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"Failure is unimportant. It takes courage to make a fool of yourself."
- Charlie Chaplin -



Abstract

The increase in the share of renewable energy sources in the Dutch energy mix, requires an increase in flexi-
bility from the power consumers and producers. A key issue in the availability of wind and solar power that it
is independent of the power demand. Fortunately, the liberalised power market provides a financial incentive
to increase both upward and downward flexibility.

Delesto is a company that supplies process steam at ChemiePark Delfzijl. They are looking into the pos-
sibility to integrate power-to-heat (P2H) in their Combined Heat and Power installation (CHP). This would
open up the possibility to decrease the power output of the plant beyond deep part load conditions, and
to save on overall fuel consumption. This would be beneficial for periods where profits made from power
production drops below the cost of fuel consumption. For this research it is assumed that the power used is
emission free, as it originates from renewable energy sources.

In this study, the technical and financial feasibility of an hybrid configured combined heat and power
plant, in which both gas and power are used to produce process heat, is researched. The CHP consists of a
gas turbine (GT), a dual pressure heat recovery steam generator (HRSG) and a steam turbine (ST). Eight dif-
ferent configurations that offer P2H functionality to the CHP are being assessed. The electric heater concepts
are compared to the ’conventional’ part-load of the CHP. Their steady state behaviour is evaluated using pa-
rameters such as Additional Flexibility (AF) and Effectiveness of fuel saving (ε). A duct heater inside the HRSG
offers the greatest AF, whereas an air preheater upstream of the GT performs best in terms of effectiveness.
Additional to the initial eight electric heater concepts, the combinations of air preheater with other promising
electric heater concepts are evaluated.

A dynamic study of (a part of) the HRSG including an electric heater is performed. Only the most promis-
ing electric heater concepts in terms of the steady state behaviour are reviewed. From this dynamic study
it can be concluded that the minimum ramp time is of the HRSG is well within the requirements of the grid
operator. However, a high pressure boiler parallel to the high pressure evaporator of the HRSG results in rel-
ative high temperature drop in the system compared to the other electric heater concepts, and is therefore
removed from further consideration.

From a financial analysis, a business case is constructed for an air preheater, a duct heater, a stand-alone
boiler and their combinations. It is apparent that the profits obtained at the spot market are negligible com-
pared to the profits obtained at the imbalance market. Transportation costs are relatively high and have a
damaging effect on the business case. The payback period of the air preheater is the shortest and the pay-
back period of the duct heater the largest.
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ṁ Mass flow [kg/s]

M Mass [kg]

n Time step [1]

p Pressure [Pa]

p Solution of the system

PE Potential energy [J]

P Electrical power [MWe ]

p Price [e/MWh]

Q̇ Heat [W]

R Resistance [Ω]

RFS Relative fuel savings [1]



List of Tables xix

RSL Relative stack losses [1]

T Temperature [K]

TEC Thermal expansion coefficient [K−1]

t̃ Characteristic time scale [s]

t Time [s]

U Internal energy [J]

u Specific internal energy [J/kg]

v Velocity [m/s]
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1
Introduction

As a result of the Paris agreement (2015, COP21) and the antecedent European 20-20-20 targets for 2020 and
its additional mid- and long term objectives for respectively 2030 and 2050, renewable energy sources (RES)
such as wind and solar energy will obtain a more prominent role in the Dutch energy mix in the upcoming
years. Up until now the Netherlands had difficulties staying on track for the targets on renewable energy [1].
To show the world and the Dutch citizens that the Netherlands is serious about contributing to a sustainable
energy infrastructure, the government published new policy that surpasses the agreements of the European
Union [2]. In 2030 the emission of carbon dioxide has to be reduced with 49% with reference to the emissions
in 1990. The government only steers in the direction of carbon dioxide reductions, as it believes that energy
savings will result from that [3].

Among other things, the new policy includes plans for expending the off-shore wind power capacity. The
North Sea strategy for 2023 and later is shown in figure 1.1. The total growth of capacity in the North Sea
between 2024 and 2030 will roughly be 7 GW, compared to a operational capacity of 957 MW in 2016. This
increase is a great deal and a big step towards a more RES dominated power system. However an increase
in the share of RES in the energy mix brings along some complexity and the produced power could even
be perceived as undesired. In section 1.1 this phenomenon is explained and the importance of flexibility is
stretched.

Another component of the policy is to stimulate industries to increase the yearly energy savings rate from
1.1 % to 1.5% [4]. In the Netherlands, two-third of the final energy usage by companies is used by the industry,
while the industry only makes up for 4% of the companies. Almost half of the energy used in the industry is
used for heating purposes [5]. One can imagine that the energy intensive industries are the focus of the Dutch
government in its efforts to reach the targets regarding the sustainable growth. The basic assumption is that
the energy saving agreements with a return on investment smaller than 5 years are already in operation.
The energy intensive industries (1100 companies) set up energy-efficiency plans with a return on investment
of more than 5 years. These measurements became a necessity when it became apparent that the original
agreements from 2013, Energieakkoord (Agreement on Energy for Sustainable Growth), were not enough.
The energy intensive industries have the mere motion to make individual agreements with the government.
Amongst these large scale consumers is AkzoNobel, which is further introduced in section 1.3.

1.1. Flexibility
In the year 2016, the total energy consumption of the Netherlands was for 5.9 % from renewable sources [6].
This has to increase to 14 % in 2020 and 16% in 2023 as is agreed upon in the Energieakkoord [4]. With con-
ventional power systems the demand and supply of electricity were more or less coupled. Electricity was only
generated if there was a demand for it. The cheaper means of producing electricity were deployed first, and
with the increase in demand, more expensive producers went online. The price of electricity reflected these
market forces. However, RES have relatively low operational costs, therefore the generation of electricity from
wind and solar are to a great extent unaffected towards electricity prices on the market [7]. Production takes
place regardless of the demand. Hence, the increasing share of RES in the energy mix has some implications
on the fluctuations of load on the grid.

Models can help to predict the generation from RES. Conventional power systems could react on the
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Figure 1.1: North Sea Strategy for Wind at Sea 2030

prospected supply, by shifting its load the opposite way. However, contingent imbalances in supply and de-
mand of electricity will still arise, due to the error made in forecasting the generation of renewable electricity
[8]. This error makes it complex to anticipate on events accurately.

1.1.1. Fluctuations on the power grid
The reason that these fluctuations are a problem is that the input and output power on the power grid have
to be equal in order to maintain a grid frequency of 50 Hz. The power grid of European countries is intercon-
nected to a great extent. The international grid has a big inertia, which dampens the effect of fluctuations.
Every country has one or more Transmission System Operators (TSO), which are collaborating to oversee the
healthy operation of the grid. TenneT-NL, the Dutch TSO, is in charge of the High-Voltage grid (220 kV and
380 kV ) of the Netherlands. Its main focus is balancing the load on the grid, and securing a safe and reliable
electricity supply. This is done by managing the TSO’s of the Low-Voltage grid, and importing or exporting
electricity when necessary [9]. Upon till now Tennet-NL has a good track record: the reliability of the electric-
ity grid is 99.994 % [3]. Market forces, interconnection and the contracting of Regulating and Reserve Power
are means to achieve this. But there are clear signs that the task of balancing is getting more complex. The
two examples given below:

• In Germany, which has a renewable share in electricity of 33% [10], prices have dropped below zero sev-
eral times, an example is shown in figure 1.2. This was the fourth day in a row negative prices occurred.
At these instances it is profitable to consume electricity. However, for the power producer it could still
be worth to produce power to avoid ramping down and unnecessary stresses in their system [11].

• In the Netherlands, in May 2018, a shortage in load on the grid was present, both the reserve capacities
and the weather conditions failed to comply to the requirements on the grid. TenneT-NL managed to
keep the grid online, but only by buying expensive power from international suppliers. The TenneT-
NL paid e300 /MWh during this emergency [13], compared to an average price for energy intensive
industries ofe32 /MWh [14] [15].
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Figure 1.2: Day-ahead auction 26-12-2017 [12]

1.1.2. Flexibility
The examples in the previous section show, not only the essential role of flexibility in the future power infras-
tructure, but also that there is financial incentive to be an active player on the electricity market to provide in
flexibility either upward or downward.

Within this context flexibility can be described as follows: (ECN,[8])

A measure of flexibility is the change in dispatch-able generation from one hour to the next hour. Total de-
mand for flexibility can then be defined as the sum of the change in generation from one hour to the next over a
year plus the total curtailment of demand in a year .

According to Energy research Center of the Netherlands (ECN), the prospective total demand for flexibility
increases with 46 % between 2012 and 2023. The increase is to a great extent due to the expected increase in
wind power production (20%) and the corresponding volatility [8].

If a system operates at full load it can only contribute to downward ramping flexibility. The same holds
true for a system that is offline or operates in the deepest part load possible; it could only contribute to the
upward ramping flexibility. Most conventional power plants are not well suited for flexible operation. But
besides shifting the operational load, other methods to provide flexibility exist: storage and demand side
response. Industries are watching the developments in storage capacity closely, as this could potentially
uncouple the availability of electricity from the demand. Demand response could bring about the demand
peak shifts, with the sole purpose that it is more attuned with the instantaneous available capacity. Demand
response calls for smart and integrated systems. Key to these systems is the electrification of processes and
subsystems: the more of these processes have electricity as energy source, the more they can participate in
the bigger ’smart’ system.

1.1.3. Electrification
In 2016, the RES share in the electricity generation was 11% [14]. To be prepared for a future energy mix where
a bigger share of RES (in particular wind- and solar energy) is part of the energy mix, electrification of a lot of
processes is necessary. An example of electrification could be the use of electric cars, or on a somewhat bigger
scale the use of electricity instead of gas to produce the process heat used for chemical processes. Depending
on the exact scenario, it is expected that by 2030 13 to 26% of the end usage in the Netherlands is going to be
electricity.
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Power to heat
In the Netherlands, the heat demand result for 44% from industries [16]. This is approximately 520 PJ. Most
of this heat is produced by burning fuel. Heating with electricity is called ’Power to Heat’ (P2H). The heat
used can be either lower-grade or high-grade: the temperatures vary from lower than 100 ◦C to above 1000 ◦C.
Especially the lower grade heat is assumed to be suitable for electrification [3], but there are High voltage
Electrode Boilers commercially available that produce 45 bar steam of 260 ◦C. The potential role of P2H as role
in the demand for flexibility and is very high. Not only is the potential capacity big, but costs are relatively low
compared to other electrification methods (such as Power to gas, hydrogen and batteries) [7]. In Denmark
a big share of the power production comes from Combined Heat and Power plants (CHP), and most of its
corresponding heat is used for district heating (low-grade heat) [17].

1.2. Power Market
On account of the liberalised electricity market alternations in availability and load on the grid, whether or
not desirable, translate into variations of the electricity price. These fluctuations are an incentive for large
share energy consumers to think of better ways to respond to them. Price fluctuations are an important
mechanism to the stabilisation of the grid. The participants in the electricity market are producers, energy
intensive industries/bulk consumers, traders, energy brokers and energy suppliers. These stakeholders can
trade electricity on a spot market platform: the European power exchange SE (EPEX SPOT SE). There are three
important markets in place:

Future market
At the future or forward market, contracts for long term are concluded. The majority of power is traded on
the future market. Maximum three years in advance agreements on quantities and prices are made. If the
prospected consumption changes, the purchaser could trade the expected shortage or overage on the day-
ahead market.

