations are displayed in green. The effect of having
more than one plant can be seen for Jönköpings district heating system in Figure 5.5.

(a) Without CCS (b) With CCS

Figure 5.5: Heat demand and operating profile of Jönköpings CHPs using CHP-mode,
with and without CCS.

With more than one plant in the system, as can be seen in Figure 5.5, the operating
pattern is affected by the dispatch order and constraints set on the system. The
operation of systems with multiple plants tend to be more flexible than what the
model can handle, it may for example be profitable to run several plants on part
load when demand is low, rather than shutting a plant down. The distribution of
load between the different plants may therefore not be entirely comparable to reality,
however the results as a whole give an indication of how the system is affected. The
transition months, March until May and October until November shows the largest
flaws in the model. Demand fluctuates during this period and based on the constraints
for operation, the biomass plant cannot operate most of this period for the system
without CCS. With CCS however, the plants can operate for a longer time without
being limited by the constraints. The key performance indicators, KPIfuel,KPIheat and
KPIel as well as the carbon capture for the Jönköping and Kungälv DH systems are
given in Table 5.1.

Table 5.1: Key performance indicators and carbon captured for Jönköping and
Kungälv DH systems. The carbon capture is the annual carbon capture potential
and the KPI’s are in the unit GWh/ktonCO2.

City
Total CO2
capture
(ktonCO2)

Fossil CO2
capture
(ktonCO2)

KPIfuel KPIheat KPIel

Kungälv 53 0 0.26 - 0.22 - 0.09
Jönköping 376 80 0.84 - 0.02 0.05

As shown in Table 5.1, the KPIfuel for Jönköping is large, therefore the CHP fuel
increase required for the Jönköping DH system is large. However the amount of heat
delivered from CHP is almost unchanged, which can be seen from KPIheat being close to
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zero. In Kungälv, KPIfuel is lower than for Jönköping. A lower KPIfuel is compensated
for with less CHP heat delivery, which is seen in the negative KPIheat value. The inverse
relationship between KPIfuel and KPIheat is true for most networks. A large negative
value for KPIheat will often correspond to a low KPIfuel. The operating pattern will
determine which of the two performance indicators will be the highest. When CHP
can cover all of DH demand, indicating that CHP capacity is large in relation to the
demand, KPIfuel is more affected than KPIheat. KPIheat is in turn largely affected when
the CHP capacity is not large enough to cover the DH demand. When comparing the
operating profiles seen in Figures 5.4 and 5.5, the CHP can cover more of the peak
demand in Figure 5.5 than in Figure 5.4. The ability to meet peak demand is based
on the CHP heat capacity compared to the peak demand. This relationship is what
has been defined as RC,D, the ratio of capacity to demand. The RC,D will determine
the KPIfuel and KPIheat, which can be seen in Figure 5.6.

(a) Fuel performance indicator, KPIfuel (b) System heat performance indicator, KPIheat

Figure 5.6: KPIfuel and KPIheat for all DH networks given for case 1.

In Figure 5.6a the networks with large RC,D will in most cases have a higher KPIfuel.
A high KPIfuel indicates that all the heat needed can be delivered with CHP for many
hours of the year. The plants with an RC,D above 100 % , do not follow the same trend
of an increased fuel consumption. When the plant capacity is large in relation to the
DH demand, the fuel consumption is already very high, due to excess heat production
during the summer. Implementing CCS on such plants will therefore not impact the
fuel consumption to the same extent. Arguably, these plants are usually not operated
at all during the summer, since excess heat production requires cooling. As seen in
Figure 5.6b, plants with a large RC,D will hardly have any reductions in CHP heat
delivery, whereas plants with small RC,D have less heat in the CHP system.

5.2.2 Case 2 - all plants in DH system operating with CCS
in HOB-mode

Case 2 looks into the option of operating all CHP plants in DH systems in HOB-mode
when integrated with CCS. The objective of this is to limit the increase in fuel con-
sumption, as well as fulfil the total system heat demand using CHP plants as much as
possible. As seen in Figure 5.2, the maximum heat output from CHP operated in HOB
mode will vary between 70 - 110 % of the heat output without CCS, depending on
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the α value of the plant. This means that for some of the networks, containing plants
with low α values, heat delivery cannot be sustained, when operating in HOB-mode.
No electricity is produced when operating in HOB-mode, KPIel should therefore be
the most prominent indicator for case 2.

