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Abstract
To combat climate change, renewable energy sources are preferred in energy systems.
Among these are wind and solar, which are characterised by low operational costs
and that their energy output depends on weather conditions. The implementation
of large amounts of non-dispatchable power generation, that are placed early in the
merit order, results in larger and more frequent variations in net power supply in the
energy system. This, consequently, leads to volatile electricity prices. For existing
power plants to operate profitably in such systems, they need to have flexible oper-
ating strategies to profit from high electricity prices. Furthermore, it is preferable
to avoid power production during hours with low electricity prices without having
to shut down the plant. In this study, a combined cycle gas turbine combined heat
and power (CCGT-CHP) plant located in Gothenburg, Sweden has been analysed in
order to find profitable operational strategies for scenarios of possible future energy
markets.

This study is performed in two steps. In the first, a detailed steady-state pro-
cess model is derived based on an analysis of historical process data and operating
patterns at the reference plant. In the second step, the process model was linearised
and implemented into an optimisation model to analyse the CCGT-CHP plant’s
profitability and operational strat egies in possible future energy systems. Linear
equations were derived for power and heat output, as well as fuel consumption, us-
ing factorial design and linear regression methods. The equations were validated
against process model outputs.

The study concludes that the profitability of flexibilisation measures is highly de-
pendent on the energy system in place. In general, an increased share of non-
dispatchable power sources increases the profitability of operating the plant with
full steam turbine bypass. This strategy further implies alternative strategies for
both gas turbine and supplementary firing operations. However, the optimisation
model without the possibility of steam turbine bypass, given historical power mar-
ket data, proposed a similar operation as the one used at the reference CCGT-CHP
plant during the reference year. Nonetheless, fuel taxation and future energy sys-
tems could give rise to the need for new operating strategies. If the fuel price is
increased, full steam turbine bypass is vital to operate in a profitable manner. That
is, operate the plant for heat production. However, for a changed electricity mix in
the system, the CCGT-CHP plant could have an important part in the electricity
system as well.
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1
Introduction

1.1 Background
The fact that the climate change measured in recent years comes from mankind’s
exploitation of natural resources is something recognised by nations worldwide [2].
What this climate change actually will result in is highly debated, but studies show
that actions need to be taken sooner rather than later to reduce the risk of the
catastrophic consequences it could have [2]. Greenhouse gas (GHG) emissions have
been identified as one main contributor to the climate change, and one sector that
emits large amounts every year is the energy sector [2]. In 2016, electricity and heat
generation were responsible for 42 % of the global GHG emissions [3]. In order to
reduce these, wind and solar energy can be used for power production purposes.
These do not emit GHG during operation, and are resources with potentially large
energy outputs [4, 5]. Additionally, seeing as wind and solar energy production
barely have any operational cost, they are added in the beginning of the wholesale
merit order market in which available energy is ranked based on their operational
cost [4]. That is, when there is a lot of wind in the system, the electricity price is
reduced and, therefore, the profitability of other power production technologies is
reduced [4, 5].

Wind and solar have variable power production and are associated with uncertain-
ties regarding power generation, wind more than solar [5]. From this, in contrast
to conventional energy production technologies, the output from variable energy
sources is difficult to control [4]. In order to successfully implement such energy
resources in the existing system, other plants must be able to respond to the result-
ing fluctuating net demand of power [4]. A combined cycle gas turbine (CCGT) in
a combined heat and power (CHP) context has, with its rather short ramp times,
potential for handling fluctuations in electricity net demand [6]. The exhaust from
the electricity producing gas turbine is used to drive a steam cycle which produces
additional electricity as well as heat in a succeeding steam turbine [7]. However,
the change in demand for heat and electricity are not always correlated to one an-
other. For example, when there is a lot of wind power in the system, it might not be
profitable to produce electricity in the CCGT-CHP since the operational cost might
exceed the electricity price [4, 6]. Nonetheless, the plant is still required to cover the
required heat demand. This further adds to the flexibility requirements for these
plants; they do not solely need to respond quickly to the fluctuating electricity net
demand, but also be able to supply the required heat [6, 8]. In climates found in
countries like Sweden, where low temperatures dominate during large parts of year,
district heating is an energy efficient way to achieve comfortable indoor climate
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1. Introduction

[9]. Therefore, many CHP plants in these geographical locations have heat as their
primary product [7]. In 2014, Sweden had an installed CHP capacity of 3700 MW
for district heating, and 1400 MW for industrial heat demands used in a variety of
industrial processes [10].

Variability is, however, not new in these systems, which have always had uncertain-
ties related to the demand-side [5]. This has been in place since the first customer
was connected to the grid, and there is therefore a lot of historical data and expe-
rience of this variability [5]. Furthermore, the variability on the demand-side can
be somewhat predicted based on weekday, time of year et cetera [4]. The current
system is, however, not designed to respond to variability and uncertainties on the
supply-side to the same extent [4, 11]. In order to understand how current heat and
power plants should operate in these changed systems, models and simulations of
plants are powerful tools which can be used to analyse how they can be operated and
designed to fit the new types of variability arisen from variable renewable resources
[11]. Furthermore, analysis of the plants’ revenue is an important aspect of how to
profitably operate in a system with volatile electricity prices.

1.2 Aim and Scope
The aim of this study is to evaluate operational strategies to maximise a CHP plant’s
revenue in future energy market scenarios. These strategies are compared to the cur-
rent operation of a reference CHP plant, and an analysis of additional flexibilisation
methods is conducted in order to optimise plant operation. By steady-state simula-
tions of a CCGT-CHP plant, and optimisation of operating parameters based on a
linearised model formulation, the optimised operating conditions are identified.

The results will ultimately be based on literature, historical reference process data,
and steady-state simulations. Therefore, aspects such as process dynamics, mainte-
nance, plant lifetime, and how the strategies would practically be implemented are
not part of this study. The focus lies on a plant level and how the CHP is to be
operated to maximise revenues, while still fulfilling the district heat demand. The
case study questions will be answered using steady-state process modelling, model
linearisation, and optimisation, as well as a literature study of additional flexibili-
sation methods. The overall project method is presented in Section 1.3.

The project’s aim is summarised in the following case study questions which are
analysed in this report.

• How can an industrial CCGT-CHP plant be modelled, linearised, and opti-
mised to maximise plant revenue?

• What are the optimal operational strategies for a CHP plant? How does the
current operation of the reference plant differ from these?

• How will future electricity markets, with volatile electricity prices, impact the
operational strategies of a CCGT-CHP plant?

• How will flexibilisation alternatives such as thermal storage and a direct con-
denser affect the operation of a CCGT-CHP plant?

2



1. Introduction

1.3 Overall Project Method
The project’s overall method is illustrated in Fig 1.1, where results from previous
parts are inputs to the succeeding ones. The figure shows how the different steps,
yellow boxes, lead to the overall aim of the project, green box.

Figure 1.1: General project method, yellow boxes, to find optimal operating strate-
gies, green box, for the reference CHP plant.

The basis for this study is hourly process data and production data from the ref-
erence plant. This data is analysed in Excel in order to identify which operating
strategies have been used during the reference year, 2016. These, as well as de-
tailed process data regarding the plant’s operating conditions, such as temperatures
and pressures, are used to develop steady-state process models, both design and
off-design, of the plant in the commercial software EBSILON®Professional. The de-
veloped process models are validated against historical process data to ensure their
accuracy. Thereafter, parameters which highly influence the plant’s power and heat
output, as well as fuel consumption, are to be identified. These are translated into
equations using the linearisation methods factorial design and linear regression. The
linear equations derived in Excel are to be validated against the process model to
evaluate their accuracy in predicting the process’ behaviour. Once the linearised
equations are validated, they are used to develop an optimisation model in the com-
mercial programming software GAMS, which is designed to maximise the plant’s
revenue. Simulations are conducted with the optimisation model in order to find

3



1. Introduction

profitable operating conditions, which are compared to historical plant operations.
Furthermore, simulations are run in order to analyse how possible future energy
markets affect the plant’s operations and revenue.

This report starts with two theory chapters; one analysing the systems in which
the plant operates, followed by one presenting a technical description of a CCGT-
CHP plant. In addition, the latter includes the identified historical operational
strategies at the reference plant. Thereafter, the report’s structure follows the work
flow presented in Fig 1.1, where each step is treated in its own chapter. Each chapter
includes a theory section, a method section, and the step’s results. The overall case
study results are presented and discussed in an individual chapter followed by the
conclusions drawn from the study.
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2
Power and Heat on a System Level
Since the studied reference plant is a heat and power plant, it operates on two
markets; the electricity market and the district heating market. To find profitable
operating strategies for the plant, the systems in which the plant operates are impor-
tant to evaluate. This chapter describes the electricity and district heating markets
on a system level.

2.1 Power Production
In the modern society of today, electricity is something taken for granted. When-
ever wished for, lamps are turned on instantly by just the push of a button [12]. All
advanced equipment and tools used in everyday life entirely rely on electricity in or-
der to function. Thus, electricity is a foundation for the modern society, which sets
requirement on an instant and fast responsive supply. The increasingly advanced so-
ciety and the electricity demand is expected to continue to grow and expand [12, 13,
ch.1]. Since electricity is an instant energy source, with limitations on acceptable
storage capabilities, a balance between supply and demand is essential. To achieve
this, demand-side management and response can be implemented as well as increas-
ing flexibility of individual plants [4, 5]. When more non-controllable low-cost power
sources enter the market, the need for flexible power production techniques increases
as one approach to meet this altered power system [5]. Flexibility of a power plant
relates to its ability to make fast responses to a fluctuating net demand to ensure a
reliable supply [4].

There are three parameters that characterise the flexibility of a thermal plant: min-
imum load, start-up time, and ramp rate [4]. The minimum load is the lowest net
power output from a plant at stable operating conditions [4]. It is desirable to have
a low minimum load as expensive start-ups can then be avoided [4]. However, part
load operation is usually related to decreased plant efficiencies and might require
the use of supplementary firing to be stable, further decreasing the efficiency [4].
To have a short start-up time increases the flexibility as the plant can react to a
demand-change more rapidly [4]. A fast start-up time is, however, related to an
increased thermal stress of the equipment which reduces its life time [4]. Lastly,
the ramp rate defines how fast a change in new power output during operation can
be obtained [4]. The configuration of a combined cycle gas turbine (CCGT) plant
enables a rather fast response to changes in the power market [14]. In order to fully
utilise the flexibility, the plant has to be well-designed, which in this context implies
a short start-up time, fast ramping capability and an efficient part load operation
[14]. Accurate forecast possibilities are further an important aspect in order to be

5



2. Power and Heat on a System Level

able to utilise a flexible configuration [14].

2.1.1 Electricity Markets in Sweden
The main sources for power production in Sweden during one year is shown in Fig
2.1. As illustrated in the figure, nuclear power stands for a large share of the power
production in Sweden, where hydro is used to regulate the supply. Nuclear and
hydro power stands for 80 % of Sweden’s power production, and about 10 % comes
from wind and CHP each [10]. Thermal power sources including CHP from industry,
district heating, conventional power, and gas turbines [10].

Figure 2.1: Electricity production mix in Sweden, March 2018-March 2019. The
black line represents the system load [15].

The electricity market in Sweden is a liberalised one, where the current price is based
on supply and demand in a day-ahead market. The utilisation of each technology,
and therefore electricity price, is dependent on the merit order of the available power
technologies [5]. The principle of merit order is illustrated in Fig 2.2. By ranking the
available power production technologies based on their variable cost, from smallest to
largest, the last unit to be used sets the electricity price [4]. That is, the technology
intersected with the demand-curve, black line in Fig 2.2.

6



2. Power and Heat on a System Level

Figure 2.2: Merit order with and without wind power in the electricity system.
The marginal electricity cost, P, is shown for both cases.