Day-ahead market
About 20% of the trades are done on the day-ahead auction [5]. Companies that need to purchase power
bid on this auction: they indicate per hour the desired quantity/volume and the price (between -500 and
3000 euro’s per MW) they are willing to pay per unit of quantity for the upcoming day. Instead of hourly
bids, a buyer can choose to make an all-or-none bid on a block of a few hours. Just like the buyers, sellers of
electricity will provide information on the quantities they are selling and the price for which they are willing
to sell, on an hourly basis. This results in a aggregated curve, shown in figure 1.3. The final price per MW
arises from the point where the two curves intersect. Customers that bid less than this final price won’t have
access to the electricity. Suppliers that overpriced their electricity won’t be able to sell.

Intraday market
A rather small part of the transactions take place on the intraday continuous market, where a participant can
indicate until 30 minutes in advance that they are interested in trading. Prices are between -9999 and 9999
e/MW, which differs significantly with the price range from the day-ahead market. Another kind of intraday
market is active in Germany, which is on a 15 minute basis. The price range is smaller (-3000 €/MWh to 3000
€/MWh), and will stimulate flexible energy consumption that follows the intermittent power availability.

Over the counter
Is is possible to trade power between two parties. A bilateral contract states the agreements on quantities and
price. This is called ’over the counter’.

The day-ahead and the intraday market are both part of the spot market. Where the day-ahead market is
fit to deal with the forecast diurnal variations of wind power, the intraday market will be used to maintain the
balance when the production of wind power deviates from forecasts.When the market forces are inadequate
for balancing the power grid, TenneT could contract regulating and reserve power (RRP).

It is expected that both the price as the volatility of the price for electricity are increasing in the (near)
future [8], see figure 1.4. The increase in price is expected because of higher fossil fuel costs and a decline in
production capacity relative to the power demand. The price volatility will increase due to the fact that the
infrastructure will be more complex to address the increased fluctuations caused by wind power.
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Figure 1.3: Example of an aggregated curve constructed for the day-ahead power market (01-05-2016) [18]

Figure 1.4: Price volatility on the day-ahead market in the Netherlands in 2012 and 2017, and a prediction for 2023[8]

The forecast error of wind power generation results in an increased price volatility in the intraday market.
In case of upward demand the price will be higher and in case of downward demand the price will be lower
than the day-ahead market. This interaction will become more extreme in 2023, see figure 1.5a and 1.5b.

In particular, the increased price volatility stimulates the incentive for companies to take advantage of the
price peaks and troughs.

In collaboration with TenneT, industries are exploring the possibilities of flexible generation and demand
response. The former option could be realised by implementing flexible electricity generators to quickly re-
spond to differences in demand and supply in order to diminish the imbalance. In the case of power excess
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(a) 2017 (b) 2023

Figure 1.5: Monthly spot and intraday prices in the Netherlands [8]

on the grid these generators can be operated in part-load to damp the imbalance. The latter method, demand
response, is not yet explored thoroughly.

One of the companies that would like to capitalise on the price volatility is AkzoNobel.

1.3. AkzoNobel
The Dutch company AkzoNobel is specialised in paints, coatings and specialty chemicals. It has an annual
energy input of 98000 TJ and is good for 9.7 Mt CO2 globally. It finds itself amongst the most energy intensive
companies of the Netherlands. The company set great store by sustainability and has committed to use 100
% renewable energy and become carbon neutral by 2050 [19]. It was one of the energy intensive companies
eligible to set targets with the government.

In the light of its own vision, the price volatility on the market, and the goals of both the Dutch government
and TenneT-NL, AkzoNobel is researching the possibilities to operate one of the company’s Combined Heat
and Power (CHP) Installation in hybrid mode. This particular CHP is located in Delfzijl at the industry site
ChemiePark and is the focus of this report. A short introduction is given in the next section .

1.3.1. Meet AkzoNobel Delesto
Chemiepark Delfzijl (CPD) is located in Groningen in the Netherlands near
the German border. Multiple industries are housed at this industry site. Ak-
zoNobel has a relatively big share in the amount of these industries. One of
these companies is the power facility of ChemiePark: AkzoNobel Delesto, op-
erational since 1987. It has two combined heat and power installations (CHP),
named Delesto 1 and Delesto 2, in which process steam and electricity are pro-
duced simultaneously. Since March 2012 the biggest CHP, Delesto 2, is taken out of operation in response to
a deterioration in the energy market.

Since the shut down of Delesto 2, a part of the steam demand on SPD is fulfilled by the EEW Energy from
Waste plant, and by the Eneco Bio Golden Raand biomass plant.

Delesto 1 is still in operation. It consist of three gas turbines (GTs), three dual pressure Heat Recovery
Steam Generators (HRSGs) and one steam turbine (ST). This configuration is called a Combined Heat and
Power plant (CHP) as it has the ability to cogenerate electricity and steam in a very efficient matter. The hot
flue gases from the gas turbine are led into the HRSG, which is in principle a counter flow heat exchanger
consisting of a gas path and a dual pressure water-steam path. Auxiliary firing is used to control the steam
generation. More detailed information on Delesto 1 can be found in chapter 2.

AkzoNobel Delesto is always adapting to a continuously evolving energy market. Even though their own
production of steam and electricity decreased throughout the years, the Delesto system will continue to have
a key role as distributors of energy flows in Chemiepark Delfzijl. Their job is to supply reliable and sustainable
steam against low tariffs. The production of electricity is a by-product in this process.
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One way to achieve this is to play an active role on the electricity market. Flexibility is key to participate
effectively. Ramping the load of the gas turbine is already a common flexibility tool. During periods in which
it is not economical attractive to produce electricity, due to low tariffs, the gas turbine will be operated in
part-load. This will reduce the fuel consumption in the gas turbine. To keep the steam supply sufficient,
auxiliary firing will increase, but at a lower rate than the decrease the fuel consumption in the gas turbine.
This process results in gas savings. These gas savings are where it gets interesting for AkzoNobel to formulate
a business case.

1.3.2. Potential business case
The gas turbines would already have the flexible characteristics that are required in a system that is reliant on
quick responses. One can operate in part load when electricity prices are low. But the heat recovery steam
generator opposes this flexibility as specific exhaust temperatures are needed for the HRSG to perform well.
This is often remedied with the use of supplementary firing, which enables you to control the temperatures of
the exhaust gases within the HRSG, and consequently the steam flow output. Delesto is interested in taking
it one step further. The company is already assessing the possibility of placing an electric boiler that operates
parallel to the HRSG. Electricity is used to meet the steam demand, instead of the combustion of gaseous
fuel. Another option would be an hybrid configuration, in which an electric heater is integrated in Delesto
1. Depending on the location, size and kind of electric intervention an hybrid configuration could save gas
input in the duct burner. This report will assess the possibilities of implementing an electric heater in the
CHP system.

1.4. The destruction of exergy
One could argue that the electrical generation of steam is a destruction of exergy. Of course they are right to
note the thermodynamic sin. In a conventional power plant coal is burnt to heat water. The resulting steam
is led through a steam turbine where it condenses to generate electricity. In figure 1.6, the energy flows are
summarised in a Sankey diagram. The heat losses in figure 1.6a correspond with the energy in the condensed
steam. Utilising the generated electricity to, once again, generate steam is indeed a waste of coal and exergy.
This does not change the case of the Delesto system. There are probably more elegant ways of electrification
and demand response. But where this case is different is that theoretically the electricity does not come from
a fossil source. It comes from the excess of electricity on the grid due to the generation of electricity in wind
turbines. No greenhouse gases were emitted during the generation of the electricity and it allows AkzoNobel
to save on fuel consumption, resulting in lower emissions.

Whether or not the exergy destruction of the electric heater is justified, will not be discussed any further
in this report.

(a) From fossil to power to process steam (b) From wind power to process steam

Figure 1.6: Sankey diagram
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1.5. Research approach
The research objective of this thesis is to contribute to the flexibility of CHP’s to make it fit for the future energy
mix. This is achieved by developing a new configuration for the CHP at Delfzijl, in which excess electricity
from the grid could be used to produce part of the steam required for industrial processes.

1.5.1. Research Question
What is the technical and financial feasibility of an hybrid configured combined heat and power plant, in
which both gas and power could be used to produce process heat?

1.5.2. Central questions
To end up with useful results, a systematic approach will be taken. To steer in the right direction, some central
questions are formed. It is important to get a good overview of the framework of the project and its design
requirements. Knowledge of CHPs in general and the system of Delesto 1 in particular must be obtained.

• What are the possibilities to adjust the HRSG of a CHP in such a way that it can respond to the excess
electricity on the grid?

– What are the relevant parameters in the existing industrial CHP installation in Delfzijl?

– Which methods are currently being used to convert power into steam?

– How could these methods contribute to a hybrid configuration of the HRSG?

As this project is about retrofitting an existing system, the possibilities for P2H methods are restricted to the
characteristics of the current installation. A model will be constructed of the GT-HRSG-ST combination in
THERMOFLEX Thermoflow. This model will be validated, after which it the model will be used to evaluate
the design cases. The assessment of the technical feasibility, will be subdivided into two parts; the thermody-
namic and dynamic behaviour of the design cases.

• What is the steady state behaviour of the numerous electric heater concepts?

– Which configurations are the most promising in terms of thermodynamic performance?

The most promising design cases are inspected further in a transient analysis. A design case is only of true
value if the system is able to ramp up and down fast enough to fit the way the energy market operates. Obeying
a maximum rate of temperature change to prevent the material of failing, while ramping down would gives
an idea of the dynamic feasibility of the system.

• What is the dynamic behaviour of each of the ’high potential’ design cases?

– What is the steady state at which the system settles expected when a electric heater is set in oper-
ation mode?

– Where are the weak links in the system?

– What is the time needed to reach the steady state value, taking into account the material limita-
tions regarding thermal stresses?

In chapter 6 the steady state model of THERMOFLEX is used to find the significant changes in the system.
Using this information the system boundary is set up. The transient model will be simulated in Matlab. With
the constructed model the critical ramping time that is required for safe operation is analysed, in chapter 7.

Naturally, the business case is very important. Without some financial feasibility there is no incentive to re-
search the possibility further. In chapter 8 historical data from the energy market is used to simulate the
profits on account of the electric heater.

• What is the expected financial performance of the remaining electric heater concepts?

– In which ways could a power to heat system contribute to this market?

– Which criteria are suitable to determine the financial feasibility?

– Which of these methods have the potential to be financial feasible?
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Lastly, one important question remains to be answered in the chapter 9.

• What would be the preferred concept design for further development, according to the results of the
techno-economic analysis?





2
The characteristics and design

requirements of the Delesto system

Before discussing the possible design options for the hybrid configuration in chapter 3, an overview of the
existing system and its requirements is given. In this chapter an answer to the following question will be
formulated: What are the relevant parameters in the existing industrial CHP installation in Delfzijl?