Operating the two plants in the Jönköping DH network in HOB-mode gives a lower
heat output than without CCS, since the plants have low α of 0.29 and 0.31 respec-
tively. The Eskilstuna DH network consists of one plant with a high α of 0.53. A
comparison of the key indicators and carbon capture for the Jönköping and Eskil-
stuna DH network operated in HOB-mode is presented in Table 5.2.

Table 5.2: Key performance indicators for Jönköping and Eskilstuna DH networks
operating in HOB-mode. The carbon capture is the annual carbon capture potential
and the KPI’s are in the unit GWh/ktonCO2

City Plant α
values

Total CO2
capture
(ktonCO2)

Fossil CO2
capture
(ktonCO2)

KPIfuel KPIheat KPIel

Jönköping 0.29 and 0.31 308 80 0.31 0.00 - 0.59
Eskilstuna 0.53 242 0 - 0.03 - 0.03 - 0.93

For both Jönköping and Eskilstuna, the CHP heat delivery is completely maintained
as seen in Table 5.2. The fuel consumption will however increase for Jönköpings CHP
plants. In Eskilstuna, only the electricity is changed. The KPIel for both Eskilstuna
and Jönköping is high. In this case, it is clear that α will determine the degree to
which heat can be delivered and fuel is unaffected. The electricity production will
however decrease more with increased α. Plants with large α are more likely to be
the most dependent on income from electricity production and therefore least likely
to reduce electricity production. If HOB-mode is to be considered, it should be set in
contrast to the electricity prices. It could be possible to operate in HOB-mode only
when electricity prices are low.

5.3 Case 3 - all plants in the DH system operated
with CCS during the summer in CHP-mode

Case 3 investigates the option of only utilising CCS during the summer. The reason
for this case study is to, through the utilisation of excess heat, keep the CHP heat
delivery (KPIheat) low while still capturing some of the carbon emissions. Thus, the
performance indicators of interest are mainly in the aspect of fuel, KPIfuel and heat,
KPIheat which, for Case 3, are presented in Figure 5.7.
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(a) Fuel performance indicator, KPIfuel (b) System heat performance indicator, KPIheat

Figure 5.7: KPIfuel and KPIheat for all DH networks given for case 3.

It can be seen in Figure 5.7a, that KPIfuel has a decline proportional to the plant
capacity to peak demand ratio, RC,D, at the right-hand perimeter. This implies that
KPIfuel has a cap which decreases as RC,D increases. In order for KPIfuel to reach
zero, the plants must have an equal fuel input both with CCS and without CCS during
the summer, which only occurs when the plants, both with and without CCS, follow
the same operational pattern. This only happens when the plant is operated at either
minimum or maximum load for the entire summer. Since the heat demand is generally
satisfied during the summer, the latter can be disregarded. In Figure 5.7b it can be
seen that, similar to KPIfuel, the discrepancy in KPIheat decreases as RC,D increases
meaning that larger plant capacities in comparison to the network peak demand are
less affected by an integration with CCS. It can therefore be stated that the fuel con-
sumption and delivered heat are both affected to the better with increasing RC,D.

Since the CCS units are only operated during the summer, the discrepancy that the
CCS evokes occurs not only during the summer, but also in the transition from spring
to summer, in May, as well as summer to autumn, in September. This is well illustrated
in Figure 5.8, which shows the operation profiles of Uppsalas CHP plants.

(a) Without CCS (b) With CCS

Figure 5.8: Annual operation profiles for the DH network in Uppsala, b) shows when
plants are operated with CCS during the summer period.
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It can be seen in Figure 5.8 that the demand is not fully satisfied either with or without
CCS. Further, it can also be seen that the biomass plant (Uppsala CHP 1 (Fyris) B)
is run during the seasonal transition with CCS, in contrast to it not being operated
during this period without CCS which results in an unexpected reduction in KPIheat.
The extra blocks that can be observed in Figure 5.8, in the seasonal transitions, are
a consequence of the assumption that a biomass plant cannot be operated at a part
load lower than 30 %. If the base load would have been slightly smaller, the secondary
plant would have operated during the period even if the CCS would not have been
integrated, leading to the two operational blocks that appear in May and September
in Figure 5.8a as well. Their heat production and delivery should in reality be more
equal than what is observed from these results. Another consequence of a smaller
base load would be a prolonged operation of the secondary plant during the transition
from spring to summer, and late summer to autumn for the process integrated with
CCS, which would maintain the discrepancy between the heat production between the
two cases. In Table 5.3, emissions and key performance indicators for Uppsala’s DH
network are presented.