The variable cost of a plant is set by several factors, such as fuel price and emission
costs [4]. For example, since the operating cost of nuclear power is low and is not
associated with CO2-emissions, it is used as base load and is operated throughout
the year [4, 15]. Furthermore, wind and solar power production have marginal vari-
able cost related to them, why they are integrated at the beginning of the merit
order once available. This will consequently push other technologies further out in
the merit order [4, 5], illustrated by the orange line in Fig 2.2. The electricity price
when there is a small amount of wind power in the system, P1, is larger than for
periods with a large share of wind, P2. Furthermore, adding or increasing CO2 and
energy tax to the system will ultimately increase the operational cost for fossil fuel
plants, and push them further out in the merit order [5]. Thereby, times for prof-
itable operation of such plants are reduced significantly, which becomes apparent at
larger wind power penetration levels [5].

Wind and solar are variable power sources and do not react to a demand-side change,
as they are solely weather dependent. When increasing the share of these types of
technologies in the energy system, the need for flexibility from other power produc-
tion technologies increases [4]. A technology with flexibility is a CCGT-CHP plant.
In the merit order, gas turbines belong to the category of technologies which are
turned on last, making them operate at peak loads and as stand-by due to their rel-
atively high variable cost. In Sweden, when gas turbines are utilised in a combined
cycle, they have a higher prioritisation in order to also fulfil the heat demand [10].
CHP plants are, however, often operated in a heat-controlled mode, where the need
for district heating sets the plant load [4]. Therefore, their ability to respond to an
increased power demand is somewhat limited [4].
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2. Power and Heat on a System Level

2.2 District Heating System
District heating systems are found all over the world in regions with low tempera-
tures during a large part of the year, where the main user categories are buildings
and industries [16]. In a district heating system, heat is provided to the users in the
system, rather than each user produces its own heat, and it is distributed through
underground piping from a centralised heat production source [17]. In Scandinavian
countries, up to 90 % of the central city areas are supplied with district heat [9]. Due
to the development of building technologies, the need for district heat will decrease
once low-energy buildings are in place [18]. However, since the majority of existing
buildings will not be replaced by low-energy alternatives in the near future, district
heating will remain essential [18].

The use of district heating systems is often related to lower CO2-emissions than
when individual electric heating of buildings are used [18]. Furthermore, the central
idea of district heating systems is to reduce the amount of primary energy, which
is realised through a higher energy efficiency by utilising heat recovery [9]. The
design of a district heating system varies depending on the local and excess heat
resources, including CHP, waste-to-energy, and waste heat from industrial processes
[16]. Additionally, producing heat from a centralised CHP plant can make it easier
to produce heat from renewable resources compared to heat production in individual
residential buildings [17]. When operating a CHP plant, large amount of waste heat
from power generation is utilised, and fuel efficiencies over 90 % can be achieved
[17].

2.2.1 District Heat Market in Sweden
In the district heating system in Sweden, there are large seasonal load variation as
well as variations on a daily basis [19]. The seasonal variations are mainly a result
from varying outdoor temperature, whereas daily variations can be a result from
customer social behaviours [19]. One example is the consumption of hot water in
residential areas which varies during a day [19]. Due to these variations, there is
a need for flexibility in a district heating system, which in Sweden can be realised
by CCGT-CHP plants [20]. Waste heat from industrial plants and heat from waste
incineration are prioritised and utilised when available to reduce energy loss in a
cost efficiency manner [20].

Compared to the fluctuating electricity prices, the price for district heating does not
vary to the same extent. Many district heating companies, including the company
providing district heating at the location studied in this project, utilises seasonal
consumer pricing, with one price for winter, summer, and autumn/spring, respec-
tively [21, 22, 23].
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3
Combined Heat and Power Plant

Operation
In this chapter, technical descriptions of the plant’s units are included as well as
a study of a set of flexibilisation measures. This background is later used when
deriving process models of the plant. The chapter also includes an overview of
the reference plant’s setup together with findings from a data analysis of historical
operating data from the reference plant.

3.1 CCGT-CHP Technology
CCGT-CHP is a type of CHP production technology. In general, it consists of a
power producing gas turbine together with a heat recovery steam generator, HRSG,
and a steam turbine equipped with a condenser [24], see Fig 3.1 The gas turbine’s
exhaust gases are heat exchanged in the HRSG to produce high pressure and tem-
perature steam [24]. The steam enters a steam turbine where additional electricity
is produced, and it is thereafter condensed to produce heat to a heating system [24].

Figure 3.1: Schematics of a combined cycle CHP plant with a gas turbine, HRSG
equipped with supplementary firing (SF), steam turbine (ST), condenser (Cond), a
feed water tank (FWT), and a generator (G).
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3. Combined Heat and Power Plant Operation

The ratio between the produced power and heat, α, describes how much power is
produced at a given unit of heat [7]. See Eq 3.1, where P is the produced power
and Q the produced heat. α can be adjusted to meet the demand of each product,
and is therefore an essential operational parameter for CHP plants.

α = P

Q
(3.1)

Overall, a CCGT plant consists of two thermodynamic cycles; Joule-Brayton for the
gas turbines and a Rankine-cycle for the steam cycle [7, 24]. In the Joule-Brayton
cycle, air is compressed, heated in a combustion chamber, and expanded in a turbine
where electricity is generated. The exhaust gases leaving the turbine have a temper-
ature of approximately 450-650 ◦C, which implicates low efficiency if not utilised. To
increase plant efficiency, the exhaust heat is used in the HRSG, to further produce
both electricity and heat. If a larger plant output is required, supplementary firing
(SF in Fig 3.1) can be utilised to increase the temperature of the exhaust gases,
and, thereby, the plant output [24].

The units in a combined cycle gas turbine (CCGT) plant are described in detail
in the sections below.

3.1.1 Gas Turbine
The main objective for a gas turbine in a CHP plant is power production. Gas
turbines can utilise a wide range of fuels, from gas mixtures to crude oils [24]. How-
ever, burning unclean fuels, such as heavy oils, requires frequent maintenance and
often fuel pre-treatment to avoid corrosion and ash deposits, thus natural gas is a
common fuel used for gas turbines [24]. Additionally to fuel type, there are a wide
range of parameters that influence the output of the gas turbine and, consequently,
any connected cycles [14]. For example, ambient ingestion temperature, pressure
and humidity are parameters that, apart from gas turbine load, affect the exhaust
gas temperature and flow from the turbine [14].

For gas turbines in a combined cycle context, it is essential from an efficiency aspect
to maintain the live steam temperature [25]. It is thus desirable to maintain a high
exhaust gas temperature even if the power output is decreased. This is realised
by reducing the fuel supply and reducing the compressor air flow via variable inlet
guide vanes [25]. Equivalent part load behaviour can be achieved through reducing
the rotational speed, which enables electricity production at the grid’s frequency [25].

The gas turbine output will decrease the more it is operated due to degradation
of equipment [14]. Degradation mainly occurs by fouling and ageing, where the first
is recoverable whereas the second is a non-recoverable event and needs equipment re-
placement to realise full performance [14, 26]. Fouling, especially in the compressor,
arises from air ingested from the environment, where particles cause pressure drops
in the air intake system. The pressure drops will result in performance losses and
thereby reduce the output from the gas turbine [26]. This can partly be prevented
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by installing air filters in the air ingestion system and by frequent maintenance of
the equipment [14]. On the other hand, equipment cannot be recovered after ageing,
but the use of clean fuels is one proactive action that limits the ageing rate [26]. Af-
ter 8000 operating hours with a rather clean fuel, the output of a combined cycle is
reduced by 0.8-1.5 % due to the compressor’s ageing. Furthermore, turbine fouling,
which arises from the ashes formed in the combustion process, is not substantial
when burning a clean fuel such as natural gas [14, 26].

3.1.2 Heat Recovery Steam Generation
An HRSG utilises the heat in the gas turbine’s exhaust gases in order to produce
high pressure and high temperature steam [24]. If the steam is to be used in a steam
turbine, the turbine sets the requirements for pressure and temperature in the live
steam flow [24]. An HRSG usually consists of economisers for feed water preheating,
evaporators with a steam drum and superheaters. These units are heat exchangers
with water/steam inside the tubes, and counter-currently flowing flue gases on the
tube outside [14]. As the heat transfer is lower for the exhaust gases, finned tubes
are usually installed to increase the heat transfer area. The exact HRSG design
differs depending on the plant’s applications and requirements [24].

For a given set of steam properties and demand from the steam turbine, there
are efficiency losses associated with large flue gas temperature and flow [14]. On the
other hand, with large flue gas flow and temperatures, the possibility of producing
high quality steam is increased, which can be realised using supplementary firing
[24]. The minimal temperature difference between the two streams is called the
pinch point, which, with an energy optimisation approach, should be small in order
to produce as much steam as possible [14, 24]. By optimising the HRSG design
and flue gas flow, exergy and energy losses can be minimised [24]. As the HRSG
is the link between the gas turbine and the steam turbine, it has to adapt to load
variations and the short start-up times of the gas turbine. This sets requirements
of the HRSG design, which must be available and reliable [14].

During part load operation, there is a risk of steam production in the feed wa-
ter economiser which reduces the HRSG performance [14]. In order to avoid this,
the economiser is designed to produce sub-cooled water at the outlet [14]. To further
reduce the risk of evaporation in the economiser, a valve can be installed downstream
[14]. This enables feed water preheating at higher pressures, where the tempera-
ture of evaporation is higher compared to the evaporator. Thereby, the feed water
heating is realised without evaporation, and the stream is throttled to the desired
pressure before entering the evaporator.

3.1.3 Steam Cycle
A steam cycle operates according to the thermodynamics of a Rankine cycle [12,
Ch.4]. Depending on plant application, different steam turbine configurations are
suitable. For a plant with heat as its primary product, a back-pressure turbine is
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appropriate, whereas a condensing turbine is preferable for electricity production
purposes [24]. The pressure out of the last turbine stage, the back pressure, is re-
stricted by the temperature of the cooling medium [27]. When producing district
heating water (DHW) with the turbine outlet steam, the target temperature of the
DHW determines the back pressure [27, 28]. In this application, it is favourable to
utilise two condenser and realise the final temperature increment of the DHW with
a steam extraction [27, 28].

By increasing the temperature in multiple condensers, exergy losses are reduced
since more energy can be produced in the turbine, generating more valuable work
compared to heat [28]. Both the return and the supply temperature of the DHW
will impact the performance of the steam cycle. Lower return temperature implies a
lower condensing pressure in the first condenser and thereby an increased electricity
production [28]. For a higher supply temperature, the condensing pressure in the
second condenser increases, which in turn drives more steam through the last tur-
bine stage and, thereby, through the first condenser [28]. Therefore, pressure control
of the steam turbine outlets is vital to ensure the required supply temperature [27].

3.1.4 Control Strategies
In a heat and power production plant, control structure and strategies play a crucial
part during operation. Two vital control strategies in a CCGT-CHP plant are
described below.

3.1.4.1 Live Steam Pressure Control

In a CCGT-CHP plant, the live steam pressure is the pressure of steam leaving
the last superheater in the HRSG. The steam is to enter the steam turbine, and
the turbine inlet pressure can be controlled by valve throttling or the use of sliding
pressure [29]. When operating in sliding pressure mode, the pressure in the HRSG
is controlled by the steam turbine to be approximately the same as the turbine inlet
pressure. The turbine inlet control valve is constantly kept fully open, even when
the steam mass flow varies. A central concept in sliding pressure control is the steam
turbine’s swallowing capacity, which is determined by the turbine’s geometry [29].
The aim is to satisfy the swallowing capacity by keeping the volumetric flow through
the turbine constant, regardless of the steam mass flow. In a CCGT-CHP, the mass
flow of steam varies depending on the gas turbine load. The fixed volumetric flow is
realised by controlling the steam pressure to be reduced when reducing gas turbine
load [14]. Otherwise, at part load operation of the gas turbine, the steam generation
would decrease if the nominal pressure was to be maintained. By controlling the
pressure to fulfil the swallowing capacity, the steam production will increase due to
the decreased pressure [29].