As was mentioned in chapter 1, the world of energy trading is a dynamic world. Due to changing insights
and regulations AkzoNobel is forced to continuously reconsider their strategy. To be able to determine if
a Power 2 Heat (P2H) application is attractive, it is first necessary to set up a framework in which this ap-
plication will operate in. We will assess the potentials in the light of a scenario that would reflect Delesto’s
probable future (2019) situation. By this time Delesto 1 has a single gas turbine - heat recovery steam genera-
tor combination (GT-HRSG) operational in combination with a single Steam Turbine (ST). The overall system
schematic of this combined heat and power(CHP) unit is shown in figure 2.1.

First the steam supply requirements are discussed in section 2.1.

2.1. Steam Demand
The industries at the CPD urge for a steam supply with a pressure of 4.2 bar and 30.5 bar absolute. In this
context, these are referred to as low pressure (LP) level and intermediate pressure (IP) level respectively. The
focus on the production of IP steam is diminished, as the generation of its complete demand is covered by
external parties. However, as Delesto’s more critical customers demand this pressure level, it requires the
capability to produce the IP steam itself to secure the availability for the processes at CPD. The low pressure
steam flow to be produced by the Delesto system is approximately 120 t/h.

The process steam needs a certain degree of superheat for transportation to the industries. The minimum
LP steam temperature is 165 ◦C, and the minimum IP steam temperature is 275 ◦C, which is respectively 37 ◦C
and 41 ◦C superheated.

The design steam production of the Delesto system is summarised in table 2.1.

Table 2.1: Design steam production of the Delesto CHP unit (2019)

Design Steam Production

Pressure [bar] Temperature [◦C] Mass flow [t/h]

Intermediate Pressure 30.5 275 0
Low Pressure 4.2 165 120

11
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Figure 2.1: Schematic of the gas turbine and Dual Pressure HRSG. Heat from the flue gases (red) from the gas turbine is
transferred to the water-steam cycle (blue). Auxiliary firing (DB) is present to control the steam output flow.

2.2. Dual Pressure Cycle
The HRSG of Delesto is a dual pressure system. Having two pressure levels increases the amount of heat
that can be recovered from the flue gases, making the system more efficient than a single pressure system.
Preheated feedwater coming from a deaerator enters the HRSG and is divided into two streams, (top right in
figure 2.1). Both streams are pressurised by feedwater pumps: One to a pressure level just over 88 bar, the
other to just over 4.2 bar, respectively the high pressure (HP) and the low pressure cycle (LP).

The LP cycle has a maximum flow rate of 16 t/h, and is small in comparison to the HP cycle, which has a
maximum flow rate of 160 t/h.

In figure 2.2 the QT-diagram of the HRSG is shown. The characteristics of each component are explained
in the corresponding sections.
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Figure 2.2: Q-T diagram of the HRSG, the red line indicates the temperature of the flue gases throughout the HRSG, and
the blue line indicates the temperature development in the water/steam path

2.3. Combined heat and power components
In this section several components of the Delesto 1 are discussed.

The gas turbine in section 2.3.1, the Duct Burner in section 2.3.2, the heat exchangers in sections 2.3.3 to
2.3.6, the steam turbine in section 2.3.9.

2.3.1. The gas turbine
The gas turbine is the heart of the CHP, which in this case is a General Electric Frame 6 gas turbine. Air
is compressed in the compressor with a pressure ratio of 12. High calorific gas is combusted to heat the
compressed air. The flue gases resulting from the combustion enter a turbine, where the pressure of the flue
gases is reduced. Approximately 37 MWe electric power is generated in the turbine’s Full Load operation.
The flue gas mass flow at this load is 140 kg/s. The gas turbine is equipped with a Dry Low NOx system
(DLN), which function is to minimise the formation of NOx [20]. Prior to the combustion the fuel and air are
premixed. The DLN restricts the part load to a minimum of 80% of the full load, generating 29 MWe . Its ’by-
product’ is heat carried by the flue gas flow with a temperature of 544 ◦C. This waste heat is fed to the HRSG.
The HRSG consist of multiple heat exchangers that transfer the heat from the flue gases to the dual pressure
water/steam cycle.

In figure 2.3 one can see the flue gas conditions as a function of the Gas Turbine Load. A maximum flue gas
temperature of 575 ◦C occurs at a load of 80 %. The flue gas mass flow is rapidly increasing with an increase
in load. A decrease in load results in a linearly decrease in flue gas temperature and a moderate decrease in
exhaust mass flow.

The exhaust conditions of the GT are determining for the behaviour of the HRSG. In figure 2.4 one can
see the maximum allowable steam flow under certain conditions. It can be seen that the steam pressure of 88
bar and the steam temperature of 505 ◦C can be sustained from 70% part load to full load. However, the DLN
requires a minimum part load of 80 %. This is the deepest part load considered in this case study.

2.3.2. Auxiliary Firing
The HRSG is equipped with duct burners, located between the two superheaters of the high pressure cycle.
The main advantage of auxiliary firing is the control over the steam output of the plant, see figure 2.4. It
enables the fulfilment of the steam flow demand up to 160 t/h, at this production rate the firing is maximum
and the Gas Turbine runs at full load. To decrease the supply to 120 t/h one could decrease the firing. When
the GT runs at 90 % load the maximum steam supply is lower than at full load; 130 t/h. When the GT operates
in deep part load, a maximum HP steam demand of 120 t/h is possible. This could be beneficial when the
costs of producing electricity in the Delesto system surpass the costs of buying the same amount of electricity.
If no auxiliary firing is present, the steam production characteristics (mass flow, degree of superheat and
pressure) depend on the temperature of the exhaust gases and thus on the gas turbine load.
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Figure 2.3: Gas turbine exhaust conditions as function of Gas Turbine Load [21].

Figure 2.4: Maximum allowable steam production as function of the gas turbine Load.

The duct burner is cooled by water cooled walls and an evaporation screen. The water cooled walls are
tubes surrounding the circumference of the duct burner to protect it from the heat that is produced. The
evaporation screen is a tube bank of two rows in staggered configuration. It prevents radiation from reaching
the adjacent heat exchangers, and consequently damaging them. The steam produced in these tubes con-
tribute to the HP evaporation process.

In reality the minimum HP mass flow is set to insure that all the on-site available hydrogen could be used
as fuel in the duct burner. This will not be taken into account in this study as it is believed that other use cases
could be developed for the excess hydrogen. This assumption will simplify the task ahead.

2.3.3. Economisers
From the water flow path’s perspective, the economisers are the first heat exchangers it encounters, see HP
Eco I, HP Eco II and LP Eco in figure 2.1. The function of the economiser is to bring the temperature from
the water up to just below saturation temperature to avoid steaming in the economiser tubes. The differ-
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ence is called "approach temperature". The HP cycle consists of two Economisers, HP Economiser I and HP
Economiser II, the LP cycle has one Economiser: LP Economiser I. The remaining energy content in the flue
gases is relatively small. Therefore the tubes of the economisers are all finned to maximise the heat exchang-
ing contact area. The tube rows are all staggered. The pressure drop in staggered tube banks is increased
compared to in-line arrangements, but so is the overall heat transfer coefficient [22].

2.3.4. Drum
The subcooled water from the economisers will enter a drum, see figure 2.1. In this drum vapour and water
are in equilibrium. The prevailing temperature is the saturated temperature. It will act as storage for the
evaporators, to prevent "dry-boiling" from happening. The drum separates the water from the vapour by
means of difference in density. The water flows into the evaporators (section 2.3.5) and the vapour will go to
the superheaters (section 2.3.6).

2.3.5. Evaporators
Water will flow into the down comers, which lead to the evaporator tubes. The evaporator is the heat ex-
changer in which the saturated liquid absorbs heat under constant temperature. In this process, part of the
liquid evaporates, resulting in a two-phase flow. The HP Evaporator and LP Evaporator have both finned
tubes and are staggered, but differ from each other in orientation and by means of circulation driving force.
After the evaporators the two-phase water returns to the drum via risers.

HP Evaporator
The HP evaporator has a vertical orientation. Water in the down comers becomes slightly subcooled, due to a
static pressure increase. When it enters the evaporation tubes the density gradually decreases as the amount
of vapour increases. The gravitational force on the fluid in the down comers, is higher than the one on the
liquid-vapour mixture in the evaporator tubes. This makes the fluid circulate. The driving force is called
thermal head and is also known as natural circulation. The HP evaporator consist of 1092 parallel tubes. The
circulation rate (CR) is 7, which means that the vapour quality is 1/7 at the end of the riser tubes [23].

LP Evaporator
In the LP Evaporator the tubes are oriented horizontally. The mass in the LP evaporator tubes is much smaller
than in the HP evaporator tubes. The difference in density is no longer a relevant driving force. Therefore a
pump induces a pressure gradient that will act as the driving force.

2.3.6. Superheaters
The vapour in the drum flows to the superheaters. In the superheater, the temperature can increase beyond
the saturation temperature. Because of the relative high energy content of the flue gases, the tubes of the
superheaters are not equipped with fins. Without the fins there is already a sufficient amount of heat trans-
ferred to the steam. The HP superheater II is staggered, whereas the HP Superheater I and the LP Superheater
are not.

2.3.7. Desuperheater
Parallel to the duct burner, but integrated in the steam path, a desuperheater is located. This unit controls the
temperature at the outlet of superheater II, with a set-point of 505 ◦C. Superheated steam from Superheater
I is injected with water directly coming from the high pressure feedwater pump. Two principles are working
together. Injecting the cooling water, decreases the temperature at the inlet of SH II. Obviously the decrease
in temperature at the inlet of the SHII will have an effect on the exit temperature of the SHII. Concurrently,
the increase in the steam flow will cause a smaller overall temperature increase, assuming the same amount
of heat transferred in the heat exchanger.

2.3.8. Feedwater supply system
Not shown in the pictures is the feedwater supply system. It consists of a deaerator, and a feedwater preheater.
The main purpose of the deaerator is to remove the non-condensable gases carbon dioxide CO2 and oxide
O2. O2 causes corrosion in the boiler, and CO2 aggravate this effect. Two other key functions of the deaerator
are the heating and storage of the feedwater. Demineralised water from the processes at Chemiepark is fed
back to the deaerator.
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2.3.9. Steam turbine system
The superheated HP steam exiting the HRSG is collected in an HP header, and the superheated LP steam is
collected in a LP header, see figure 2.5. The superheated steam of 88 bar generated in the superheater is not
of particular interest for processes, but is needed for the power generation in the steam turbines. In the ST’s it
is not important how much heat the steam can transfer, but how much work it can do. An advantage of using
superheated steam over saturated steam during expansion is that a large enthalpy difference can be achieved
without wetting the steam.

The superheated HP steam is guided from the HP header to the ST. The ST assembly consists of a HP tur-
bine and an IP turbine. Between these two steam turbines it is possible to extract part of steam at a pressure of
30.5 bar. The extracted steam enters an IP header. The remaining steam will enter the Intermediate Pressure
turbine. At the exit of this turbine the steam has a pressure of 4.2 bar, and is added to the LP header.