Table 5.3: Results from Case 3 on Uppsala DH network

City
Total CO2
capture
(ktonCO2)

Fossil CO2
capture
(ktonCO2)

KPIfuel KPIheat KPIel

Uppsala 56 26 3.62 0.12 0.69

As can be seen from Table 5.3, the KPIfuel is high. The large increase in fuel con-
sumption is to a large extent due to the prolonged plant operations in the transition
periods. For case 3, the total amount of carbon captured cannot cover the total fos-
sil share of emissions on an annual basis. As presented in Table 5.3, the amount of
carbon captured is 56 kton per year. The total amount of emissions however, are
still at 848 kton per year for when the CCS is active, where 138 kton CO2 is of fossil
origin. In other words, the amount of captured carbon corresponds to about 40 % of
the total amount of fossil emissions from the network. Among the DH networks, the
one with the highest coverage of fossil emissions with this strategy is Stockholm city.
The Stockholm city system can still only capture CO2 corresponding to about 68 % of
the fossil emissions with this operational strategy. Hence, it can be stated that if the
fossil quota of a networks emissions are sought to be covered by the carbon capture,
the CCS must be operated more than just throughout the summer.

5.3.1 Case 4 - Base load operated with CCS in CHP-mode
Installing CCS on all plants in a DH network is a large investment, especially installing
it on plants that are not operated throughout the year. This case will look at the
impact of only installing CCS on the base load plant, i.e the first plant in the dispatch
order. Case 4 therefore aims to maintain a high amount of carbon capture without
sacrificing too much of the CHP heat delivery. It is especially interesting to look at
networks where the base load covers either a particularly large or small portion of the
total network capacity. In Table 5.4, the results for Lund, which has a large base load
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in comparison to total capacity, and Stockholm city, whose base load makes up only
about 16 % of the total capacity, are presented.

Table 5.4: Key performance indicators for Lund and Stockholm city. The car-
bon capture is the annual carbon capture potential and the KPI’s are in the unit
GWh/ktonCO2.

DH
network

Base load
proportion

(%)

KPIfuel

(GWh/ktonCO2)
KPIheat

(GWh/ktonCO2)
KPIel

(GWh/ktonCO2)

Lund 87.8 0.44 -0.50 -0.01
Stockholm city 16.1 0.77 -0.33 0.12

As can be seen, KPIfuel is lower for Lund, implying that a network with a large base
load utilises the fuel better. However, Stockholm city has a higher KPIheat, meaning
that the impact on the heat supply is smaller when the base load makes up a lower
portion of the total capacity. When the base load is small, the system operating pat-
tern is quite similar between with or without CCS. The reason for this is the base load
not having any significant impact on the heat demand fulfilment in the system. The
plant would have to operate at full load most of the year, regardless of CCS. Other
plants in the system cover the decreased heat production from the base load, leading
to a KPIheat closer to zero. Although, a smaller base load is positive in the heat and
electricity production aspects, it does however come at the cost of an increase in total
fuel consumption.

Like in Case 3, it is interesting to investigate whether the total carbon capture can
cover the emissions with fossil origin. Naturally, the size of the base load is the
determining factor, and for Stockholm city, meeting the fossil emission part is feasible.
The ability to capture the fossil share of the emissions will depend on which plant
is set as base load. The dispatch order will therefore be changed to understand how
different sized plants will affect the ability to cover all fossil emissions. In Table 5.5,
the key performance indicators for Stockholm city with different plants as base load
are given. The dispatch order is changed in such a way that Plant 1 is switched with
either plant 2, 3 or 4 while the remaining plants have their dispatch order unchanged.