One alternative to sliding pressure operation is the use of valve throttling [29]. With
this method, the swallowing capacity of the steam turbine is achieved by a control
valve before the turbine inlet [29]. The valve is controlled to throttle the steam
flow to ensure a relatively constant volumetric flow to the turbine [29]. That is, the
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steam turbine does not determine the HRSG-pressure, which instead is set mainly
by the gas turbine load. For part load operation, the live steam pressure is held
constant but since the mass flow is decreased, the steam is throttled before entering
the turbine to ensure the nominal volumetric flow [29]. This, in turn, generates a
smaller enthalpy drop over the steam turbine and thus a lower efficiency compared
to the utilisation of sliding pressure [29]

In contrast to valve throttling, sliding pressure has a higher heat recovery in the
HRSG, produces more steam and eliminates both throttling and efficiency losses in
the steam turbine control valve. This, altogether, increases the efficiency and power
output of the combined cycle [29]. However, sliding pressure is associated with high
HRSG pressure drops and a complex operation of the HRSG due to the intercon-
nections with the steam turbine [29]. Nonetheless, using sliding pressure is generally
more favourable from an economical perspective compared to valve throttling since
the thermal efficiency can be maintained even at part loads [14, 29].

3.1.4.2 Live Steam Temperature Control

In a CCGT-CHP, the high temperature exhaust gas is used to produce high tem-
perature steam. However, if the temperature of the steam is not controlled, there
is a risk of damage on the superheater’s tubes [14]. To avoid this, the superheating
part of the HRSG can be divided into sections with feed water injections, called
an attemperator system [14], see Fig 3.2. The injection of high-pressure feed water
ensures that the steam temperature does not exceed material limitations. Injections
are made after each superheater to cool the steam to the acceptable temperature
[14].

Figure 3.2: Schematic set-up for superheaters equipped with an attemperator
system.
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3.2 Flexibility Measures of a CCGT-CHP Plant
Since a CHP plant produces both heat and power, and the demand for these can
vary independently, product flexibility is vital to meet the respective demands [4]. In
addition to varying the power-to-heat ratio, some additional flexibilisation measures
for CHP plants are presented in the following sections.

3.2.1 Thermal Storage
In a CHP plant, heat is usually the output that controls the plant operation, which
thereby limits the opportunities for balancing power demand [4]. This partly dis-
ables operational strategies based on electricity prices, which would be favourable in
a power system with large penetration of renewable power production [4]. A large
renewable power generation, and the inability to reduce the CHP plant’s power pro-
duction due to a heat demand, lead to a nearly inevitable curtailment of renewable
energy [30]. However, as thermal heat storage makes it easier for CHP plants to
adapt to demands from both heat and power markets, it facilities a strategical in-
corporation of both high renewable energy production and CHP plants [30].

By implementing a thermal storage tank to a CHP plant, the heat and power
production can partly be decoupled and thereby increase the plant’s operational
flexibility [4]. The use of a thermal storage tank increases the income due to the
possibility of producing electricity during spot price hours and avoiding generation
during low price hours [31]. The decoupling is realised by the ability to store surplus
heat produced during periods with high electricity prices and low heat demands [4].
On the contrary, when the penetration of renewable power is large, i.e. electricity
price is low, a thermal storage discharge can be used to fulfil the heat demand.
Thereby, having no or very low plant generation at unprofitable operating hours [4].
Thus, the incorporation of a storage tank enables large penetration of renewables,
i.e. less curtailment, while fulfilling the heat demand. By discharging the heat dur-
ing demand peaks, it is further possible to avoid starting expensive back-up heat
generating plants [31].

3.2.2 Operational Strategies
Flexibility of a CCGT-CHP can be realised through equipment installations such
as duct burners for supplementary firing but also via the configuration of the plant.
Having several gas turbines with individual HRSG lines producing steam to a single
steam turbine will enhance the flexibility of the plant [7, 14]. The load can be bal-
anced over several gas turbines and gives the possibility of operation across a wider
load range [32]. It further decreases the demand response time of the plant, due to
the increased ramping rate that can be achieved [32]. Since all gas turbines ramp
up in parallel, full plant load can be obtained relatively quickly compared to having
one large gas turbine ramping up [33]. Several gas turbines in parallel will also
increase the plant’s part load performance [7]. However, as part load is associated
with lower efficiencies, it is often preferable to have several small gas turbines oper-
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ating at their full loads, rather than one large mainly operated at part loads [7, 32].
That is, utilising the fact that equipment efficiency is highest at nominal loads. An
increased part load performance will in turn reduce the operational expenses since
the heat and power output per unit of fuel is increased [14, 32].

Several gas turbines in parallel enables maintenance without shutting down the
whole plant, thereby avoiding revenue losses [32]. With this configuration, sequen-
tial maintenance can be performed and still ensure fulfilled power and heat demands
[32]. However, frequent start-ups and ramping causes thermal stress to the equip-
ment which in turn requires maintenance [4, 32]. This will increase the operational
costs of the plant, but these are compensated for in the ability of sequential main-
tenance where total power station outage is avoided [32].

For CHP plants, the power-to-heat ratio further realises operational flexibility. In
cases where large amounts of electricity are required, the power-to-heat ratio is in-
creased as much as possible by expanding the steam in the steam turbine [7]. When
heat is the main product, the steam can either be extracted at a high pressure,
corresponding to a high temperature, or even bypass the steam turbine to directly
condense and exchange heat with the heating system, i.e. producing less power and
more heat [7]. In addition, having bypassing over the different pressure levels in the
steam turbine can further increase the plant’s operational flexibility as altering over
a wider range of α-values is enabled [34].

3.2.3 Supplementary Firing
The exhaust temperature from the gas turbine limits the steam production and
thereby the plant’s heat and power production [12]. To be able to increase these
outputs, supplementary firing, realised through duct burners, can be utilised before
the HRSG to increase the flue gas temperature [14]. Additional fuel, usually natural
gas, is supplied in the burners and since the turbine exhaust gases contain, at least,
50 % air, no combustion air is required [12, 35]. However, the maximum firing po-
tential in the duct burner is limited by the amount of oxygen in the exhaust gases
[14].

Since the plant’s fuel consumption is increased, the utilisation of supplementary
firing usually lowers the plant efficiency [12, 14]. Nonetheless, its operational flex-
ibility makes it suitable for cogeneration plants, since it enables individual control
of power and heat respectively [12, 14]. Supplementary firing might also lower the
pinch point, which can increase the steam production and thereby the power out-
put from the plant [14]. The result can thus be an efficiency increase despite the
increased fuel consumption [14].

3.3 Reference Plant Setup
The overall configuration of the reference CCGT-CHP plant is illustrated in Fig
3.3. It consists of three parallel SGT-800 gas turbines, with individual HRSGs.
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Each HRSG contains three superheaters (SH1-SH3), an evaporator (EVAP), a feed
water economiser (ECO), and a district heat economiser (DH ECO). The steam
generated in the HRSGs is mixed before entering the steam turbine. The plant is
equipped with two condensers (COND 1 and COND 2), which heat the DHW. It
is also equipped with a direct condenser (DC) to be used for steam turbine bypass.
From the condensers, the feed water enters a feed water tank, which provides the
HRSG with subcooled feed water.

Figure 3.3: Schematics of the reference process with three gas turbines, HRSG
equipped with supplementary firing, steam turbine, a direct condenser (DC), and
two condensers (COND 1 and COND 2). Each HRSG consists of three superheaters
(SH1-SH3), an evaporator (EVAP), a feed water economiser (ECO) and a district
heat economiser (DH ECO). The live steam temperature control is realised with
feed water injection before SH1 and SH2, which is illustrated in the figure with dark
blue arrows.

The reference plant has the possibility of operating with sliding pressure, but it
generally utilises valve throttling as pressure control strategy. Furthermore, live
steam temperature control is applied, which is illustrated with the dark blue arrows
before SH1 and SH2 in Figure 3.3.
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3.3.1 Data Analysis - Identified Historical Operations
During 2016, the reference plant was in operation during the period January-April
and November-December.

By studying the reference plant’s historical operating data from 2016, it can be
seen that the gas turbines were operated either at full, half or no load. This is
illustrated in Fig 3.4, which shows the gas turbines’ power output from January to
the middle of April. The same trend applies for the period November-December.

Figure 3.4: Reference plant’s gas turbine power output during January-April 2016.

It was identified that when the plant is in operation, the gas turbines are operated
at full loads, above 85 %, more than 87 % of the time. Full gas turbine power output
varies depending on ambient temperature, thus loads above 85 % were considered as
full gas turbine operation. The remaining 13 % was operated at part loads, 40-60 %.

The overall trends in the reference plant data show the following operational strat-
egy when going from no to full gas turbine load, also presented in Fig 3.5. First, one
gas turbine is operated at part load. To increase the output, a second gas turbine
is turned on and operated in part load. To further increase the output, one of the
operated gas turbines is ramped up to full load, followed by the second gas turbine
previously operated at part load. In order to additionally increase the output, the
third gas turbine is turned on and operated at part load, which then can be increased
to full load. In general, it is first when all three gas turbines are operated at full
load that supplementary firing is utilised if an increased plant output is required.
Thus, the strategy utilised at the reference plant enables flexible operations.
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Figure 3.5: Operational strategy from zero to full gas turbines output.

The historical data from the reference plant reveals that when supplementary firing
is used for one gas turbine line, it is used for all gas turbines operated at that time.
This is illustrated in Fig 3.6, where the use of supplementary firing in January 2016
is plotted. The figure shows that the three supplementary firing combustors are
always operated simultaneously with the same load. Furthermore, 98 % of the time
that supplementary firing was utilised, all three gas turbines were operated.

Figure 3.6: Historical operating trends for supplementary firing in the three HRSG
lines.

That supplementary firing is only used for gas turbines running at full load can be
shown by sorting the historical data based on gas turbine load, and analyse the use of
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supplementary firing at each point. This is illustrated in Fig 3.7. The dots represent
the load of supplementary firing, and the duration curve for gas turbine output is
shown. For gas turbine loads below full load, i.e. 40 MW, the supplementary firing
loads are constantly zero.

Figure 3.7: Duration curve for gas turbine operation with supplementary firing
load. The dots correspond to supplementary firing load and the red line size ordered
loads for one gas turbine.

The historical data further revealed that the plant operates with only two lines for
about 10 % of the year, and operation with only one gas turbine occurred less than
1 % of the year.
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4
Process Modelling

To find optimal operating strategies for the reference CCGT-CHP plant, process
models of the plant were created to analyse how the plant operates. This chapter
starts with a theoretical background to modelling considerations, followed by the
modelling methods used in this study as well as the resulting process models.

4.1 Theory - Modelling Considerations
Process modelling is widely used today for a variety of systems. Its main advantages
are realised for systems which are complex and costly to analyse in other ways, such
as a CHP plant [36]. For steady-state process modelling of a CHP plant, there are
two general types of model simulations; design and off-design. Design simulations,
carried out with nominal data, solves heat- and mass balances over the plant and
further calculates the physical properties of the equipment units. These calculations
are usually done for full plant capacity. In off-design simulations, the physical prop-
erties, such as heat transfer areas, are maintained from the design model [14, 27].
Input parameters such as plant load, ambient temperature and pressure, cooling wa-
ter temperature and fuel quality are varied to study process outputs such as power
and heat production [14, 27].

Seeing as CCGT plants should be able to operate at part load, it is of impor-
tance to be able to accurately describe the plant’s part load behaviour [37]. This
can be enabled with a process model, which further can be used for process optimi-
sation purposes over a wide load range [24]. As a CCGT plant consists of several
units, the process model can become complex since all units require an individual
off-design model [37]. When describing the off-design behaviour of an HRSG, the ob-
jective is usually to predict the heat transfer coefficient of the heat exchangers [37].
Ganapathy [38] proposes a method which uses gas turbine off-design parameters,
e.g. gas turbine exit temperature and mass flow, together with HRSG’s thermody-
namic design parameters to approximate the overall heat transfer coefficient [37, 38].

The gas turbine off-design performance can be estimated using several approaches.
In highly accurate models, the gas turbine’s components are treated separately. The
compressor can be described according to a method suggested by Kim et al [37, 39],
and the turbine’s off-design performance can be predicted with the Stodola equa-
tion, Eq 4.1. This equation stems from an empirical correlation called Law of the
Ellipse, developed by Professor Stodola [40].