A minimum flow is necessary to prevent overheating of the steam turbine. The lower limit of mass flow
is fixed by the maximum allowable temperatures at the turbine exits: 420 ◦C and 350 ◦C for the IP and LP
turbine respectively. Downstream of the steam turbine outlets desuperheating stations are located to control
the temperature of the steam. The IP steam outlet is controlled with a set point temperature of 280 ◦C, as
a rule of thumb 10% of the exiting flow is additionally injected. The LP exit stream is kept at a temperature
of maximum 185 ◦C, the injection stream is limited to 3.2 t/h. The maximum output of the steam turbines
are 125 t/h at LP and 110 t/h at IP. At full load the HP turbine and IP turbine produce 15 MWe and 14 MWe

respectively.

Pressure reducing stations/ Steam turbine bypass stations
It is possible to partly bypass the steam turbine, either because the steam entering the HP header exceeds the
maximum capacity of the steam turbines, in case of failure, or there exists no financial incentive to produce
electricity. The HP, IP and LP headers are connected by means of pressure reducing stations that form this
bypass.

In a reducing station the prevailing pressure is reduced. The saturation temperature of water decreases
with this decrease in pressure. To produce steam at the required conditions a desuperheater is installed
downstream to the reducing station. Injection water comes from the deaerator after which it is pressurised to
70 bar. This injection water is also used as cooling water at the outlets of steam turbine.
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Figure 2.5: Schematic of the steam turbine system





3
Potential configurations

In chapter 2 a better understanding on the Delesto plant is gained. In this chapter, an answer is given on the
questions Which methods are currently being used to convert power into steam? and How could these methods
contribute to a hybrid configuration of the HRSG?

The opportunities to implement power to heat in this existing plant are researched. In section 3.1 two
of the existing power to heat (P2H) applications and their characteristics are described. In section 3.2 eight
design cases are set up. The theoretical principle is briefly explained.

3.1. Power 2 Heat applications
The collaboration of CHP plants and P2H heat is not a new idea. For example in Denmark, a country that
utilises CHP’s for district heating, a lot of research has been done on the topic [17] [24] [25] [26]. The studies
are done on the production of low grade heat, which is up to 100 ◦C. Process heat is considered to be high
grade heat. Obviously, low grade heat is easier to obtain than high grade heat.

There are several methods to convert power into heat. In this section the working principles of immer-
sion heaters and electrode boilers are discussed. Other methods, like heat pumps, and trace heating are not
considered in this report. The indirect path from power to gas to heat is not considered here.

3.1.1. Immersion heater
An example of the immersion heater could be found in many house holds: the electric tea kettle. The im-
mersion heater consists of an electrical resistance ’immersed’ in the medium subjected to heating. It is in
direct contact with the fluid to be heated. When a voltage potential over the resistance exists, a current will
flow through. This current causes Joule heating to occur, which relationship is described with equation 3.1.
Depending on the magnitude of the resistance R of the resistor and the current flowing through it I , a certain
amount of heat will be dissipated. This heat will be transferred by means of convection to the medium the
resistor is immersed in. In the light of this study, that medium could be air, fuel or water.

Q ∝ I 2R (3.1)

The temperature increase this process induces depends on the heat capacity of the system. The specific
isobaric heat capacity cp is a measure of the amount of heat added to a system to increase the temperature
of the system with 1 ◦C, it is a function of temperature and it has different values for air, fuel and water. The
efficiency of immersion heating is approximately 100 %, as all electricity input is ’lost’ or converted into heat.

3.1.2. Electrode boiler
The electrode boiler utilises the conductive property of water to produce heat. A schematic of the configu-
ration of the electrode boiler is shown in figure 3.1. Three electrodes are suspended in a container of water.
Three phase alternating current (3-phase) is fed to the electrodes to agitate the water molecules to produce
steam. The steam will move upward. The water is supplemented with the water contained in the bottom part
of the vessel. If the amount of steam produced surpasses the demand, the pressure in the vessel increases.
The supply of feedwater to the container with electrodes is controlled using this pressure.
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Figure 3.1: Schematic representation of the Electrode Boiler Steam generation system [27]

The conductivity of the water is essential to the performance of the electrode boiler. This conductivity
of the water is thanks to the presence of certain minerals in the water, which might be undesired for the
feedwater of the HRSG itself. It is possible to control the concentration of these minerals by adding them to
the water. As these minerals are non-condensables, they won’t leave the vessel with the steam. Accumulation
of the minerals should be prevented, this is done with the blow down at the bottom of the vessel.

The electrode boiler is appreciated for its applicability in a energy mix with high share in renewable energy
sources. Typically, they have a capacity of 50-70 MW, and a steam output of 45 bar at 260 ◦C [7] [28]. With some
modifications it is also possible to superheat the steam. The efficiency is 99.9 %. The ramp up time from zero
to full load of minutes enables quick response to always changing electricity prices [27]. In Denmark it is
already complementing CHP’s in their function for district heating [28].

3.2. Electric heater concept designs
Eight optional design cases came up after several discussions with AkzoNobel Delesto and Stork Thermeq.
The working principle of the several options are shortly discussed in this section. The methods could be
categorised by the medium on which they act. They are intervening on the fuel entry, on the air/exhaust path
or on the water/steam path. In table 3.1 the different cases are summarised, the locations of each method
is shown in figure 3.2. Although there is one device, the High Pressure Pump, that does not function on the
heating principle, the collective term used in this report for the electric intervening devices is Electric Heater
(EH).

3.2.1. Air preheater (AP)
The performance of the gas turbine can be described with the With an increase in compressor inlet temper-
ature of the gas turbine, the density of the working fluid air decreases. This decrease in air density induces a
decrease in thermal efficiency, specific work and an increase in specific fuel consumption. It is said that for
every 1 ◦C a reduction of power output of 0.5 - 0.9 % is to be expected [29] [20].

The increase of temperature at the compressor inlet can be achieved with the implementation of an Air
preheater, located in front of the gas turbine, see (1) in figure 3.2. It should be noted that the composition
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Table 3.1: Potential design cases for the hybrid configuration of the CHP

Device Symbol Location

1. Air preheater AP Gas Turbine
}

gas path
2. Duct heater DH Duct burner
3. High pressure boiler HPB Bypass high pressure evaporator

water/steam path
4. Low pressure boiler LPB Bypass low pressure evaporator
5. High Pressure Pump HPP Integrated with high pressure feedwater

pump
6. Fuel Heater Gas Turbine FHGT Fuel inlet GT

}
fuel entry

7. Fuel Heater Duct Burner FHDB Fuel inlet DB
8. Stand-alone boiler SB Parallel to the HRSG

Figure 3.2: Different locations of the electric heaters, the numbers correspond to the numbering used in table 5.2

of the exhaust gases will differ from the composition during standard operation. The oxygen content is less,
thus firing in the duct burner could be influenced by this method.

It is common practice to cool the inlet air of the gas turbine to enhance the power production in the
gas turbine, especially in tropical areas. Less common is the preheating of air, at best this is used during cold
seasons as anti-icing practice. This makes that there has not yet been a real incentive to raise the temperature
limit at the compressor inlet, which is currently around 45 ◦C. Technologies such as exhaust gas recirculation
will help to grow this incentive. In this report it is assumed that it is within the technical possibilities to raise
this temperature, and that development will follow the incentive. Therefore the temperature limit at the inlet
of the compressor is set at 90 ◦C.
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3.2.2. Duct heater (DH)
To shift part of the load from the duct burner, a flue gas heater could be placed upstream in the gas path of
the duct burner, see (2) in figure 3.2. In this way the heater replaces directly (partly) the function of the duct
burner. This will affect the radiation temperature in the duct burner.

3.2.3. High pressure boiler (HPB)
Parallel to the HP evaporator an electric boiler can be operated to partly substitute the function of the evap-
orator, (3) in figure 3.2. The main reason for auxiliary firing in the duct burner is supplying the right amount
of energy in the flue gas flow to enable the production of the right amount of high pressure steam. The bottle
neck is the pinch point. This pinch-point demands a certain flue gas temperature at the exit of the evaporator
so that enough heat can be transferred to the steam to overcome the latent heat.

In figure 3.3 one could see the Q,T-diagram of the dual pressure steam cycle of interest. Part of the heat
transferred to the saturated water comes from electricity. The evaporation process is no longer restricted by
the flue gas temperature at the pinch point and is less depending on the auxiliary firing. A smaller temper-
ature rise over the duct burner is required and consequently less gas is burned. Note that the part of water
conventionally evaporated in the DB has shifted to the HP evaporator component.

Figure 3.3: QT-diagram of the heat transfer inside the HRSG. P2H is used to evaporate part of the water flowing into the
drum. The need for duct firing dissappears.

3.2.4. Low pressure boiler (LPB)
Just like the previous mentioned high pressure boiler, a low pressure boiler could be placed parallel to the
evaporator of the low pressure cycle, see (4) in figure 3.2. Unfortunately, the LP cycle has a maximum capacity
of ’only’ 16 t/h and is less defined by its pinch-point than the HP cycle, which limits the potential saved gas
input. This can be seen by looking to the LP cycle in figure 3.3.
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3.2.5. High pressure pump (HPP)
One could decide to increase the pressure of the high pressure cycle, see (5) in figure 3.2. The theory behind
this method is as follows:
The latent heat decreases with increasing pressure. This could mean that the temperature of the flue gases
does not have to be elevated to the usual/normal level. One side note is that the saturation temperature also
increases with increasing pressure, which could diminish the net effect. Both effects are linear around the
high pressure level of 88 bar, see figures 3.4a and 3.4b . An advantage of this method is that the pump is
already present in the installation, it only has to switch from operation mode. The pressure design limit for
the high pressure cycle is 102 bar.

(a) Latent heat with respect to water pressure (b) Saturation temperature with respect to water pressure

Figure 3.4: An increase in the pressure of the High Pressure cycle would induce an increase in latent heat,this would result
in a decrease in duct firing needed. However, the saturation temperature also increases for increase in pressure. Elevation
in saturation temperature would result in an increase in duct firing. If the HPP is successful depends on both.

3.2.6. Fuel heaters in gas turbine and duct burner (FHGT & FHDB)
During combustion part of the heat released is used to elevate the temperature of the gaseous fuel to ig-
nition temperatures. One way to increase combustion efficiency is to preheat the natural gas, so that less
energy is required to bring it up to combustion temperature. In theory one would want to bring it as close
to auto-ignition temperature of natural gas [30], which is 580 ◦C [31] (or 537 ◦C [32]) as possible. In practise
temperatures of 185 ◦C are typical [33]. In conventional systems the heating is done using heat extracted from
the boiler. Using electric heaters would not be convenient in these systems, but could be interested in per-
spective to a hybrid CHP and could be implemented in both the fuel input of the gas turbine and of the duct
burner, see (6) and (7) in figure 3.2.