Table 5.5: Key performance indicators for Stockholm city with different plants as base
load. The dispatch order numbers correspond to the dispatch order in case 1. Each
sequence has base loads corresponding to 17.0 %, 8.2 %, 38.9 % and 36.0 % of the
total network capacity, respectively. The KPI’s are in the unit GWh/ktonCO2

Sequence Dispatch order
Fossil emission

equivalent captured
(%)

KPIfuel KPIheat KPIel

A 1, 2, 3, 4 123 0.77 -0.33 0.12
B 2, 1, 3, 4 77 0.47 -0.31 -0.04
C 3, 2, 1, 4 731 0.66 -0.26 -0.02
D 4, 2, 3, 1 650 0.98 -0.18 0.09
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As can be seen in Table 5.5, the only sequence which cannot cover the fossil emission
equivalent is Sequence B. Both Sequence A and B have waste plants as base loads,
however, only Sequence A can achieve a coverage of the fossil share of emissions. To
determine which plant should be fitted with CCS, it may be intuitive to chose a plant
that releases fossil emissions, such as a waste plant. The results presented in Table
5.5 make it clear that it is more important to consider the size of the plant rather
than the fuel used, when determining which plant should be fitted with a CCS unit.
In terms of the key performance indicators, Sequence A performs best with regards to
KPIel. Thus, sequence A would be the best option if electricity is the most favoured
CHP output. However, if KPIheat, which is the primary output of CHP, is favoured,
sequence D would be the better option. Sequence C is slightly worse than D, with
regards to KPIheat. Based on this case study, having CCS installed only on the base
load is attractive for DH networks with large plants as base load. Yet, since the
results vary depending on the base load capacity, a thorough investigation of which
plant should be retrofitted with CCS must be done.

5.3.2 Comparison of the four cases of CHP operation with
CCS integration

On a national level, the four cases will lead to different results regarding the aggregated
CO2 emissions captured from all DH networks in Sweden. The results from the system
are shown for all four cases on a national level in Table 5.6.

Table 5.6: A nationwide case comparison. The fuel, heat and electricity is shown as
the change in production and consumption between the system with CCS and the
system without CCS. The results are based on operation for one year.

Case
Total CO2
capture
(MtonCO2)

Fossil CO2
capture
(MtonCO2)

Change
in fuel
consumption
(TWh)

Change
in heat
delivered
(TWh)

Change in
electricity
produced
(TWh)

Case 1 - full
CHP-CCS 17.1 2.8 + 10.6 - 5.5 + 0.3

Case 2 - full
HOB-CCS 14.1 2.7 + 1.1 - 0.4 - 11.5

Case 3 - summer
CHP-CCS 2.5 0.7 + 4.0 - 0.3 + 0.3

Case 4 - base load
CHP-CCS 10.5 2.6 + 7.0 - 2.2 + 1.5

Case 1 will lead to the largest amount of carbon captured, the plants are both operated
more and CCS is run at all times. Fuel must however be increased with more than 10
TWh and CHP heat delivery cannot be maintained. The carbon capture for Case 2
is lower than for Case 1, however, the emissions avoided are almost equivalent. Base
load CCS includes most waste plants, therefore the fossil share of the carbon capture
is almost equivalent in Cases 1 and 4. Summer CCS has a considerably lower carbon
capture potential.
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Currently, Sweden’s CO2 budget is decreasing and with this in mind, a greater carbon
capture is an attractive trait for a network. The goal for negative emissions is to cor-
respond to 15 % of 1990’s total fossil emissions, which is equal to 11 Mton/year. In
comparison, the total potential for BECCS in Sweden’s CHP can cover the negative
emissions goal on its own, if CCS is implemented in line with Case 1 or 2. For Case
3, the emission reduction is far from enough to cover this carbon capture from CHP
alone and will thus need supplementary measures. If only the base loads would be
equipped with CCS, as in Case 4, the BECCS would add up to 7.9 Mton per year
which is insufficient on its own. However, the fossil share of carbon captured is almost
equal to that of Case 1 and 2, implying that by installing CCS on base loads is an
effective way to reduce fossil emissions.