ṁ = Ct · pin

Tin

√
1 −

(
pin

pout

)2
(4.1)
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pin and pout represent the inlet and outlet pressures over the turbine stage, Tin the
inlet temperature and Ct is the Stodola turbine constant [40]. Apart from describing
a gas turbine, the Stodola equation is also applicable for steam turbines, where the
mass flow of steam, ṁ, is the amount generated in the HRSG for CHP applications
[37, 40]. The Stodola equation can, therefore, be used to correlate the turbine inlet
mass flow to off-design conditions.

Off-design performance of a gas turbine unit can also be predicted utilising the nom-
inal point of operation, usually provided by the manufacturer [24]. A simple, yet
applicable model, which uses physical laws for describing and relating the off-design
operation of a gas turbine to the nominal point, is presented below [24]. Starting
with the ideal gas law, and rewriting it for mass flow, a relationship between the
mass flows at design and off-design is obtained [24]. See Eq 4.2

ṁ

ṁdesign

= pTdesignAc

pdesignTAc,design

(4.2)

where p and T are ambient pressure and temperature, Ac crossectional flow area, and
ṁ the mass flow rate. From Eq 4.2, it can, for example, be seen that an increased
ambient temperature decreases the mass flow in the gas turbine. Since the gas
turbine power output is directly proportional to the mass flow, the power output
decreases as the ambient temperature increases [24]. For geographical locations with
varying outdoor temperatures, this parameter is of high importance. Note that
applying this method involves several assumptions, such as a constant gas turbine
efficiency, same deviations from ideal gas law at all loads, and a generator operated
with constant speed [24].

4.2 Method - Model Development
The reference plant was modelled in the software EBSILON®Professional, which
is a tool that can be used to simulate thermodynamic cycles such as CCGT-CHP
plants [41]. The software enables simulation and design for retro-fitting and/or op-
timisation of plants using heat- and mass balances over components visualised in
the program [41]. The purpose of the derived process model was to represent the
reference plant, which was ensured by creating a design model based on operational
data received from the plant owner.

The reference plant has three HRSG lines, but in order to analyse a wider set
of operations, scenarios when only one or two lines are used are interesting to sim-
ulate. However, there are numerical challenges when having inputs of zero, thus
variations of the original model were derived. The components used in these are
exact copies of the original model, and behave in the same manner. Furthermore, to
accurately describe the different operational strategies, off-design sub-models with
and without supplementary firing as well as part load models were created. In total,
six off-design models were derived from the design model, see Tab 4.2 in Section
4.3. In addition, the models with one or two HRSG line were designed with the
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same off-design scenarios. Descriptions of the how the parts of the CCGT-CHP
were modelled are presented in the following sections.

4.2.1 Gas Turbine
To model the gas turbines used in the reference plant, their characteristic curves
at nominal and part load operating points were retrieved from the manufacturer.
The specification correlates the ambient temperature and gas turbine load to a set
of parameters, see Tab 4.1. The loads implemented in the model were chosen based
on available information in the retrieved manufacturer data. In order to select
appropriate ambient temperatures to incorporate in the model, the temperatures
during plant operation were studied. Most operating hours occurred for ambient
temperatures between -15 - 9 ◦C. However, to account for extreme values, a larger
temperature interval, -15 - 20 ◦C, was incorporated in the gas turbine model.

Table 4.1: Parameters for gas turbine characteristics implemented in the process
model. Note that the characteristic values without numbers are retrieved from
manufacturer data.

Parameter Characteristic values
Ambient temperature Tamb -15, -5, 0, 5, 10 ,20
Gas turbine loads LGT 100, 80, 60, 30
Exhaust gas temperature Texhaust -
Exhaust mass flow ṁexhaust -
Fuel mass flow ṁfuel -
Water injection ṁwater -
Power generation Pel -

Data from the specification were implemented in a black box model, representing
the gas turbine. The model utilises correlations between the parameters in Tab 4.1
and ambient temperature to create linear curves for different gas turbine loads. The
reference plant’s gas turbines have dry low emission operation, thus ṁwater was zero
for all temperatures and loads in the gas turbine model.

When the model exhaust gas flow was compared to plant data, it was observed
to be around 10 % lower. This underestimation lead to deviations in the succeed-
ing model for HRSG and steam cycle. Therefore, the characteristic curves were
increased by 10 % while maintaining the slope of the curves. A possible explanation
for this deviation is that manufacturer specifications are valid for a new gas turbine,
and thus not fully accurate for the gas turbines at the reference plant, which have
been in operation for several years. This correction was only implemented for gas
turbine loads above 60 %, since the part load operation did not show the same de-
viation.

For gas turbine load reduction, the reference plant reduces the fuel and ingested
air flow. This operational strategy was implemented in the model characteristics
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using manufacturer specifications at part loads. Furthermore, the reduced efficien-
cies occurring at part load operations were incorporated in the characteristic curves.

The fuel used in the model, and in the reference plant, was natural gas. According
to plant data, its lower heating value should not be lower than 40 MJ/kg. The data
from the gas turbine manufacturer was based on a heating value of 47 MJ/kg. Since
the design of the gas turbine is mainly based on manufacturer data, a heating value
of 47 MJ/kg was chosen as input for the fuel’s heating value.

4.2.2 HRSG
The HRSG was modelled as shown in Fig 4.1. Based on the reference plant, it has a
supplementary firing combustor (SF), three superheaters (SH1-SH3), one evaporator
(EVAP), a feed water economiser (ECO) and a district heating economiser (DH
ECO). The temperature after the first and second superheaters are set using live
steam temperature controllers, see purple boxes in Fig 4.1.

Figure 4.1: Illustration of the HRSG EBSILON®Professional model with a sup-
plementary firing combustor (SF), three super heaters (SH1-SH3), one evaporator
(EVAP), one feed water economiser (ECO) and a district heat economiser (DH
ECO). The white squares are used in the model as input components, and do not
correspond to process units.

The actual temperature of the exhaust gases after supplementary firing was not
known due to lack of temperature measuring units at the reference plant. The
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nominal temperature in the model was approximated to 940 ◦C based on energy
balance including gas turbine load and fuel consumption for supplementary firing.
The validity of this value was verified by a reference plant engineer. For off-design
simulations, the amount of supplementary firing is entered as a boundary condition
and regulated based on the desired heat and power output from the plant.

The superheaters are designed based on reference plant operating data. Their sizes
were determined by the upper terminal temperature difference at nominal load,
which is the temperature difference between incoming flue gases and outgoing steam.
All steam temperatures were given in the operating data, but there was no tempera-
ture information for the flue gases. By modelling one superheater at a time, starting
with SH1, the intermediate flue gas temperatures were obtained from energy bal-
ances over the component. From these, the upper terminal temperature differences
could be calculated. From this design model, the sizes of the superheaters were
determined and fixed for off-design simulations.

The attemperator system was designed using information on steam temperatures
after feed water injection. The feed water flow in the design model was adjusted
until the operating temperature of the steam and water mixture was obtained. For
off-design calculations, a controller was used to control the water injection in order
to ensure that the target temperature was not exceeded. The target temperature
was different for the different plant load cases.

After the superheater section, the flue gases enter the evaporator, see Fig 4.1. In the
model, the evaporator determines the mass flow in the steam cycle. From the mass
flow, the pressure in the HRSG is determined, where a large mass flow correlates
to a high pressure. At the steam turbine inlet, the steam is throttled to the corre-
sponding swallowing capacity at the given mass flow. That is, the HRSG pressure
is independent of the steam turbine, which utilises a valve throttling control strat-
egy. The heat transfer area of the model’s evaporator was approximated based on
manufacturer drawings, see calculation approach in Appendix A. Furthermore, for
off-design operation, the flue gas flow and temperatures are lower. To avoid pinch
point violations, the evaporator temperature is decreased by reducing its pressure
level. This is implemented in the model by having different evaporator pressures in
the off-design models.

The flue gases’ last heat exchange in the HRSG is the feed water economiser, which
preheats high pressurised water. The exit water temperature from the economiser
is modelled by inserting an approach temperature in the evaporator specifications.
The approach temperature is the difference between saturation temperature and
economiser outlet temperature.

The HRSG is equipped with a district heating economiser. In the reference plant,
the district heating economiser consists of a closed water loop that heat exchanges
with the flue gases, and then with a sub-stream of DHW. For modelling simplicity,
the district heating economiser is resembled with a direct heat exchange with flue
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gases and the DHW. This will, however, result in a larger heat exchange compared
to the reference plant, why a higher stack temperature is used in the model as a
correcting action. The model is equipped with a controller for the economiser. The
aim of the controller is to manipulate the DHW mass flow in order to achieve a tar-
get temperature of the DHW, which varies depending on plant operation. Historical
operating data revealed that the DH economiser load increased with a reduced plant
and supplementary firing load. That is, the economiser does not fulfil its full load
in the design case. To correct this, the heat transfer area was increased until the
maximum load identified in the historical data was reached. Furthermore, having
the flue gas stream directly entering the DH economiser in the model resulted in
the economiser impacting the previous heat exchangers. To ensure that the DH
economisers only uses the excess heat, and not affecting other units in the model,
the flue gas stream was split after exiting the feed water economiser. The flue gas
stream entering the DH economiser has the same thermodynamic state and mass
flow as the one exiting the feed water economiser, which is ensured by setting a
"input value" specifier accessing the values from the flue gas stream exiting the feed
water economiser.

The heat exchangers’ off-design performance in a CCGT-CHP is directly related
to the heat transfer area and heat transfer coefficient. The nominal point of heat
exchanger operation is related to the gas turbine’s design point since the exhaust
gases from the gas turbine determines the steam production. With this, and the
corresponding design temperatures for the heat exchangers, the nominal point can
be found. For off-design predictions, the product of the heat exchanger area and the
heat transfer coefficient is kept constant, while other parameters such as tempera-
tures and mass flows vary.

4.2.3 Steam Cycle
The steam cycle was modelled as shown in Fig 4.2. It consists of a control valve,
two steam turbine (ST) stages with a generator, two condensers (C1 and C2) and
a feed water tank (FWT). The district heat consumption is modelled as well as the
extraction pressure control. The controller is the purple box in Fig 4.2.
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Figure 4.2: Modelled steam turbine (ST) and condensers (C1, C2) with a feed
water tank (FWT) and a district heat consumption unit (DHC). The district heating
water is the dashed green/blue streams, whereas the red is steam and the blue the
cycle’s water streams. The red, green and white squares are used in the model as
input components, and do not correspond to process units.

After the steam streams from the different HRSG lines have been mixed, they enter
the valve leading to the first turbine stage. The pressure after the valve is calculated
in the first turbine unit according to the Stodola equation, Eq 4.1. As the mass flow
of steam to the turbine is determined by the evaporators, and the outlet pressure
by a controller, Stodola is solved for pin, which alters the inlet turbine pressure
depending on the mass flow of steam. This strategy corresponds to valve throttling
pressure control, where the control valve opening is altered.

The steam turbine was modelled as two turbine sections; one for the extraction
stage and one for the outlet. Due to lack of steam turbine specifications, the isen-
tropic efficiency of each turbine unit was set to the software default of 88 %.

The extracted steam is condensed in a heat exchanger (C2) where it heats up the
DHW. The extraction pressure, and thereby the temperature, was set by a controller
to ensure that the exiting DHW reaches the supply temperature at both design and
off-design operations. After condensation, the water is throttled down to the pres-
sure of the first condenser (C1) before entering the feed water tank.

The remaining steam, which is not extracted, enters the second turbine unit. The
design back-pressure was set to 0.5 bar according to process data. In off-design
modelling, the back pressure was determined based on the temperature of the DHW
entering C1. An upper terminal temperature difference of 4.33 ◦C between the steam
and DHW was to be achieved, thus the back pressure varied to ensure the required
steam temperature. Furthermore, in off-design, the temperature of the DHW after
C1 was set to be half the required temperature lift over both condensers. After the
condenser, the condensate enters the feed water tank, which is thereafter recycled
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back to the HRSG.

The DHW from the last condenser (C2) is mixed with the DHW from the dis-
trict heating economiser. Thereafter, the district heating load is modelled as a heat
consumer, where the exiting temperature is set to that of the return DHW.