3.2.7. Stand-alone boiler (SB)
Last but not least, one important option should be considered, this case will function as the "control group".
It is an electric boiler that is not integrated in the CHP, but runs parallel to it, see (8) in figure 3.2. It is decided
to operate it at the pressure level of the IP Header to ensure the supply security at this level demanded at CPD.
To produce superheated steam, one should pressurise the steam to a level where the saturation temperature
corresponds with the desired temperature of the superheated steam. Afterwards the pressure is reduced to
the desired pressure level.
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Steady State Model of Delesto

To assess the potential value of the concepts discussed in chapter 3, a model is created in THERMOFLEX
(programme of Thermoflow). This program is component based software for industrial applications. An
advantage of the software is that it allows the user to over define the system, by prioritising the input of the
model. It is extremely suitable to compute steady state behaviour of thermodynamic systems.

In this chapter some basic information is given on the developed model. The gas turbine and steam
turbine are modelled and tuned separately, in respectively section 4.2 and section 4.3. The tuning is done by
comparing the outcome of the model to some available measurement data from DNV-GL, section 4.1.

4.1. Data
There are two sets of measurement data available. One set is on the Gas Turbine - Heat Recovery Steam
Generator combination (GT-HRSG) and the other is on the Steam Turbine (ST) performance. These data sets
are used to tune the THERMOFLEX models from section 4.2 and 4.3.

The measurements on the GT-HRSG combination has been done by varying the load of the gas turbine
and the duct burner. The data points used are shown in table 4.1. The GT load and the DB fuel consumption
and HP mass flow obtained during the DNV-GL measurements are used as input of the new model.

Table 4.1: Measurement Programme of the data set

Data Point GT Load [%] Duct Burner Load [%]

1

100

100
2 75
3 50
4 25
5 0

6
80

50
7 25
8 0

The data on the ST system is obtained by running through the operating range of the ST to map its char-
acteristics. The result is detailed information about pressures, temperatures and generated power for several
LP and IP mass flows.

4.2. Gas Turbine and Heat Recovery Steam Generator
The model of the GT-HRSG inside the THERMOFLEX environment is shown in figure 4.1. This model includes
the HP and LP cycle, and the duct burner, which are shown in figure 4.2, 4.3 and 4.4 respectively. In the
component input structure, specific characteristics can be indicated, such as the contact area and the overall
design heat transfer coefficient for the heat exchangers.
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Figure 4.1: Combination of the gas turbine and Heat Recovery Steam Generator in the THERMOFLEX environment.

Figure 4.2: High pressure cycle in the THERMOFLEX environment

Figure 4.3: Low pressure cycle in the THERMOFLEX environment

4.2.1. Tuning
The tuning of the GT-HRSG is done by adjusting the operation parameters of the Gas Turbine, such as ef-
ficiency reduction for the compressor and turbine, TIT control, turbine nozzle area, and inlet guide vanes
parameters. Additionally, some correction factors of the heat exchangers are modified.
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Figure 4.4: Duct Burner in the THERMOFLEX environment

4.2.2. Validation
To validate this part of the model, the characteristics of the gas turbine (compressor discharge pressure and
temperature, power output, inlet air flow, fuel consumption and the exhaust temperature) are compared
for an old model, the DNV-GL data and the new model. The comparison of the power output and the fuel
consumption of the GT are shown in figure 4.5 and 4.6. The power output according to the new model is
slightly (2%) more than the measured power output. The fuel consumption in the new model stays within the
1% of the measured data.

Figure 4.5: Power output of the GT for the conditions described in table 4.1. The error bars show a 2 % deviation from the
maximum value of the data obtained from measurements

Additional to the behaviour of the GT, the behaviour of the HRSG is looked into. The characteristics mass
flows of the model’s HRSG are compared with the DNV-GL measurements and the old simulator. The mass
flow of the LP cycle and the injected water in the desuperheater are shown in figure 4.7 and figure 4.8 respec-
tively.

It is seen that the LP mass flow more or less stays within a 1% deviation from the maximum HP mass flow
measured.
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Figure 4.6: Fuel consumption of the GT for the conditions described in table 4.1. The error bars show a 1 % deviation
from the maximum value of the data obtained from measurements

Figure 4.7: Mass flow of the low pressure cycle for the conditions described in table 4.1. The error bars show a 1 %
deviation from the maximum value of the HP mass flow according to data obtained from measurements

At first glance, the injected mass flow in the desuperheater does not fit the measured data. However, as
one can readily see, the new model has values that corresponds better to the real behaviour than the old
simulator. If one compares the deviation relative to the entire mass flow of the HP cycle most data points stay
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within the 1% error, and all of them within the 2%.

Figure 4.8: Injected mass flow in the desuperheater for the conditions described in table 4.1. The error bars show a 1 %
deviation from the maximum value of the HP mass flow according to data obtained from measurements

4.3. Steam turbine
The model of the steam turbine inside the THERMOFLEX environment is shown in figure 4.9. Results from
the DNV-GL measurements, such as the entering amount of superheated steam and the delivered process
steam at MP and LP level are used as inputs of the model.

4.3.1. Tuning
To tune the model the isentropic efficiencies, the temperature at the turbine exits and the power output of
the turbines are compared. To fit the model to the available performance data, a value for the inlet nozzle
adjusted area is chosen and the overall the model is tuned by specifying an exhaust loss curve of the steam
turbine assembly. It represents the loss of kinetic energy and enthalpy still present in the stream after the
turbines [34].

4.3.2. Validation
In this section some important graphs are shown to compare the results of the THERMOFLEX model of the
steam turbine system with the measurement data from DNV-GL. The temperature, isentropic efficiency and
the power output against the entering mass flow are compared.

In figure 4.10 one could see that the modelled temperatures at the outlet of the HP an IP turbine fit the
data well. The error bars indicate a deviation of 1% of the maximum temperature on Kelvin scale. In figure
4.11 the power output of the complete steam turbine assembly is shown. The power output of the modelled
steam turbine is in accordance with the data. The error bars show a deviation of 2 % with respect to the
maximum power output, in almost all the cases the power output stays within that 2%.

In figure 4.12 the power output of the steam turbines is shown separately. The trend of the two turbines
in the model is in accordance with the trend in the data. In the HP turbine the error increase for increasing
mass flow.
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Figure 4.9: Steam turbine assembly in the THERMOFLEX environment

Figure 4.10: Temperature at the outlet of HP and IP Steam Turbine at varying process steam supply. The error bars show
a 1 % deviation from the maximum absolute temperature of the HP inlet from the measured data.
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Figure 4.11: Combined power output of the entire steam turbine assembly. The error bars show a 2 % deviation from the
highest total power output from the measured data.

Figure 4.12: Power output of the HP and IP steam turbine separately. The error bars show a 2 % deviation from the
maximum total power output from the measured data.
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4.4. Coupling of the GT-HRSG and the ST model
Both the model of the GT-HRSG and the model of the ST give results that are able to simulate approximately
the same behaviour as the actual system. To obtain a model to simulate the entire system these two models
will be coupled, figure 4.13. The superheated steam outlet of the HP cycle in figure 4.1 is connected to the
steam turbine assembly inlet of figure 4.9. Additionally, an infrastructure of HP, IP, and LP headers is imple-
mented to enable (partly) bypassing of the ST. At last the EH’s from chapter 3 are added.

Figure 4.13: Final model of the combination GT, HRSG and ST in the THERMOFLEX environment. The yellow boxes have
the function of the EH’s. In this overview only the AP, GHGT, GHDB, and the SB can be seen.

This model will be used to analyse the steady state response to the deployment of the EH’s described in
chapter 3. The analysis is described in chapter 5.
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Analysis of steady state performance of the

electric heaters

After the conceptual cases of chapter 3 have been implemented in the model constructed in chapter 4, the
performance of the concepts of electric heaters (EHs) can be evaluated. This will result in an answer to the
question: What is the steady state behaviour of the numerous electric heater concepts? As was discussed earlier
(table 2.1), the desired steam supply of the Delesto system is 120 t/h. In this chapter the performance of the
EHs is reviewed for this process steam supply. Additionally, the performance of the EHs at a steam demand
of 100 t/h and 140 t/h are researched to obtain a view of the steady state performance over a wider operating
window considering that the steam demand might deviate from the design objective. The evaluation in this
section only covers the steady state behaviour of the plant; the dynamic response is discussed in chapter 7.

Dependent on the location and the medium the EH is acting upon, the maximum load of the device
differs. The limits are discussed in section 5.2. The performance of each of the devices will be assessed against
several criteria, these criteria are discussed in section 5.3. Obviously, one of the key criteria in this study is
the increased flexibility in terms of electricity output and the savings in gas consumption. The results from
the analysis are discussed in section 5.4. From the results it shows that a few concepts are very promising, in
section 5.5 the performance of a combination of the concepts is reviewed.

5.1. Operation modes
The conventional practise of ramping down the power production of the CHP is to first bring the GT to part
load, the continuous steam demand is fulfilled by increasing the auxiliary firing. The minimum load the
GT can operate at for each of the different process steam demands is summarised in table 5.1. As a second
measure, to further reduce the power output, the steam turbine will be partially bypassed. As the ST is a very
efficient method of producing electricity and it takes a lot of time to heat up, this only occurs in the event of
longer periods of low electricity prices or when TenneT called off for reserve capacity.

Table 5.1: Minimum operation load of the gas turbine for some of the values of process steam demand.

Minimum operation load of the GT

Process steam demand 100 120 140 [t/h]

Minimum GT Load 80 80 89 [%]
Air mass flow 114 114 125 [t/h]

The several modes of operation for the CHP including the EH are specified and shown in table 5.2. As with
the conventional operational modes first the GT will be backed off from full load. Secondly, the EH will be
turned on. Finally, in case there is still need for an additional decrease in electricity production, the ST will
be ramped down.
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Table 5.2: Operation modes of the CHP equipped with EH from full load to part load

Modes of operation load of the CHP

Mode Gas turbine Steam turbine Electric heater

1 100% 100% 0%
2 min. 100% 0%
3 min. 100% max.
4 min. min. max.

5.2. Limitations of electric heaters
The electric devices are all constrained by certain limits. Before analyses of the EHs, these limitations and
how they will affect the performance needs to be understood. Furthermore, the conversion of electricity into
heat is only useful until the point that the fuel consumption in the DB becomes zero. In table 5.3, an overview
of the maximum power input of the EHs and their limiting factor at operation mode 3 are listed for a process
steam demand of 100 t/h and 140 t/h. Besides that, the limits are described separately.

Air preheater
The AP heats the air entering the compressor of the gas turbine, figure 3.2. It is not able to bring the fuel
consumption in the duct burner down to zero. Therefore the AP is only restricted by the maximum allowable
compressor inlet temperature. The air flow in the GT depends on the load that the GT is operated at, figure
2.3. The mass flow corresponding to the minimum GT load of operation mode 2 are contained in table 5.1.

Duct heater
The DH can completely substitute the duct burner combustion. The radiative heat transfer to the evaporation
screen and water walls will decrease, so that will not cause any problems. Zero gas consumption will limit the
DH.