The effect the different cases have on the system as a whole cannot be compared
without looking at the key performance indicators. As seen for the previous parts
of this chapter, the key performance indicators will vary between both cases and DH
networks. The key indicators have been calculated for the national system as a whole,
thus the difference between different DH systems will not be reflected in the results
shown in Figure 5.9. Figure 5.9 shows how the three key indicators compare for the
four cases.

Figure 5.9: Key performance indicators based on the national averages of all cases.

Figure 5.9 shows that, KPIfuel is highest for the case with summer CCS. KPIheat is
negative for all cases, indicating that there is no system where the CHP heat produc-
tion can be maintained with CCS. In Case 2, the main indicator is the electricity loss,
while for all other cases, the KPIel is positive. Case 1 and Case 4 are fairly similar in
all areas, the largest difference is that Case 4 can maintain more heat delivery.
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In order to fully justify which indicator should be kept the lowest, the inputs and
outputs must be quantified against something measurable, such as costs. Since this
project has not considered costs, the discussion on which indicator relates to the most
desired outcome will be based on system knowledge. A large negative value of KPIheat

relates to a reduction of heat delivered from CHP. A reduction in heat delivery from
CHP will lead to an increased need to operate other plants in the system. Other plants
may be fuelled with more expensive fuel types or with fossil fuel sources. An example
of this is Gothenburg, where a part of the heat supply during the winter comes from
natural gas. Installing CCS in a manner that would increase the use of other fossil
plants could defeat the point of installing CCS altogether.

Regarding the KPIel, it is difficult to draw any conclusions on how a decreased elec-
tricity production would impact the system. Electricity production is not the main
purpose of CHP and in many cases cheap and environmentally friendly electricity can
replace the electricity produced using CHP. To measure the actual consequences of
reducing electricity production, a dynamic model, considering electricity costs must
be implemented on the system. Electricity is also needed for the compression steps in
CCS. This aspect has not been considered this far in the project and it is assumed that
electricity will always be available for compression. About 3.8 MJ/kgCO2 of electricity
is required to reach 100 bar, this relates to - 1.05 GWh/ktonCO2, more than doubling
the KPIel value for Case 2.

A large KPIfuel has to be set in perspective of fuel cost and availability. MSW is
often readily available and cheap to incinerate, therefore waste plants are preferably
operated as much as possible. Unfortunately, waste plants already serve as the base
load in many DH networks and are operated a lot already. Several different fuel types
have been categorised as biomass in this project. The diversity in the types of biomass
is large when it comes to both availability and cost.

With all determining factors in mind, regarding inputs, outputs and plant- and net-
work constituents, it is important to highlight that all case models have advantages
over each other. No case model is a clear solution and, in reality, a combination of
them would give the best results. Optimally, the plants’ CCS should be adapted to
match the individual networks. By managing the operation of CCS and the mode of
the CHP, an even more dynamic and well performing system can be achieved.

Capital costs are not considered in this project. Fitting all plants with CCS is expen-
sive and for some of the smaller plants, were only about 20 kton CO2 can be captured
each year, the installation and infrastructure costs are probably too high to compen-
sate for the carbon capture. It would be more cost effective to only focus on large
CHP plants with large CO2 emissions. Plants that only have a few full load hours each
year are the least cost effective option for CCS, therefore it may be of interest to only
install CCS on the plant that serves as the base load of the process. The capital cost
is also effected by the size of the unit required, if the plant is run at below maximum
capacity for many hours of the year, for example if the RC,D is high, it may be of
interest to dimension CCS for a lower capture rate.
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6
Conclusions

This thesis has investigated the CO2-reduction potential of implementing Carbon Cap-
ture and Storage (CCS) on Sweden’s Combined Heat and Power (CHP) plants. The
implementation of CCS was evaluated on both process and system level. The process
approach investigates how CCS implementation will affect the heat generation from
all CHP processes in Sweden. In the system approach, the impact of CCS integration
with CHP on the district heating system is evaluated, for four cases of CCS operations.
To evaluate the effect CCS has on the energy system, three performance indicators
were derived- fuel consumption, heat delivery and electricity generation relative to the
amount of CO2 captured.