Furthermore, the reference plant has a direct condenser which enables steam turbine
bypass. Instead of expanding the steam in the turbine, it is directly condensed to
produce heat. In order to include this opportunity in the models, an additional off-
design process model was derived. In this, the steam turbine in Fig 4.2 was replaced
with a condenser. However, historical data for this scenario was not available, thus
this model could not be validated nor adapted to actual operating conditions.

4.3 Results - Process Models
Six off-design models were created from the design model in order to represent
the historical operation of the reference plant. A black box model approach was
used where the model was adapted to operational process data, and details in unit
behaviour were not considered. The derived off-design models are presented in Tab
4.2, with their characteristics and given model names.

Table 4.2: Derived off-design models with their applicable boundary conditions.

Off-design model Model name Gas turbine load
[%]

Supplementary firing load
[MW]

3 gas turbines
Full load with supplementary firing A1 >85 >20

3 gas turbines
Full load without supplementary firing A2 >85 <20

3 gas turbines
Part load A3 30 - 60 0

2 gas turbines
Full load with supplementary firing B1 >85 >20

2 gas turbines
Full load without supplementary firing B2 >85 <20

2 gas turbines
Part load B3 30 - 60 0

The need for several off-design models comes from the varying operating conditions
at the different cases in Tab 4.2, which were chosen based on an analysis of historical
plant data. For example, the live steam temperature and pressure are significantly
higher in case A1 than A2. Thus, the developed process model consists of several
off-design models and is therefore applicable for a wide range of operating conditions.

A figure of the full design model, Fig A.1, is included in Appendix A together
with tables of inputs used and outputs analysed.
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Process Model Validation

To ensure that the derived process models represent the reference plant accurately,
they were validated. This chapter starts with a theoretical background to model
validation, followed by the method used in this study as well as the validation
results.

5.1 Theory - Aspects of Validation
After a model has been constructed, its performance needs to be validated and
analysed to see when it is applicable. The purpose of a validation is to compare the
model estimations with real process data to ensure the accuracy of the model [42].
A process model validation should be designed in accordance with the context in
which the process model exists [42]. Ideally, the model should re-generate the data
set under the same circumstances at which the actual data is retrieved. For certain
models, graphical and quantitative methods are sufficient whereas other require ex-
perimental methods using a pilot plant [42]. The validation process can be time-
and resource consuming if it involves large amount of data and boundary conditions
that are inserted in extensive models. Therefore, it is important to use a suitable
validation method in order to maximise the benefits from each simulation [42].

A model’s adequacy can be evaluated using residuals, i.e. the difference between
the real value and model value, as in Eq 5.1 [43].

ε = ymodel − yactual (5.1)

A residual analysis of an accurate model, which can be performed graphically, should
not show evidence of clear residual patterns and can further give an indication of
model inaccuracies [43]. From a residual analysis, biases can be identified which give
rise to obvious pattern of errors. Furthermore, relative magnitudes of individual
errors can be discovered [44]. One example is when extreme data points from the
reference case cannot be obtained by the model, or when the model produces outliers
[44]. The former mainly occurs due to failure in model derivation in which extreme
points have not been considered [44]. Outliers should preferably be investigated
further in order to improve model accuracy [43, 44].

5.2 Method - Validation of Process Models
The validation aimed at ensuring that the model produced results with the same
trends as the reference plant data. The context of the validation is therefore mainly
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trend identification, the model is not designed to exactly reproduce absolute values
found in the reference plant data.

In the comparison, the off-design model that could best describe each operating
hour was used, and the model was provided with the same inputs as the historical
data point. Tab 5.1 shows the model inputs altered for each simulation run.

Table 5.1: Boundary conditions varied during process models’ validation where
the plant’s outputs power and heat are compared.

Boundary conditions
Gas turbine load
Ambient temperature
DHW supply temperature
DHW return temperature
Supplementary firing fuel input

The validation aims at ensuring that the process models behaves as the reference
plant does during the most reoccurring operational cases. These operations need
to be identified from the historical data, which has an hourly time resolution, i.e
8760 data points. Furthermore, the data is non-cyclic, i.e. there is a significant,
non-repetitive variation in the data set, and it is in a context where external factors
influence the plant operation. Therefore, it is vital to sustain and include these
characteristics when analysing and using the data [45]. In order to account for the
characteristics in the reference plant data, parts from the method of characteris-
tic operating pattern (CHOP) [45] were applied. In contrast to sort the data in
chronological order, this method allows sorting on other parameters. The data set
is reduced to a number of scenarios containing similar operating points while sus-
taining the characteristics of plant operation [45]. For example, data points where
all three gas turbines were turned-off has been removed from the data set. Gas
turbine load, as well as ambient temperature and supplementary firing loads, have
been used as sorting parameters for the remaining data set as they highly influ-
ence the plant performance. Scenarios of different combinations of these parameters
have been formulated to simplify the validation. Furthermore, the operating hours
analysed were all steady-state points at which the plant had operated at the cur-
rent capacity for at least 4 hours. That is, transient data points were not considered.

One of the two quantitative validation measures used was analysis of the percentage
conformity, γ, as in Eq 5.2, which was calculated by dividing the historical power
or heat output with corresponding model output.

γ = yactual

ymodel

(5.2)

Additionally, a residual analysis was performed according to Eq 5.1.

By studying the temperature profiles for the temperatures, in Tab 5.1, strong cor-
relations were observed. When the ambient temperature increased, the supply and
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return temperature of the DHW decreased accordingly. Therefore, it was considered
enough to include only one of these parameters when performing the residual anal-
ysis. The significant impact of ambient temperature on gas turbine power output,
see Eq 4.2, together with the varying climate in Gothenburg, ambient temperature
was chosen as the temperature boundary condition to include.

5.3 Results - Process Models’ Validity
During the validation of the process models, it was identified that the plant’s power
output was constantly overpredicted by approximately 10 MW. The overprediction
can be due to several reasons. Firstly, the model represents a new plant, without
degradation and aged equipment, which hardly is the case in the reference plant
which has been in operation for several years. If the reference plant has had the
same annual full load hours from plant start-up until 2016, the plant output is
approximately reduced by 7 % only due to gas turbine ageing and degradation, ac-
cording to the discussion in Section 3.1.1. Secondly, the measuring point of power
output in the reference plant data is unknown. Whether the measured power is shaft
power, generator power, or grid power can contribute to a deviation in simulation
results. Due to the overprediction, the complete model consists of the one created
in the simulation software with the addition of subtracting 10 MW from its power
production.

In Fig 5.1, the heat and power outputs from models with three gas turbines, A1-A3,
are graphically compared to historical data points with the same operating con-
ditions. The black x-axes in the figures indicate the ambient temperature for the
overlying data points, which are not in chronological order but sorted based on am-
bient temperature. The temperatures used in each model validation are based on
availability of historical data. Note that the figures do not contain all data points
used in the validation procedure. The corresponding validation figures for operation
with two gas turbines, B1-B3, are presented in Appendix B.
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(a)

(b)

Figure 5.1: Three off-design models’ a) heat and b) power output compared to
historical data for the same operating conditions. Data points sorted based on
ambient temperature, as shown by the black lines. Model names according to Tab
4.2.

From Fig 5.1, the models were considered to reproduce the trends in the historical
data in a satisfactory manner for both heat and power. Furthermore, as the model
and historical data lines often overlap, the model values are generally similar to the
historical ones. This is further analysed in the residual analyses graphically shown
in Fig 5.2 for models A1-A3. The residual analyses for models B1-B3 are included
in Appendix B.
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(a)

(b)

Figure 5.2: Graph for three off-design models’ a) heat and b) power output resid-
uals with different y-axis scales. Model names according Tab 4.2.

From Fig 5.2 a), it can be seen that there is a difference in the residual analyses
for the three process models, A1-A3. The validation of each model has been per-
formed for available ambient temperature for each operating setup, why only A1
has been validated for temperatures below −5 ◦C. Furthermore, the heat residuals
for A1 show a widening trend where the model mainly overpredicts the heat output.
This is likely a result from the DHW economisers, which were more accurate at low
temperatures. However, seeing as A1 represents full plant capacity, the size of the
residuals is not alarming as the percentage conformity is not linear to the magnitude
of the deviation. In contrast, neither A2 nor A3 have a clear residual trend. Fur-
thermore, they are most accurate around their design ambient temperature 0-4 ◦C.
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In contrast to the heat output, where the model both under- and overestimated,
the plant power output is mainly overpredicted, see Fig 5.2 b). Note, however, the
different y-axis scales in Fig a) and b), which is smaller for b). As for heat, A1 is
the model with the largest deviation in power output, where the deviation decreases
with an increased ambient temperature. Ambient temperature highly influences the
power output from the gas turbines, where low temperatures are correlated to an
increased output. This correlation might be stronger in the model than in the his-
torical data, why also the power output for A2 and A3 are mainly overpredicted by
the model.

As the context of the validation was trend conformity, which was considered satis-
factory, the deviations shown in the residual analyses were considered acceptable.
In Tab 5.2, the average as well as maximum over- and underpredictions are pre-
sented for power and heat for the six off-design models. The table shows that the
average deviations for both heat and power were below 5 % for all models, which
was considered a tolerable deviation.

Table 5.2: Percentage conformity from historical data for power and heat output
for six off-design models.

Off-design
model

Power Heat
Average
deviation

[%]

Max.
under-

estimation
[%]

Max.
over-

estimation
[%]

Average
deviation

[%]

Max.
under-

estimation
[%]

Max.
over-

estimation
[%]

A1 2.67 0.5 6.9 2.3 3.4 6.8
A2 2.39 0.91 5.2 2.5 7.3 11.8
A3 2.1 6.2 9.1 2.1 20.2 8.8
B1 1.6 1.9 4.0 3.6 1.3 8.6
B2 0.2 3.1 5.0 4.5 5.3 12.8
B3 0.8 4.3 6.9 2.2 5.8 5.7

Furthermore, Tab 5.2 shows that A3 has the largest heat and power overpredictions.
However, these outliers did not affect the average deviation significantly as A3 has
the lowest average deviation for heat calculations. Therefore, this outlier was not
corrected.

Overall, the validation showed that the models could predict the plant performance
in a adequate way for the ambient temperature intervals analysed.
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Process Model Linearisation

To find optimal operating strategies for the reference CCGT-CHP plant, the process
models were linearised to a set of equations which mathematically describe the plant.
The formulated equations were then used in an optimisation model through which
optimal operating strategies are identified. This chapter starts with a theoretical
background to linearisation, followed by the method used in this project. Finally,
the resulting linear equations are presented and discussed.

6.1 Theory - Linearisation
Linearisation is a statistical tool to predict the behaviour of a non-linear system in
an operating region [43, 46]. It is used to describe the relationship between variables
and the resulting response with a mathematical equation [46]. A linearisation can
consist of two main parts where the first is to identify important parameters and
their extreme values and, secondly, to set up a mathematical formulation of the
studied system.

In systems where there are several factors affecting the output, factorial design
is useful [43, Ch.5]. The purpose of factorial design is to capture how the different
factors influence the system response [43, Ch.5]. This is done by including all com-
binations of factors at every factor level while studying how the response variable
change [43, Ch.5]. A common factorial design is the 2k method [43, Ch.6]. This
consists of two qualitative levels for each of the k quantitative factors [43, Ch.6].
The levels are often chosen as high and low, and the factors can be any quantita-
tive measure such as temperature, pressure, or power [43, Ch.6]. To perform a 2k

factorial design, 2k observations are required [43, Ch.6].

For a response variable, y, which is related to k regressor variables, x1, x2,...,xk,
a general mathematical formulation for a linear regression model can be formulated
as in Eq 6.1 [43, Ch.10].

y = β0 + β1x1 + β2x2 + ...+ βkxk + ε (6.1)

The parameters βi are regressor coefficients that represent the change in response
per unit of change in the corresponding factor, xi, and ε is an error term [43, Ch.10].
This formulation creates an operating region of k-dimensions with β0 as the plane
interception with the response axis [43, Ch.10]. In some systems, the interaction
between parameters is vital to include to accurately describe the system. In these
cases, an interaction term, xixj, is included in Eq 6.1 [43, Ch.6].
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In a 22 factorial design, values for βi are estimated by assigning x1 and x2 with
levels of low (-) and high (+). These are combined and altered one at a time in
order to receive information of the combination of the variables, see Tab 6.1 [43,
Ch.6].