High pressure boiler
In case of the 100 t/h and 140 t/h the HPB is limited to the zero fuel consumption in the duct burner. The HPB
at a process steam demand of 120 t/h is limited by the requirement that the LP process steam temperature
should not drop below 165 ◦C. The decrease in temperature after the duct burner causes a decrease in heat
transferred to the superheated steam in the superheater I. A decrease in the amount of injection water can
mitigate this. Obviously, the amount of injection water cannot drop below zero. In this instance the super-
heater cannot maintain an outlet temperature of 505 ◦C. When the outlet temperature of the SHII decreases
to much, the process steam temperature demand can’t be fulfilled.

Low pressure boiler
The LPB would have a significant range, were it not for the mass flow restriction in the LP cycle.

High Pressure Pump
The maximum power input of the HPP is prescribed by the maximum design pressure of the HP cycle. As one
can see in table 5.3 it is significantly less than the potential input of the other EHs.

Fuel Heaters
The fuel heaters are restricted by the maximum allowable natural gas temperature. The maximum electricity
input of the FHGT is like the AP dependent on the load of the GT. The FHDB has a smaller maximum power
input, as the fuel mass flow to the DB is smaller than to the GT.

Stand-alone Boiler
The SB is limited by a minimum mass flow through the system. When the EH load is set higher, the wa-
ter/steam mass flow through the HRSG to low and the thermodynamic laws will be disobeyed in the model.
The maximum input is significantly lower than the maximum input of the DH and HPB, but it is still amongst
the larger capacity EHs.
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Table 5.3: Overview of maximum power input of operation mode 3

Overview

Process steam demand 100 120 140 [t/h] Limit

Air Preheater (AP) 7,167 7,167 7,561 [kW] The compressor inlet tempera-
ture should not exceed 90 ◦C.

Duct Heater (DH) 29,688 45,780 58,220 [kW] Converting electricity into heat
is useful until the point that the
fuel consumption in the DB
becomes zero.

High Pressure Boiler (HPB) 28,489 44,388 55,123 [kW] For 100 t/h and 140 t/h: Con-
verting electricity into heat is
useful until the point that the
fuel consumption in the DB
becomes zero.
For 120 t/h: A LP steam tem-
perature of 165 ◦C should be
maintained

Low Pressure Boiler (LPB) 8,394 8,391 8,634 [kW] The maximum mass flow of the
LP cycle is 16 t/h.

High Pressure Pump (HPP) 0.321 0.574 0.530 [kW] The pressure of the HP cycle
should not exceed the design
pressure of 102 bar.

Fuel Heater Gas Turbine
(FHGT)

2,873 2,874 3,088 [kW] The natural gas temperature
should stay well below the limit
of auto-ignition. For safety rea-
sons a maximum of 500 ◦C is
taken.

Fuel Heater Duct Burner
(FHDB)

873 1,352 1,709 [kW] The natural gas temperature
should stay well below the limit
of auto-ignition. For safety rea-
sons a maximum of 500 ◦C is
taken.

Stand-alone Boiler (SB) 16,136 29,244 43,416 [kW] A minimum water mass flow
through the heat exchangers is
required.
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5.3. Analysis of interest
As the performance of the several EHs is being assessed. To obtain quantitative results some metrics are
defined. The purpose of the EHs is to create flexibility in terms of the net power output and to save gas in this
process.

5.3.1. Additional Flexibility
The main purpose of the Electric Heater is to induce a change in the net power output of the plant. The Net
Power Output (NPO) is defined as in equation 5.1. With P being the electric power produced, and subscripts
GT , ST ,aux and E H respectively for the gas turbine, steam turbine, auxiliaries and the electric heater. The
negative sign in the term of the auxiliaries and electric heater indicates that power is consumed.

NPO = PGT +PST −Paux −PE H (5.1)

The Additional Flexibility (AF) is a measure of the flexibility obtained. It is expressed as the change in NPO
due to the deployment of the EH, see equation 5.2. The subscripts 2 and 3 stand for that particular operation
mode (see table 5.2).

AF = NPO2 −NPO3 (5.2)

5.3.2. Relative Fuel Savings
Another interesting study is how much gas is saved with the flexibility obtained from the EH. A measure, the
relative fuel savings, is defined in equation 5.3. Taking the conventional plant, with the gas turbine in part-
load (mode 2 from table table 5.2) as reference plant. This shows a clear view of the additional fuel savings
next to the fuel savings already obtained from the ramping down to part-load operation is achieved. The
measure will be referred to as Relative Fuel Savings (RFS), equation 5.3. H3 stands for the fuel energy input of
the system with EH, H2 stands for the one of the reference plant with part-load conditions.

RF S = 1− H3

H2
(5.3)

Another interesting study would be the CO2 emission savings[35]. However, in this study the CO2 emis-
sions are one-to-one related to the AFSs in the plant, as the electricity used is assumed to come from CO2-free
wind power.

5.3.3. Effectiveness
The Absolute Fuel Savings (AFS) are defined as the absolute fuel saved thanks to the deployment of the EH,
equation 5.4.

AFS = H2 −H3 (5.4)

The effectiveness ε of an EH will be defined as the ratio between the fuel saved and the flexibility obtained
due to the deployment of the EH.

ε= Absolute Fuel Savings

Additional Flexibility
= AF S

AF
(5.5)

5.3.4. Thermal Efficiency
The thermal efficiency ηth of a CHP plant is described with equation 5.6. The efficiency in a system could
also be described using the energy loss in the stack, (second equality in equation 5.6). It is the energy not
absorbed by the water-steam cycle from the flue gases. The less the energy content at the outlet of the stack
flow differs from the ambient energy content, the smaller the losses.

ηth = Useful output

Energy input
= 1− Heat losses

Energy input
(5.6)

By looking at the energy present in the flue gases at the outlet of the stack, one can get an idea on how
efficient the plant is. Dividing this by the stack losses that exist at the conventional part load operation gives
an indication of the relative efficiency performance.
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Relative Stack Losses = Stack Losses

Stack Losses2
(5.7)

5.4. Results
Bearing in mind the maxima established in section 5.2, the analysis of interest described in section 5.3 can be
performed. For increments of one-fifth of the maximum power input of the EH, performance data has been
collected.

The results will be plotted against the additional flexibility achieved (equation 5.2). It is the change of the
net power output caused by the deployment of the EH. The greater the domain of a certain EH is, the more
flexibility this EH can provide.

The case of a process steam demand of 120 t/h will be discussed first (section 5.4.1), after which deviations
to the design process steam demand will be looked into (section 5.4.2).

Before the more specific results are discussed, some general numbers could be helpful in gaining an un-
derstanding of the order of magnitude of the fuel consumption and electricity generation. In table 5.4 one
can find the values of electricity generation, steam production and fuel usage when no electric intervention
is considered.

Table 5.4: Relevant energy flows in the CHP at full- and part-load conditions

Energy Flows

Process steam demand 100 120 140 [t/h]

Mode 1

Electricity Generation GT 37 37 37 [MW]
Electricity Generation ST 13 18 20 [MW]
Fuel Consumption GT 117 117 117 [MW]
Fuel Consumption DB 22 39 54 [MW]
LP Steam Production 77 93 108 [MW]
Stack Losses 12 11 10 [MW]

Mode 2

Electricity Generation GT 29 29 32 [MW]
Electricity Generation ST 13 18 20 [MW]
Fuel Consumption GT 99 99 107 [MW]
Fuel Consumption DB 30 46 58 [MW]
LP Steam Production 77 93 108 [MW]
Stack Losses 9 8 8 [MW]

The total amount of electricity produced is from the GT and the ST. The increase in production at full-
load conditions for a higher steam demand is attributed to the increased amount of steam expanding in the
turbine. The fuel usage increases with an increase in steam demand in both part- and full-load conditions,
which is solely attributed to the increased fuel usage in the duct burner.

5.4.1. 120 t/h
As could already have been deduced from table 5.3 the maximum load of each EH differs from almost nil
(HPP) to 44 MW (DH). This maximum load cannot directly be translated to the maximum additional flexibility
and fuel savings offered by the EH. From the graph in figure 5.1 it can be seen that the maximum amount of
fuel saved is the same for the HPB and DH. Obviously, this is the limit of fuel saving due to the zero fuel
consumption of the duct burner at this point. The steeper the slope of the curve, the more efficient fuel is
saved. One can see that the AP is the most efficient EH to save fuel, and the SB and LPB the least efficient
EHs. The HPP adds no significant RFS, the FH’s of the GT and DB and the LPB save a limited amount of fuel,
mainly due to the limited operating range of the EHs.

In figure 5.2 practically the same information can be found. But now a clear distinction between the
numerous EH curves can be made. It can be seen that the FHGT, FHDB, DH, HPB and SB have more or less
a constant effectiveness throughout their operating range. The HPB having the greatest, and the SB having
the worst effectiveness of this selection. The effectiveness of the HPP alternates rapidly for an increase in
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Figure 5.1: Relative fuel savings of the electric heaters at design process steam demand (120 t/h)

load. The LPB effectiveness increases with an increase in load and AF. The AP becomes less effective over its
operating range. However, it is still more effective than the other devices.

It is readily understood that one would prefer a device with high AF and great ε, (in this graph the upper
right corner). On the contrary, low AF and small ε is the least favourable region to operate in, (the lower left
corner in the graph). From that view, the AP can be praised for its high effectiveness, and the HPB, DH and
HPB for their range.

Figure 5.2: Effectiveness of the electric heaters at design process steam demand (120 t/h)

In figure 5.3 one can find the relative stack losses of the EHs. A RLS of 1 means that the losses are equal
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to the losses of the system without deployment of an EH (operation mode 2 from table 5.2. A value of more
than one implies that the losses have increased in reference to the losses at operation mode 2. This is the case
with the operation of LPB and SB. The system becomes less efficient as the load of these EHs increase. The
DH, HPB and AP show a more favourable result. Their increasing deployment results in smaller losses from
the stack. The lower stack losses with operation of the AP can be explained by the smaller air flow through
the HRSG. The specific enthalpy of the flow has increased.

Figure 5.3: Relative stack losses of the electric heaters at design process steam demand (120 t/h)

5.4.2. 100 and 140 t/h
The EHs show similar results at the off-design steam demand of 100 t/h and 140 t/h. The set of graphs for both
are contained in appendix A. The graph of the effectiveness at 140 t/h is emphasised in this section, figure 5.4.

There is no significant increase in Additional Flexibility (AF). In fact, in case of the SB the system en-
counters a decrease in maximum AF obtained of 5 MW. The trends of the curves remain unchanged. It is
noticeable that there is a strong increase in effectiveness of the HPP, although it is inversely proportional to
the power input. The effectiveness of the AP, DH, HPB and SB are now closer to one than for design process
steam demand.
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Figure 5.4: Effectiveness of the electric heaters at a process steam demand (140 t/h)

5.5. Combination of two Electric Heaters
As became apparent in section 5.4, the effectiveness of the AP terms of fuel savings is relatively high compared
to its competing devices, but its range is limited. On the other hand, the DH, HPB and SB have a limited
effectiveness, but do have a large AF. Therefore, the AP is deployed first and on top of that the DH, HPB or SB
could be utilised. Would the combination of these systems lead to even more favourable results?