The study showed that features within both the CHP plant and the DH network will
determine the best operation of a plant with CCS. On process level, the power to
heat ratio of the plant will impact CCS implementation. For the system perspective,
the size of the CHP plants in the system, in relation to the peak demand is the most
determining factor, when analysing how CCS influences the system performance. Fuel
consumption will increase, regardless of which mode or operating pattern CCS is in-
stalled with, and CHP as well as non-CHP fuel cost will strongly impact the willingness
to install CCS. The increase in fuel consumption can, however, to a large extent, be
off-set for reduced electricity generation if the CHP plants are operated in HOB-mode.
Maintaining district heating delivery from CHP plants is necessary to avoid emissions
from other sources that counteract CO2 capture. On average, the CHP heat delivery
will be reduced for all system cases. However, within each case, there are district heat-
ing networks that can maintain CHP produced district heating with CCS installed,
even though it often comes with the cost of an increased fuel consumption. To optimise
operations of CCS on CHP, mixing different modes and operating patterns should be
considered.

Implementing CCS on all Swedish biomass and waste CHP plants, for all operational
hours of the year, will exceed the negative emissions goal of 11 MtonCO2/year. This
study shows that there is no method of operation that fits every district heating
system, but instead, a combination of every operational method would generate the
best results. Due to Sweden’s district heating systems being unique, they must be
treated as such. Sweden still has a long way to go before reaching the emissions goal
and understandably not all CHP plants will be integrated with CCS in a near future.
In a lot of discussions on CCS, large point sources of emissions are seen as a priority for
CCS. This study shows that it is also important to take the plant and system features
into account.
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A
Appendix

A.1 Database

Figure A.1: Page 1 of 4 of table containing the plants located in the south of Sweden,
investigated in this project. Fuels are either W - Waste or B - Biomass.
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A. Appendix

Figure A.2: Page 2 of 4 of table containing the plants located in the south of Sweden,
investigated in this project. Fuels are either W - Waste or B - Biomass.
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A. Appendix

Figure A.3: Page 3 of 4 of table containing the plants located in the south of Sweden,
investigated in this project. Fuels are either W - Waste or B - Biomass.
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A. Appendix

Figure A.4: Page 4 of 4 of table containing the plants located in the south of Sweden,
investigated in this project. Fuels are either W - Waste or B - Biomass.
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A. Appendix

Figure A.5: Page 1 of 2 of table containing the plants located in the north of Sweden,
investigated in this project. Fuels are either W - Waste or B - Biomass.
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A. Appendix

Figure A.6: Page 2 of 2 of table containing the plants located in the north of Sweden,
investigated in this project. Fuels are either W - Waste or B - Biomass.
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B
Ebsilon process models

B.1 Base process Ebsilon models

Figure B.1: Base process Ebsilon model with zero extractions (Design A).

Figure B.2: Base process Ebsilon model with zero extractions and a live steam by-pass
(Design By-pass).
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B. Ebsilon process models

Figure B.3: Base process Ebsilon model with one extractions (Design B).

Figure B.4: Base process Ebsilon model with two extractions (Design C).

Figure B.5: Base process Ebsilon model with three extractions (Design D).
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B. Ebsilon process models

Figure B.6: Base process Ebsilon model with four extractions (Design E).
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B. Ebsilon process models

B.2 Ebsilon models integrated with CCS

Figure B.7: Ebsilon model with zero extractions (Design A) integrated with CCS.

Figure B.8: Ebsilon model with zero extractions and a live steam by-pass (Design
By-pass) integrated with CCS.
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B. Ebsilon process models

Figure B.9: Ebsilon model with one extraction (Design B) integrated with CCS.

Figure B.10: Ebsilon model with two extractions (Design C) integrated with CCS.
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B. Ebsilon process models

Figure B.11: Ebsilon model with three extractions (Design D) integrated with CCS.
For plants with live steam pressures below 40 bar.

Figure B.12: Ebsilon model with three extractions (Design D) integrated with CCS.
For plants with live steam pressure above 40 bar.
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B. Ebsilon process models

Figure B.13: Ebsilon model with three extractions (Design E) integrated with CCS.
For plants with live steam pressure below 45 bar.

Figure B.14: Ebsilon model with three extractions (Design E) integrated with CCS.
For plants with live steam pressure above 45 bar.
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B. Ebsilon process models

Figure B.15: Ebsilon model for HOB-mode integrated with CCS.
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