Table 6.1: Combinations of factor levels in a 2k factorial design.

x1 x2

- -
+ +
+ -
- +

The parameters, βi, are found using linear regression methods, where the factors
are correlated to the experimental responses found using an experimental setup as
in Tab 6.1 [43, Ch.5]. They can be estimated using a least square method, which
aims to find values of the coefficient that minimise the error [43, Ch.10]. The error
is the observed value subtracted by the model response prediction, i.e. the residual
[43, Ch.10]. Once values for βi have been found, an operating region is formulated
in which points between the extreme values can be found via linear interpolation
[43, Ch.5].

To obtain information about the regression model’s performance, the R2-value can
be studied. This is a measure of how well the response’s variability is predicted by
the model and its regressor parameters [43, Ch.10]. The R2-value is between 0 and
1, where 1 indicate low variability, why a value close to 1 is preferable [43, Ch.10].

6.2 Method - Linearisation of Process Models
The factors included in the linearisation of the process models were selected as the
boundary conditions used in process model validation, see Tab 5.1, as they highly
influence the plant performance. Linearised equations of how these factors affect
the plant’s power and heat production, as well as fuel consumption, were created
using the linear regression method with factorial design. In this setup, all interac-
tion parameters are neglected. The off-design process models were run for all factor
combinations to obtain response values for power, heat, and fuel consumption. Us-
ing the response for every combination of design factor levels, the parameters, βi, in
the linear regression equations were found using the least square method.

Performing a factorial design and linear regression of the factors presented in Tab
6.2, with three gas turbines and three supplementary firing units, implied the need
for 29 observations corresponding to 9 design factors and 10 parameters. To reduce
the complexity of the linearisation, the gas turbines were viewed as one unit, as were
the supplementary firing combustors. Thereby, the factorial design was reduced to
a 25 factorial design with 32 combinations rather than the 512 required for a 29 fac-
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torial design. The selected parameters to linearise are presented in Tab 6.2 together
with their + and − values, which were identified from historical data.

Table 6.2: Identified low (−) and high (+) levels for CHP design factors. Note
that the gas turbine system load refers to the total load of all three gas turbines.

Factor Unit Symbol − +
Gas turbine system load - LGT 0.1 1
DHW supply temperature [K] TDH,s 340 380
DHW return temperature [K] TDH,r 310 325
Plant supplementary firing input [MW ] QSF 0 237 (79)
Ambient temperature [K] Tamb 258 293

The gas turbine characteristics from the manufacturer were available at loads be-
tween 30-100 %, as this is the operating region for them. This implies that the
formulated model is not applicable for individual gas turbine loads below 30 %.
Having only one gas turbine at 30 % sets the (−) value for the combined gas turbine
system to 10 %, as in Tab 6.2.

The (+) value for the supplementary firing system is the largest amount of sup-
plementary firing used for one combustor at the reference plant multiplied with
three. This was done in order to represent the whole supplementary firing system.
However, running the process model at the (−) value for gas turbine load, and (+)
value for supplementary firing load, implied having a fuel input to one combustor
at three times its capacity. Therefore, for the combinations with (−) value for gas
turbine load, the (+) value for supplementary firing load was chosen as the highest
value for one supplementary firing combustor. That is, 79 MW.

In the CHP plant, power can be produced from both the gas and steam turbines.
The factors influencing the power production in the steam turbine are as in Tab
6.2, whereas the factors affecting the gas turbine power are only ambient temper-
ature and gas turbine load. To account for these different factor combination, one
equation was formulated for the gas turbine system, and one power equation for the
steam turbine, where the plant power output is the sum of these two, see Eq 6.2.

Pplant = PGT + PST (6.2)

Furthermore, fuel is added to the system either in the gas turbine or as supplemen-
tary firing. The gas turbine fuel consumption was linearised with gas turbine power
output as its only factor. The factor for supplementary firing is the amount of fuel
added multiplied with the fuel’s lower heating value, thus QSF is already correlated
to fuel input. The plant’s fuel consumption is therefore the sum of the linearised
equation for gas turbine fuel and the supplementary firing value.

The reference plant has the alternative to fully bypass the steam turbine and con-
dense the steam directly to heat exchange with the DHW. The heat output when
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utilising the steam turbine or the direct condenser differs significantly, hence, two
linear heat equations are necessary; one for full bypass and one representing heat
output during steam turbine utilisation. However, both heat equations’ factors are
as in Tab 6.2. For scenarios with full bypass, the gas turbine is the only power
producing unit.

After linearising the process model, the equations were validated against process
models’ output. The calculated values and the output from the process model for
the extreme values in Tab 6.2 correlated well, the R2-values were all above 0.98.
The equations were further validated against process model output at operating
conditions found in the reference plant data from 2016. During the validation, it
was observed that the heat equation for steam turbine utilisation and steam turbine
power deviated the most from process model values. By adding values for operating
hours utilising the steam turbine to the factorial design, both equations performed
satisfactory for all process models A1-B3. The results from the validation procedure
are included in Appendix C.

6.3 Result - Linearised Model
The linearised equations are all a version of Eq 6.3

y = β0 + βLGT
LGT + βTDHW,s

TDHW,s + βTDHW,r
TDHW,r + βQSF

QSF + βTamb
Tamb (6.3)

where y is either gas turbine power, steam turbine power or heat with or without
steam turbine bypass. Each factor’s corrected parameters, βi, in the linearised
equations are presented in Tab 6.3.

Table 6.3: Parameter-values for power and heat responses.

Response
Parameter

β0 βLGT
βTamb

βTDH,s
βTDH,r

βQSF

PGT 82.99 137.69 -0.30 - - -
PST 102.85 39.74 -0.04 -0.07 -0.19 0.36
Qnobypass 134.55 147.60 -0.16 0.03 -0.18 0.56
Qfullbypass 222.52 199.11 -0.14 0.20 -0.63 1.03

As seen in Tab 6.3, βTamb
is negative in all equations. This is a result from the ambi-

ent temperature’s influence on the gas turbine performance. An increased ambient
temperature decreases the power output from the gas turbine as well as the exhaust
gas flow. Consequently, there is less heat available for the HRSG and, therefore, less
steam available for heat and power generation in succeeding units.

In Tab 6.3, values for βTDH,s
are positive for both heat equations but negative for

PST . Seeing as an increased supply temperature results in an increment of the ex-
traction pressure in C2, the power generation is reduced and, hence, βTDH,s

for PST is
negative. When comparing the heat equations, it can be seen that βTDH,s

is smaller
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for Qnobypass than Qfullbypass. This might be a result from the different condensers
used. When operating with the steam turbine, the DHW is heated in two steps,
where the first condenser, C1, is not as affected by the TDH,s whereas the second
one, C2, is. In contrast, when operating with full bypass, only one condenser is
used, which is more affected by the TDH,s than the combination of C1 and C2 is.

The negative value of βTDH,r
for the PST response in Tab 6.3 comes from the in-

creased back pressure in C1 when the return temperature increases. An increased
back pressure results in a smaller power production in the steam turbine. Further-
more, it also limits the heat production as the heat of condensation reduces with
an increased pressure, thus the parameter values are negative for Qfullbypass and
Qnobypass as well.

Tab 6.3 further shows a positive value of βQSF
for all responses, where the one

for Qfullbypass is larger than for Qnobypass and PST . This is due to that all supplemen-
tary firing energy is fully allocated for heat production when bypassing the steam
turbine, whereas for the other case, the energy is divided between power and heat.
The same reasoning applies for βLGT

, which is the highest for Qfullbypass.

Furthermore, the equation for plant fuel consumption was formulated according
to Eq 6.4.

Qfuel = 31.05 + 1.90PGT +QSF (6.4)

In conclusion, the linearisation of the process model consists of five equations; four
versions of Eq 6.3 describing the responses in Tab 6.3, and a fuel equation as in Eq
6.4.
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7
Process Operation Optimisation

The final step in this work was to create an optimisation model which identifies
profitable operating strategies for the reference CCGT-CHP plant. The optimisation
model’s foundation is the linear equations of the process models. The mathematical
optimisation model therefore utilises the outputs from previous steps in this project,
and combines them to answer the case study questions. This chapter describes the
method used to create an optimisation model as well as descriptions of possible
future energy scenarios.

7.1 Method - Optimisation Model Development
With the aim to find strategical operating conditions of the CHP plant, the optimi-
sation tool GAMS was used. It is based on mathematical algebra and the concept
of programming [47]. The programming language consists of four elements; sets,
parameters, variables, and equations, where the latter should be functions of pa-
rameters and variables.

The equations derived with linear regression were implemented in the optimisa-
tion software together with sets, parameters, and constraints to be fulfilled during
calculations. The main objective of the optimisation was to maximise plant revenue.
This was calculated for each operating hour, t, according to Eq 7.1

r(t) = Pel(t)Cel(t) +QDH,demand(t)CDH(t) −Qfuel(t)Cfuel (7.1)

where r is revenue, Pel the plant’s total power production calculated according to
Eq 6.2, Cel is the electricity price, QDH produced heat, CDH district heating price,
Qfuel fuel consumption and Cfuel is the fuel price.

The price for district heat was inserted in the model as an input file, which had
a seasonal fluctuation with higher prices during colder periods. In addition, hourly
electricity prices were provided to the model, as well as a constant natural gas price
of 333.5 SEK/MWh [1]. All inputs and outputs, together with optimisation variables
and constraints used in the model are presented in Tab 7.1.
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7. Process Operation Optimisation

Table 7.1: Inputs, optimisation variables and constraints provided to the optimi-
sation model as well as model outputs.

Parameter
inputs

Optimisation
variables Outputs Constraints

Ambient
temperature Gas turbine load Heat production 0.1 ≤ LGT (t) ≤ 1

DHW return
temperature Supplementary firing Gas turbine power QSF (t) ≤ QSF,maxLGT (t)

DHW supply
temperature Steam turbine power Q(t) ≥ Qd(t)

Electricity
price Fuel consumption

District heating
price Revenue

Fuel price

Heat demand

Additionally to the price inputs, hourly heat demand and ambient temperature were
used as model inputs, see Tab 7.1. Ambient temperature was the temperature mea-
sured during 2016, and heat demand the produced heat at the reference plant during
each operating hour of 2016. That is, it was assumed that the heat demand would
remain the same as during 2016 and therefore used as a constraint that the optimised
operation needed to fulfil. Furthermore, it was assumed that only the demanded
heat could be sold, thus this amount was included in the objective revenue function,
Eq 7.1. However, the model was allowed to produce more than the demand if this
was profitable, and the surplus heat was assumed to be cooled off in a nearby river.

The optimisation variables in Tab 7.1 were calculated by the linearised equations
in a way that ensured a maximised revenue for each hour studied while fulfilling all
constraints.

In order to use linear programming, and have the possibility to utilise steam turbine
bypass, two optimisation models were required; one representing full steam turbine
bypass and one with no bypass possibility. The difference in the two models were
the equations used for heat. For the full bypass alternative, Qfullbypass and PGT in
Tab 6.3 were used for heat and power generation calculations, respectively. Conse-
quently, Qnobypass, PST (t) and PGT in Tab 6.3 were applied for the no bypass option.
That is, for full bypass, the plant’s power is generated from the gas turbines, whereas
for no bypass, power is produced from both the gas turbines and steam turbine as in
Eq 6.2. Furthermore, linear programming does not allow multiplication of variables
with other variables. Otherwise, multiplication with binary variables could have
been used to switch between equations, but sine this was not possible, the need for
two models arose.
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The gas turbine load can only obtain values between 0.1 and 1, which was imple-
mented as a constraint in the optimisation model according to Tab 7.1. This implies
that the model cannot provide values for gas turbine loads of zero, nor above its
maximal capacity.