5.5.1. Limits
For each combination the logic holds that increasing the power input is useful up to the instance that zero
fuel is consumed in the duct burner. Apart from the HPP at a process steam demand of 140 t/h, for which
the process steam temperature is no longer the limiting factor, the operational load limits for the EHs do not
change compared to operation without the AP, table 5.5.

Table 5.5: Overview of maximum Power input of Operation mode 3 for parallel operation of selected EHs

Overview

Process steam demand 120 100 140 [t/h]

Air Preheater & Duct Heater (AP-DH) 33 51 65 [MW]
Air Preheater & High Pressure Boiler (AP-HPB) 32 50 58 [MW]
Air Preheater & Stand-alone Boiler (AP-SB) 9 23 37 [MW]

5.5.2. Results
The combinations of the AP-DH, AP-HPB, AP-SB result in a higher AF domain, figure 5.5. The increase for
the AP-DH and AP-HPB are 25 MW and the increase for AP-SB is 9 MW. Compared to the case of stand-alone
operation, the maximum RFS is higher. This is because the AP is able to save gas in the GT. In the previous
analysis this was partly compensated with an increase in Duct Burner fuel consumption. In a combined
configuration this can be compensated with an increase in DH, HPB or SB load.
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Figure 5.5: Relative fuel savings for the combinations of some of the electric heaters at design process steam demand
(120 t/h)

In figure 5.6 a clear view on the effectiveness of the combinations is obtained. From the three combi-
nations, the AP-SB performs worst, but still better than its stand-alone version. The AP-DH’s and AP-HPB’s
effectiveness’ are similar to each other.

Figure 5.6: Effectiveness for the combinations of some of the electric heaters at design process steam demand (120 t/h)

The Relative Stack losses, figure 5.7, are for all combinations an improvement over their stand-alone ver-
sion. The AP-DH and AP-HPB maintain the lower Stack Losses that were achieved with the sole AP. The AP-
SB’s stack losses increase, up to a point where they are higher than the losses of the reference plant, but
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remain below the stack losses of the SB.

Figure 5.7: Relative stack losses for the combinations of some of the electric heaters at design process steam demand
(120 t/h)

5.6. Conclusion
One could see that although the AP has a low operating range compared to DH, HPB and SB, its performance
in terms of effectiveness is beneficial. Of the higher range devices the DH, HPB and the SB are interesting.

It was readily seen that the HPP did not stand a chance compared to the alternatives in terms of both AF
and RFS. Its effectiveness varies a lot with a change in process steam demand. The effectiveness of the gas
heaters was as good as the HPB and the SB, but the additional flexibility and the corresponding maximum
RFS provided is poor. For LP holds the same, with in addition having higher stack losses.

The combination of the AP-DH, AP-HPB and AP-SB had been reviewed. These combinations all show
improved performance in terms of RFS, AF and RSL.

The research will be continued with the unaccompanied operation of the AP, the DH, the HPB, and SB.
Also the promising performance of the combinations of the AP-DH, AP-HPB and AP-SB will be further looked
into. In the next chapter the dynamic behaviour of the critical part of the HRSG will be researched.
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Dynamic model of the HRSG

One can imagine that the operation of the EH’s induce some changes in the temperature profile over the
HRSG. These changes in temperature induce the rise of additional mechanical stresses in both the flue gas
duct and the water/steam path, leading to thermal fatigue. In this chapter a model is set-up that allows to
study the dynamic behaviour of the HRSG in chapter 7.

To know where the critical locations of the HRSG exist, the spots where a lot of changes are to be expected
are of interest. Therefore the system to be modelled will be demarcated first in section 6.1 with the use of the
steady state model of chapter 5. A general model will be set up, which will describe the part of the HRSG that
is within the system boundaries. The assumptions and conservation equations for each component are set
up in section 6.3. An overview of the complete set of ordinary differential equations is given in section 6.4.
The development of the model is elaborated on in section 6.5.

No electric device will interfere with this model yet, thus the solution of the model should tend to a steady
state that is similar to the steady state obtained in the THERMOFLEX model, section 6.6. The dynamic model
is modified to simulate the effect of the electric heater (EH), section 6.7.

6.1. The System Boundaries
The system boundaries can be defined using the THERMOFLEX model made for the analysis in chapter 5.
Although THERMOFLEX only gives steady state solutions, it is able to provide a rough idea of the system’s
response to variations. By varying the loads of the gas turbine and the electric heater the locations where
temperature fluctuations in the HRSG can be expected are identified. As can be seen from table 6.1 the tem-
perature in the flue gases vary widely. Especially the DH has a large impact on the temperature. Another rea-
son for large variations is whether or not duct firing is used. The temperature variations of the water/steam
path, see table 6.2, are less compared to the flue gas path. However, due to thermal effects in the thick-walled
headers it is not of less importance. Because it seems that most action takes place between the two HP su-
perheaters, and because the heat transfer in the evaporator fixes the mass flow, the boundaries are taken as
shown in figure 6.1. Outside these boundaries the stream conditions are assumed to be known and not that
critical. Therefore, the gas turbine, the steam turbine system, the HP economisers and the entire LP cycle
shall be disregarded.

43
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Table 6.1: The absolute temperature for Mode 2 in column 2 and the relative changes compared to Mode 2 for maximum
operation of AP, DH, HPB and SB for the flue gas path

Temperature of the flue gas path

T [K] ∆T [K]
Exit of Mode 2 AP DH HPB SB

Gas Turbine 837 35 0 -1 0
HP superheater II 766 -5 0 -30 -15
DH out 766 -5 343 -30 -15
DB out 1024 59 18 -298 -217
HP superheater I 880 27 10 -209 -135
HP evaporator 579 -1 0 -2 -2

HP Economiser II 437 -12 -2 -12 44
LP Superheater 436 -12 -2 -12 43
LP Evaporator 422 -2 0 -2 7
LP Economiser 420 -1 0 -1 5
HP economiser I 357 -5 -2 -5 28

Table 6.2: The absolute temperature for Mode 2 in column 2 and the relative changes compared to Mode 2 for maximum
operation of AP, DH, HPB and SB for the water/steam path

Temperature of the water/steam path

T [K] ∆T [K]
Exit of Mode 2 AP DH HPB SB

HP Superheater II 778 0 0 -31 0
Desuperheater 674 -28 0 -54 -82
Injection water 354 -3 -2 -3 5
HP Superheater I 774 22 9 -154 -68
HPB 576 0 0 0 -1
HP Evaporator 576 0 0 0 -1
HP Economiser II 538 -11 -2 -14 33

HP Economiser I 412 -6 -1 -7 13
HP pump 354 -3 -2 -3 5
LP Superheater 428 -5 -1 -5 10
LP Evaporator 418 0 0 0 1
LP Economiser 414 4 1 4 -17
LP pump 353 -3 -2 -3 4
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Figure 6.1: System boundaries for the dynamic model established using the steady state model from THERMOFLEX
Thermoflow

6.2. Inputs of the system
In figure 6.2 the system bounaries are shown ones again. Inputs are indicated with an arrow towards the sys-
tem, outputs pointing outwards. The temperature and mass flow of the flue gas entering the superheater II,
known from the THERMOFLEX model, will be used as input of the dynamic model. The fuel consumption in
the duct burner is an input. The mass flow of the water/steam path is fixed by the two evaporator systems and
the injection water of the desuperheater. This injection water is a function of the outlet steam temperature of
HP-SHII.

6.3. Conservation equations
The dynamic model will be based on two fundamental laws of physics. The conservation of mass and the
conservation of energy. No mass or energy is created nor destroyed. The integral form of the conservation
equations for control volumes is used. The formula for conversation of mass in a control volume is shown in
equation 6.1 and the formula for the conservation of energy is shown in equation 6.2. The subscripts E and
L stand for the ’Entering’ and ’Leaving’ flows of the system. Momentum is also conserved, but the effects of
this conservation are not included in this analyses.

dm

d t
=∑

E
ṁ −∑

L
ṁ (6.1)
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Figure 6.2: Knowns and unknowns at the system boundary.

dE

d t
= Q̇ −Ẇ +∑

E
ṁ(u + V

2
+ g z)−∑

E
ṁ(u + V

2
+ g z) (6.2)

The total energy of a system E is the sum of the internal U , kinetic K E , and potential energy PE of the con-
trol volume (equation 6.3). Neglecting the kinetic and potential energy changes over time, and substituting
equation 6.3 into equation 6.2 results in equation 6.4.

E =U +K E +PE (6.3)

dU

d t
= Q̇ −Ẇtot +

∑
E

ṁ ·u −∑
L

ṁ ·u (6.4)

The work Ẇ done by the system could be separated into two components. One of which is the flow work,
the work done on the boundaries due to the pressure of the flow, pv . The other contribution is work, on for
example, shafts. The conservation of energy becomes:

dU

d t
= Q̇ −Ẇ +∑

E
ṁ(u +pv)−∑

L
ṁ(u +pv) (6.5)

The sum of the internal energy and flow work u+pv seen in equation 6.5 is well known as the specific enthalpy
h. Substituting h will result in our final general conservation of energy equation, equation 6.6.

dU

d t
= Q̇ −Ẇ +∑

E
ṁ h −∑

L
ṁ h (6.6)

The system consists of 3 domains; the water-steam path, the flue gas path and the tube material. The wa-
ter/steam path is denoted with the subscript w and the flue gas path with the subscript f g . Formulating
the conservation of mass and energy for each of the domains for each component will result in a system of
differential equations. Solving this set of equations will give insight in the dynamic behaviour of the HRSG.
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6.3.1. Conservation Equations of HP Heat exchangers
There are four heat exchangers within the system boundaries; HP Superheater II, HP Superheater I, the evap-
oration system in the duct burner and the HP evaporator. The evaporation system in the duct burner (DB
evaporator) consist of the water walls and evaporation screen and is considered to be a single heat exchanger
in this analysis.

Assumptions
Papers on the modeling of a HRSG [36] [37] [38] [39] are used as inspiration for suitable assumptions.

• The flue gas and water path are both assumed to be incompressible flows. This is a safe assumption, as
the Mach number is far below 0.3.

• The thermal conductivity in the tube material is assumed to be infinite.

• Convective heat transfer is much larger than the heat transfer in longitudinal direction.

This means that the radial, longitudinal and circumferential temperature gradient in the material is zero. The
temperature of the wall is uniform.

• The temperature of the flue gases is uniform over the cross section of the duct.

• The temperature of the water or steam is uniform over the cross section of the tubes.

• There is no work done in the heat exchangers: Ẇ = 0.

• Blow down in the evaporator is ignored.

• The specific heat and the mass are taken as constants during the simulation.

Grid
The assumption is made that there exists one uniform temperature in the tube walls. This would not be
physically possible as there does not exist a single wall temperature in the SHII or SHI that is higher than
the highest temperature in the water/steam path and lower than the lowest temperature of the flue gas path.
Temperature cross is the result, see the example in figure 6.3. In this case after the intersection both the water
and the flue gas would be cooling the wall, and the wall temperature would decrease. If the wall temperature
is lower than both the flue gas and water path, the wall is heated, and the temperature rises again. This
mechanism in itself is not a problem, however the temperature ranges of the HE’s do not allow this. To avoid
temperature cross in the heat exchangers they are subdivided in a number of discretisation cells. Besides
avoiding temperature cross there is another reason to subdivide the heat exchangers. The accuracy of the
model will increase with an increase in the number of cells. The down side is that the computational time will
increase with it.