For full gas turbine loads, the oxygen content in the exhaust gases is sufficient for
supplementary firing combustion. However, for part gas turbine loads, the oxygen
availability can be limited, which sets a restriction of supplementary firing utilisa-
tion at these loads. This constraint was incorporated in the optimisation model in
accordance with Tab 7.1. By studying the exhaust flow from the gas turbine, it
was observed that the reduction of oxygen concentration was relatively proportional
to the corresponding load decrement. That is, a 10 % load reduction was rather
equivalent to a 10 % decrement in oxygen concentration. This finding was used to
formulate the constraint in Tab 7.1, which relates each operating hour’s maximum
supplementary firing load to gas turbine load. Note that QSF,max is the (+) value
found in Tab 6.2.

With the parameters in Tab 7.1, together with the constraints presented, the opti-
misation models maximise the revenue at each operating hour using linear program-
ming. Thus, at each operating hour, the optimisation models find the loads for the
gas turbine system, as well as for the supplementary firing system, that results in
the highest revenue for the input data presented in Tab 7.1. For each simulation,
both optimisation models are run individually. Post-treatment of the output data
from the optimisation models were performed to select the model that obtained
the largest revenue. That is, if the bypass model achieved the largest revenue, its
variables’ values were selected for the studied operating hour for further analyses.
The resulting data analysed was therefore a combination of the results from the two
optimisation models.

The models were run for the reference plant’s values during 2016 in order to compare
the operational strategies with the ones used. In addition, the optimisation models
were run for different possible future energy market scenarios, as well as used for
sensitivity analyses to evaluate the plant’s revenue in different scenarios.

7.1.1 Scenarios and Sensitivity Analysis
Scenarios were studied to analyse the CHP plant’s profitability in possible future
energy systems. The additional scenarios studied are based on an energy system
with an increased wind power penetration, see Tab 7.2. The scenarios, suggested by
Romanchenko et al. [8], are based on projected future wind profiles for 2030.
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Table 7.2: Analysed scenarios’ wind power penetration [8, 48].

Scenario Wind power penetration [TWh] % of electricity from wind
Reference, 2016 15 TWh 9%

S1 15 TWh 10 %
S2 26 TWh 20 %
S3 50 TWh 35 %
S4 70 TWh 50 %
S5 70 TWh, No nuclear 50 %

Scenarios S1-S4 have different penetration of wind power, while sustaining the elec-
tricity generation mix of 2012 [8]. That is, the wind power production increases
from S1-S4. In contrast, scenario S5 assumes a different electricity generation mix
as it represents the case of a total phase out of nuclear power [8].

The scenarios have different electricity prices since it is the marginal cost that is
used to determine the electricity price for each hour, and this cost depends on the
amount of available wind power [8]. That is, the merit-order changes for the differ-
ent scenarios and, subsequently, affects the market electricity prices. Furthermore,
since the operating cost for wind power is relatively low, the electricity prices will
also fluctuate more frequently with an increased wind power penetration. Note that
the electricity price in the reference case (2016) and for the scenarios are for the
price area of Gothenburg, Sweden [8].

In addition, a sensitivity analysis was performed for natural gas price, which was
based on the taxation of fossil fuels and CO2-taxes. Depending on a country’s leg-
islation and current political strategies, future CO2-taxes are hard to predict [49].
However, future taxation scenarios for Sweden have been made by Naturvårdsverket
[49]. These generally consist of two taxation strategies for power plants covered by
EU’s emission trading system (EU-ETS); full energy taxation, or full energy- and
CO2 taxation. For these two scenarios, the natural gas price, including taxes, is
expected to increase to 469 or 672 SEK/MWh, respectively [49].

Furthermore, the profitability and possibility of implementation of a thermal storage
tank was examined. By adding an additional constraint to the model, which allowed
the produced heat to be 10 % less than the heat demand, the amount of excess heat
produced was compared to deficiency hours. The amount of under-production was
compared to the amount of surplus heat to see if these could even out.
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Project Results and Discussion

8.1 Profitable Operational Strategies
The optimisation model which resembled the reference plant’s operation the most
was the one always utilising the steam turbine, "No Bypass". In Fig 8.1, comparisons
are made between this one and historical data for gas turbine power output and the
use of supplementary firing respectively.

(a)

(b)

Figure 8.1: Comparison between reference plant operations and the optimisation
model for steam turbine utilisation. Fig a) represents the gas turbine power output
and b) the supplementary firing utilisation.

The optimisation model for no steam turbine bypass ("No bypass") showed a similar
way of utilising supplementary firing as the reference plant data; it is mainly used
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when all gas turbines are operated at full load. However, in Fig 8.1, there are some
operating hours, 800-1000, where the reference plant utilised supplementary firing
without being at full plant capacity. Throughout the year, it was only a small share
of operating hours using this strategy. When comparing the reference data with
data from the optimisation model for these hours, it can be seen that the model
chooses to fluctuate the gas turbine load, whereas the reference data shows a fluc-
tuating pattern for supplementary firing. That is, it seems as both vary the plant
output to profit from high electricity prices. To fluctuate the supplementary firing,
as the reference plant, might be preferable from an operating point of view rather
than varying gas turbine load.

Furthermore, the graph in Fig 8.1 a) shows that the maximum gas turbine out-
put is larger for the optimisation results than the reference data. This is likely a
result from the overpredicting process model and follows the results in the validation
of this. Overall, the figures show a strong resemblance between gas turbine power
output and supplementary firing utilisation. From this, it seems as the calculated
values are reasonable and that the reference plant has been operated in a rather
revenue maximised manner.

For utilisation of the direct condenser ("Full Bypass"), however, the optimisation
model chose to use supplementary firing even if the gas turbines operated at part
loads. According to the optimisation model, operation of the direct condenser was
the most profitable strategy during hours with low electricity prices. That is, it was
more profitable to allocate the input fuel to heat production rather than producing
power in the turbines, which would require more fuel to fulfil the heat demand. For
full bypass operation, the power-to-heat ratio, α, was decreased compared to the
reference plant’s operations.

The scenarios in Tab 7.2 were simulated in the optimisation model. By analysing
the optimised operations for them, it was identified that utilisation of the direct
condenser increased for scenarios with larger wind power penetration. See Fig 8.2,
which shows the percentage of operating hours bypassing the steam turbine com-
pared to those with no bypassing.
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Figure 8.2: Share of operating hours with and without steam turbine bypass for
scenarios in Tab 7.2 during optimal operations.

Due to the increased penetration of wind power in the system, and the constant
electricity mix, the average electricity price is lower for scenarios S1-S4 compared
to 2016. Consequently, an increased share of operating hours utilising full bypass
is found for these scenarios, see Fig 8.2. The overall decreased electricity prices in
S1-S4 generally decreases the profitability of the CHP plant. However, the heat
demand needs to be fulfilled, which is most profitably achieved via the direct con-
denser. In contrast, scenario S5 has the smallest share of operating hours utilising
the direct condenser. This is most likely a result from the changed electricity mix,
where capacity has been removed from the system. As the cheap electricity produc-
tion of nuclear power is no longer available, the average electricity price is increased
and, therefore, it is more profitable to produce power in the steam turbine. In con-
clusion, penetration of cheap power producing sources increases the need for direct
condensing opportunities in order to have the most profitable operation. However,
a changed electricity mix, like S5, might eliminate the linear relationship between
wind power penetration and power-to-heat ratio.

To analyse the implications of switching between steam turbine and direct con-
denser, the graphs in Fig 8.3 were derived. In Fig 8.3 a), the total yearly revenue is
plotted for the different scenarios when operating according to Fig 8.2, "Optimal",
or when no steam turbine bypass is allowed, "No bypass". The numbers were ob-
tained by summarising the revenue for each operating hour. In Fig 8.3 b), the total
annual power production for each scenario is presented. Finally, the chart in Fig
8.3 c) shows the number of operating hours the gas turbine load has changed with
more than 20 percent points from one hour to the next. This was derived in order
to analyse fluctuations in gas turbine operations.
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(a) (b)

(c)

Figure 8.3: Suggested operating conditions, for scenarios in Tab 7.2, conducted
for an optimal mix of steam turbine and direct condenser which is compared to
operations with only the steam turbine. The variables compared are a) total yearly
revenue, b) total power production and c) the fluctuations in gas turbine load.

For scenarios S1-S4, the total yearly revenue is decreased as the wind power pen-
etrations increases, see Fig 8.3 a), which is likely a result of the decreased average
electricity price. From the figure, it can be seen that S5 is the most profitable sce-
nario, which might stem from its large average electricity price. From Fig 8.3 a), it
does not seem to be a remarkable difference in revenue between optimal operations
and "No bypass". Nevertheless, the optimal operations had a 24 % higher yearly
revenue for S4. This is the scenario with the largest share of direct condenser util-
isation, see Fig 8.2, thus the difference between the two cases is the largest. Even
though the optimised operations utilised direct condensation during at least 40 % of
the analysed hours (see Fig 8.2), the yearly revenue shows profitable operations for
utilising the steam turbine for all operating hours.

The total power production for one year is illustrated, for all scenarios, in Fig 8.3 b).
It can be seen that the optimal power production, green bar, for S1-S4 is decreased
as the wind power penetration is increased. This is likely a consequence from the
decreased average electricity prices, where the model has chosen to bypass the steam
turbine rather than producing electricity in it (see Fig 8.2). For scenario S5, which
has the largest power production, the average electricity price is high, thus it is
profitable to produce more electricity than required to fulfil the heat demand. This
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was also analysed by studying the number of operating hours exceeding the heat
demand, which rose up to 19 % for S5, but was less than 5 % for the other scenarios.
The power production when only operating with the steam turbine, blue bars in Fig
8.3 b), is 30-40 % larger for all scenarios compared to the revenue optimised ones.
For this case, the steam turbine is always in operation and its power production is,
regardless of electricity price, increased in accordance with the heat demand. The
larger electricity generation is thereby a result from it always utilising the steam
turbine rather than bypassing it to fulfil the required heat demand.

From the last chart in Fig 8.3, c), it can be seen that the gas turbines’ load fluc-
tuates more often for scenarios S3-S5 when operating in a revenue optimised way,
green bars. Furthermore, the difference is larger among the optimal scenarios than
for the ones not utilising bypass, blue bars. The reason for the gas turbines’ load
fluctuations in the optimal setting is likely since it is more connected to match
the electricity prices, which fluctuate more when the wind power penetration is in-
creased. Even if the gas turbines are not operated at full load, the full bypass case
use supplementary firing to fulfil the heat demand. Thus, the gas turbines are more
connected to increase the load to profit from high electricity prices. In contrast, in
the case of "No Bypass", the gas turbines’ load is mainly altered to fulfil the heat
demand. Only after increasing the gas turbine load to 100 %, supplementary firing
is used to increase the plant output. To have fluctuating loads on the gas turbines is
also connected to a higher maintenance cost since this frequent load change can lead
to damage of the units, which would have impacted the revenue results if included
in the study. However, as the total operating hours studied was 3544, the share of
gas turbine load ramping was less than 10 % for all operating hours.

It should further be pointed out that the wind power generation for the reference
scenario, 2016, and S1 is equivalent, see Tab 7.2. However, the results are quite
different for the total yearly revenue in Fig 8.3 a), where S1 has a higher revenue
for both optimal and no bypass operations. This might stem from predictions of the
electricity prices at that wind power penetration level, which thus are overpredicted
in the wind profile for S1. Yet, the operational patterns between 2016 and S1 are
rather similar, see Fig 8.3 b-c). The reason for the similarity in yearly power pro-
duction might be a result from that S1 has an increased share of bypass operations
compared to 2016. However, the share of hours exceeding the heat demand was 6 %
for S1 whereas only 1 % for 2016. Thus, the total plant output is similar for these
cases.

The possibility of implementing thermal storage was investigated for the scenar-
ios in Tab 7.2. By allowing the model to produce 10 % less, or more, than the actual
heat demand, the amount of heat produced below and above the original demand
were compared. This is illustrated in Fig 8.4, where the red bars represent the heat
produced below the actual demand, and the green bars the amount of surplus heat
produced.
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Figure 8.4: Comparison of heat deficit and heat surplus for the scenarios in
Tab 7.2 when allowing the model to produce 10 % below the original heat demand.

From the evaluation in Fig 8.4, it was observed that neither 2016 nor scenarios S1-
S4 fulfilled the heat demand when allowing the model to produce 10 % below the
original demand. That is, the surplus heat produce did not cover the heat deficit
operating hours. Therefore, the stored heat would not be able to cover the demand
during hours with a deficit in heat production. Furthermore, when the electricity
mix changes, S5, the number of high electricity price hours increases significantly,
leading to more hours producing surplus heat. This heat could cover the heat deficit
hours as the green bar is larger than the red one. A thermal storage tank enables
storing heat produced during high electricity hours and use this during hours with
low electricity price. The revenue could therefore increase the most in scenario S5
as it would allow the plant to decrease its production during unprofitable electricity
price hours and still fulfil the heat demand throughout the year.

8.2 Sensitivity Analysis
A sensitivity analysis for an increased natural gas price is presented in Fig 8.5, where
the green/red bars in Fig a) represent the yearly revenue and the black line shows
share of operating hours utilising the direct condenser. In Fig 8.5 b), the black line
illustrates the share of operating hours with full gas turbine load whereas the red
one shows the share of hours with supplementary firing. The sensitivity analyses in
the figures are conducted for the 2016 scenario in Tab 7.2.
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(a)

(b)

Figure 8.5: Sensitivity analysis of natural gas price [1] for the 2016 scenario where
a) represents the yearly revenue change with increased fuel price, green/red bars, as
well as the share of operating hours with full bypass, black line. Fig b) represents
the share of operating hours with full gas turbine load, blue line, and the share of
hours utilising supplementary firing, orange line.

The revenue decreases with an increased fuel price, where the breaking point is be-
tween 500-584 SEK/MWh. See Fig 8.5 a). Thus, a future increment of taxation
for fossil fuels will have a significant impact on the profitability of a CCGT-CHP
plant. However, seeing as the 2016 scenario might not represent future scenarios, S5
in Tab 7.2 was also studied in the same sensitivity analysis. This showed a similar
trend for both graphs in Fig 8.5, but with a positive revenue at all fuel prices. That
is, a future increase of natural gas price might not necessarily lead to a negative
revenue for the operation of the CCGT-CHP plant. Yet, the fuel price has a signif-
icant impact on the plant’s revenue and whether or not an increment will result in
unprofitable operation is highly dependent on future energy systems.
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In Fig 8.5 a) it can, from the black line, further be seen that the share of full
bypass operations increases. This operational strategy utilises supplementary firing
directly to fulfil the heat demand, and therefore avoids expensive fuel input shared
between both heat and power in the steam turbine. That is, the heat demand is
most profitably fulfilled via the direct condenser using heat from supplementary fir-
ing.

According to the sensitivity analysis in Fig 8.5 b), the operational pattern of the
CCGT-CHP plant changes with the natural gas price. As the blue line illustrates,
the operating hours with full gas turbine load decreases with an increased fuel price.
This implies more hours with the gas turbines operating at part loads. Moreover,
this reduces the total efficiency of the plant since the gas turbines’ efficiency de-
creases with load. In contrast, as the fuel price increases, the use of supplementary
firing is increased, orange line. This confirms the discussion above relating to full
bypass utilisation and supplementary firing use. Furthermore, as the use of supple-
mentary firing is restricted to the gas turbine load, it seems as the model selects
the gas turbine load which allows it to have the desired supplementary firing in-
put. This behaviour might not be found at an actual plant due to other operational
limitations.

8.3 Project Discussion
The project’s steps have been validated against historical data with rather high levels
of conformity. Even though the linearised equations were based on a process model,
and not the actual plant data, they resembled the reference plant at a satisfactory
level. Furthermore, as the reference plant did not utilise steam turbine bypass dur-
ing the reference year, this operating strategy could not have been implemented in
the optimisation model if only reference data had been used in the linearisation.
The use of software to develop a process model, linearised equations, and optimisa-
tion models is clearly a powerful tool when analysing alternative operating strategies
for a CHP plant and could be applicable when evaluating new process configurations.

However, as the linearised models were derived for systems of gas turbines and
supplementary firing combustors, the optimisation model could not differentiate
how the separate units should be operated. Therefore, the results are on a plant
level, where the suggested operating conditions might have changed if more detailed
equations had been derived. However, as the reference data showed a similar op-
erating pattern as the optimisation model with only the steam turbine alternative,
the results should be valid on the level at which they were derived. Furthermore,
the optimisation model only had the alternative to either utilise the steam turbine
or fully bypass it. An improvement of the linearised equations would therefore be
to allow the steam to be partly bypassed over the steam turbine.

Lastly, including aspects such as maintenance and operational costs, emission per-
mits, and start-up costs would have given an even deeper understanding of which
operational strategies are most profitable for a CHP plant in future energy system.
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Furthermore, an analysis of how the plant’s revenue relates to investment costs
should be conducted to evaluate if the revenue is sufficient to cover annual fixed-
and variable costs.
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9
Conclusion

This study investigates the value of measures for flexible operation of combined heat
and power plants depending on power system scenarios. The work is based on a case
study of a CCGT-CHP reference plant. The reference plant was mapped in 1) a
steady-state process model using six off-design models based on heat and mass bal-
ances over the plant, and 2) through linearsation, using five linear equations with
five factors, based on factorial design and linear regression. The linearised models
were used to derive an optimisation model applying linear programming in which
future energy scenarios’ profitability and operations have been evaluated.

The developed process model reached a high level of conformity with the refer-
ence plant during steady-state operations. Furthermore, linearisation of multiple
factors was crucial to accurately describe the plant’s performance regarding power
and heat outputs, fuel consumption, and supplementary firing utilisation. Moreover,
the addition of actual process model data improved the linearised equations further.
The main objective during validation was to achieve correlating trends between the
outputs and reference data, where the trends correlated poorly when fewer factors
were used to mathematically describe the plant. In conclusion, trend analysis proved
sufficient in this context, since the validation showed a high conformity for both pro-
cess model and linearised equations.

The operational strategy proposed by one of the optimisation models given his-
torical power market data was close to the actual operation of reference plant for
the reference year. For a power market scenario with volatile electricity prices (high
share of non-dispatchable power), the results show that the flexibilisation strategy
of steam turbine bypass and thermal storage is important to the operation of the
plant. For one scenario studied, the yearly revenue increased with 24 % when steam
turbine bypass was allowed (in operation 64 % of the operating hours). Thermal
storage tanks are most feasible in an energy system without cheap base load tech-
nologies, such as nuclear power, where a large share of power production comes from
variable renewables.

The study showed that, depending on fuel price and future energy system, it would
be profitable to consider new operating strategies for the CCGT-CHP plant. With
an increased fuel price, the revenues are higher when operating the plant for heat
production. However, if the energy generation mix in the system is changed, the
CCGT-CHP plant can have an important part in the electricity system as well. The
profitability of decreasing the power-to-heat ratio as well as aspects of operational
costs, other than fuel price, should be analysed further.
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A
Full Process Model

In Fig A.1, the full process model developed in EBSILON®Professional is shown.
The model consists of three identical gas turbine and HRSG lines connected to one
steam turbine system. Each line starts with a gas turbine, followed by a combustor
for supplementary firing. The gas turbine’s exhaust gases are heat exchanged in the
HRSG through three super heaters, one evaporator, one feed water economiser, and
finally with a district heating economiser. The three steam streams are mixed and
enters a steam turbine, modelled as two sections. The steam is then condensed in
two condensers before entering the feed water tank. The district heating consump-
tion is modelled as a unit as well. The streams’ colours are as follows:

• Brown = flue gases
• Orange = air
• Red = steam
• Blue = condensate/steam cycle water
• Dashed green/blue = district heating water
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A. Full Process Model

Figure A.1: Full process model of the CCGT-CHP plant.

In Tab A.1, the types of inputs given to the EBSILON®Professional-model are listed,
as well as analysed outputs.
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A. Full Process Model

Table A.1: Inputs and outputs to/from model. The outputs presented are those
studied from the process model.

Input Output
Gas turbine load Gas turbine power
Ambient temperature Steam turbine power
Ambient pressure District heat
Supplementary firing fuel input DH ECO heat
DHW target temperature after DH ECO Stack temperature
DHW supply temperature
DHW return temperature
Intermediate temperature between COND 1 & COND 2
Evaporator pressure
Feed water pressure
Live steam temperature
Steam turbine extraction pressure via DHW supply temperature

Evaporator Area Estimation
Below follows a description of how the process model’s evaporators’ areas were cal-
culated based on manufacturer drawings. From the drawings, the evaporator di-
mensions, number of tubes on the short side and tube diameter was known. This
data was used to approximate the heat transfer area on the flue gas side, Aoutside,
to 3600 m2 according to Eq A.1 and A.2

hevap = dtubentuberows + δtube(ntuberows + 1) (A.1)

Aoutside = levapotubesntubestotal
(A.2)

where hevap is the height of the evaporator, dtube tube diameter, δtube the spacing
between the tubes, ntubesrows number of tubes rows, levap evaporator length, otubes

tube perimeter and ntubestotal
total number of tubes. Since the heat transfer is limited

on the flue gas side, finned tubes are employed to increase the heat transfer. This is
not accounted for in the calculations, why an underestimation of the heat transfer
is expected. This is compensated for in the model by increasing the heat transfer
coefficient on the flue gas side.
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A. Full Process Model
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B
Process Model Validation

Below, the process model validations for off-design models with two gas turbines,
B1-B3, are presented. Fig B.1 shows the comparison between the a) power and b)
heat outputs from the process model and historical data, respectively.

(a)

(b)

Figure B.1: Comparison between the historical data and process models’ and a)
power and b) heat output, with model names according to Tab 4.2. The black lines
indicate the ambient temperature intervals studied in the process model validation.

In Fig B.2, the residual analyses for a) power and b) heat output are shown. The
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B. Process Model Validation

residuals were calculated according to Eq 5.1.

(a)

(b)

Figure B.2: Three off-design models’ a) power and b) heat output residuals. Model
names according Tab 4.2.
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C
Validation of Linearised Model

The validation of the linerarised equations for scenarios without steam turbine by-
pass was performed graphically by comparing the model value with the process
model value as well as analysing the percentage conformity. In Tab C.1, the start-
ing and corrected average percentage conformity between model and equation values
are shown, which were calculated according to Eq 5.2.

Table C.1: Percentage conformity comparison of the linerasied equations and the
process model’s heat and power output. The deviations when updating the factorial
design is also presented.

Heat
Model A1 A2 A3 B1 B2 B3
Start 0.99 0.95 0.73 1.00 0.97 0.84
Corrected 0.99 1.01 0.85 1.03 1.08 1.02

Power
Model A1 A2 A3 B1 B2 B3
Start 0.99 1.00 0.90 1.04 1.06 1.00
Corrected 0.99 1.01 0.93 1.05 1.09 1.04

The corrected values are obtained after adding A3-values, both inputs and outputs,
to the factorial design for both heat and power. In Tab C.1, it is clear that the
A3-values have become better as they are closer to 1. However, both for heat and
power, the deviation is still large. On the other hand, when correcting the equa-
tions, B1-B3 have gotten further from 1. This increase was deemed acceptable, as
the other models were closer to 1. As can be seen from Tab C.1, both the heat and
power equations are both under and overpredicted by the equations. Therefore, and
improvement for one model would lead to a less accurate equation for another.

That the equations both under and overpredict the process model values can also be
seen from the graphs in Fig C.1 and C.2. For example, in Fig C.1, the heat equation
overpredicts the model’s value for scenarios of A1, but underestimates for A3.
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C. Validation of Linearised Model

(a)

(b)

Figure C.1: Comparison between model output with three gas turbines, A1-A3,
and equations for no bypass for a) heat and b) power. Model names according Tab
4.2.

VIII



C. Validation of Linearised Model

(a)

(b)

Figure C.2: Comparison between model output with two gas turbines, B1-B3, and
equations for no bypass for a) heat and b) power. Model names according Tab 4.2.
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