(a) Without subdivision: temperature cross occurs (b) Coarse grid of four cells: no temperature cross occurs

Figure 6.3: Temperature profile for a heat exchanger

This subdivision will act as a very coarse grid of the system. In case of the SHII and SHI a decision on the
grid is made based on the actual geometry of the heat exchangers. In figure 6.4 the configuration of SHII is
shown and in figure 6.5 the configuration of SHI is shown. They have respectively 4 and 8 tube coils between
the headers. For that reason the choice has been made to subdivide the superheater II into 4 cells and the
superheater I into 8 cells. The HP evaporator will be divided into 4 cells (figure 6.6), in 7 it will be evident that
this number is sufficient, and temperature cross is avoided.



48 6. Dynamic model of the HRSG

Figure 6.4: Schematic view on the configuration of the HP Superheater II. It consists of 4 coils connected by headers.
Each coil has 3 staggered rows of finned tubes.

Figure 6.5: Schematic view on the configuration of the HP Superheater I. It consists of 8 coils connected by headers. Each
coil has 2 in-line rows of bare tubes.
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Figure 6.6: Schematic view on the configuration of the HP Evaporator. All the tube bundles are connected to the same
header. The rows of finned tubes are configured in a staggered manner.

An example of a cell

In figure 6.7 the heat transfer from the flue gases to the water is shown for a single cell. The subscripts E and
L denote respectively the entering and leaving stream.

Figure 6.7: Heat transfer in a coil and the indication of the symbols
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Mass conservation equations of a cell
Applying equation 6.1 to each domain of a cell of a heat exchanger, the mass conservation of that cell is
known. The mass conservation of the water/steam path and the flue gas path of the heat exchangers are
described in respectively equation 6.7 and 6.8. The flow of both domains is assumed to be incompressible,
resulting the equations to be equal to zero. For all the heat exchangers the mass conservation equations
are quite similar. As both equations equal zero, in both cases the entering flow is equal to the leaving flow,
equation 6.9. HE can be substituted with the name of the heat exchanger of interest, SHI, SHII or EVAP. For
the duct burner (DB) this is true only for the water/steam path. (For the mass conservation of the flue gas
domain in the duct burner one is referred to equation 6.16 and equation 6.17.)

d MHE ,w

d t
=−ṁHE ,w,i ,E +ṁHE ,w,i ,E = 0 (6.7)

d MHE , f g

d t
= ṁHE , f g ,i ,E −ṁHE , f g ,i ,L = 0 (6.8)

ṁHE ,w,i ,E = ṁHE ,w,i ,L ṁHE , f g ,i ,E = ṁHE , f g ,i ,L (6.9)

From now on the mass flow in the heat exchanger cells will all be denoted with ṁHE ,w and ṁHE , f g for wa-
ter and flue gas respectively. Obviously, no mass is entering or leaving the control volume of the tube wall
material. The mass conservation equation becomes trivial, see equation 6.10.

ṁw all = 0 (6.10)

Conservation of energy equations of a cell
The internal energy U from equation 6.6 is equal to the mass of the fluid in cell MHE ,i multiplied by the
specific internal energy of that cell uHE ,i . As the mass does not change and no work is done in the cell,
equation 6.6 can be rewritten for the water/steam path and the flue gas path, respectively equation 6.11 and
6.12.

MHE ,w,i
duHE ,w,i

d t
= Q̇HE ,w,i +ṁHE ,w

(−hHE ,w,i ,E + hHE ,w,i ,L
)

(6.11)

MHE , f g ,i
duHE , f g ,i

d t
=−Q̇HE , f g ,i +ṁHE , f g

(
hHE , f g ,i ,E −hHE , f g ,i ,L

)
(6.12)

The tube wall of the heat exchanger does not exert any work, thus Ẇ = 0. As there is no mass flow, no energy
is carried with this flow. The energy stored in the material can be rewritten as in equation 6.13, in which the
heat capacity cp is a function of temperature and pressure cp (p,T ).

U = MHE ,i · cp ·THE ,i (6.13)

Substitution in equation 6.2 gives the conservation of energy for the tube material, shown in equation 6.14.
The energy stored in the tube material is the difference between the incoming heat of the flue gases and the
leaving heat to the water-steam cycle.

d

d t

[
Mcp T

]
HE ,i =−(Q̇HE , f g ,i +Q̇HE ,w,i ) (6.14)

The negative sign in the RHS of the equation follows from the opposite perspective of the tube wall. The
leaving heat from the flue gases will enter the material.

Heat transfer
The heat transfer Q from or to the domains water and flue gas is described with equation 6.15. It is dependent
on the contact area A over which heat transfer occurs, the temperature difference ∆T between the domain
and the heat transfer area, and a heat transfer coefficient. The heat transfer coefficient α depends on the sev-
eral characteristics of the flow and geometry of the heat exchangers. A distinction is made between laminar,
turbulent and transitional flows. For boiling other empirical relationships apply than for single phase heat
transfer. The arrangement of the tubes, and whether or not they are finned is important to determine the heat
transferred from the flue gas path. An overview of these relations can be found in appendix B. In figure 6.8
a close up of the wall is shown. Per coil there is a single wall temperature, but both the flue gas temperature
and water/steam temperature vary over the coil

Q̇ =α A∆T (6.15)
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Figure 6.8: Heat transfer through a wall element

6.3.2. Duct Burner
In the duct burner the temperature of the flue gases is elevated by the combustion of gaseous fuel. Water
walls and an evaporation screen are present to protect the HRSG from the resulting radiative heat. The duct
burner is divided into two cells, see figure 6.9. In the first cell, the gaseous fuel combusted releases energy that
is absorbed by the flue gases and causes the temperature to rise. In the second cell the hot flue gases transfer
heat to the evaporation process by means of radiation and convection to the evaporation process in the water
walls and the evaporation screen. The evaporation process is approached as one single system. This second
cell is a heat exchanger as discussed earlier in section 6.3.1 and will not be discussed in this section.

Assumptions

• A combustion efficiency of 100% is assumed.

• Assuming no heat or mass accumulation in the duct burner, the time derivatives in equation 6.1 and
equation 6.2 become zero.

Conservation of Mass

The mass conservation for cell 1 and cell 2 of the Duct Burner are described with respectively equation 6.16
and 6.17.

d MDB , f g ,1

d t
= ṁDB , f g ,1,E −ṁDB , f g ,1,L +ṁ f uel = 0 (6.16)

d MDB , f g ,2

d t
= ṁDB , f g ,2,E −ṁDB , f g ,2,L = 0 (6.17)



52 6. Dynamic model of the HRSG

Figure 6.9: Schematic representation of the duct burner

Conservation of Energy
In the first cell combustion energy H is released by the combustion process, equation 6.18.

dUDB , f g ,1

d t
= ṁ f uel ·H +ṁDB , f g ,1,E hDB , f g ,1,E −ṁDB , f g ,1,L hDB , f g ,1,L = 0 (6.18)

In the second cell the heat is transferred to the walls of the evaporator system.

dUDB , f g ,2

d t
= Q̇DB , f g +ṁDB , f g ,2

(
hDB , f g ,2,E −hDB , f g ,2,L

)= 0 (6.19)

6.3.3. Desuperheater
The desuperheater is essentially a mixer where one superheated stream flow is cooled or ’desuperheated’ by
adding subcooled water. In this model this injection water is a function of the superheated steam leaving the
HP Superheater II and is controlled by a PI-controller (see Appendix D).

Assumptions
• No mass or heat accumulation: d M/d t = 0 and dU /d t = 0

• No pressure drop

• Adiabatic process (no heat is lost to the surroundings)

• Incompressible flow

• Ideal mixing of the injection water

Conservation of Mass
0 = ṁDSH ,w,E +ṁDSH ,w,i n j −ṁDSH ,w,L (6.20)
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Figure 6.10: Schematic representation of the desuperheater

Conservation of Energy
dUDSH ,w

d t
= ṁDSH ,w,E hDSH ,w,E +ṁDSH ,w,i n j hDSH ,w,i n j −ṁDSH ,w,L hDSH ,w,L = 0 (6.21)

6.4. Complete set of conservation equations
The equations established in the previous sections can be collected in matrices and form a set of ordinary
differential equations (ODE). A solution of this set of equations can than be approximated by discretising the
equations, see section 6.5. The equations for the conservation of mass for the entire system are collected
separate from the equations for energy conservation, to simplify the discretisation process. The resulting
matrices are contained in appendix C to improve the readability of this report.

6.5. Model development
A first order explicit numerical model, the Euler forward method, will be used to solve the differential equa-
tions that follow from the conservation equations in section 6.3.1. Using this method no knowledge of the
parameters at future time steps is required. Therefore no iteration is required. That being said, the step size
has to be sufficiently small to create a stable model [40]. It is common practise to start with implementing the
forward Euler method, when this does not suffices, an implicit method could be used.

6.5.1. Discretisation
The mass conservation equations have the form of sets all have the form of A· ~̇m =~0 and the energy conserva-

tion equations the form of A · ~̇m + ~̇Q = d~U
d t . The system of equations is first discretised. The general equations

of mass and energy conservation, from equations 6.1 and 6.6 could be rewritten as in equation 6.22 and 6.23.

M n+1 = M n +∆t
(
ṁn

E −ṁn
L

)
(6.22)

un+1 = un +Q̇n −Ẇ n + ∆t

M n

(
ṁn

E hn
E −ṁn

L hn
L

)
(6.23)

The flows that enter the system (with subscript E) are assumed to be known. By means of extrapolation of
the temperature of the entering flow and the cell temperature at time step n, the temperature of the leaving
flow can be calculated. This approach has the disadvantage that the diffusion in the model could turn out
larger than the actual diffusion. Based on the temperature of the entering and leaving flows the enthalpy of
these flows can be obtained.

6.5.2. Initial Values
The solution of the steady state model of THERMOFLEX is used to estimate the initial values of the dynamic
model. This way, both the mass flow and temperatures of the flue gases path and water/steam path between
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the components are set. The initial values of the parameters at the cell boundaries are estimated using linear
interpolation.

Wall temperature
The inital coil wall temperatures are estimated a bit more careful. In figure 6.3 it can be seen that a wrong
value can cause temperature crossing.

The heat transfer coefficient of superheated steam is lower than that of two-phase or subcooled water.
Ranges of the heat transfer coefficients are shown in table 6.3. The superheated steam is water in the gas
phase and has a smaller heat transfer coefficient than two-phase or subcooled water. This means that the
temperature of the material of the evaporator and the economisers will stay close to the temperature of the
passing water as the heat transfer with water is more effectively than the flue gas. The material’s temperature
in the superheaters will differ more to the temperature of the water, as the efficiency of the heat transfer to
the steam is less effective. The cooling effect in the superheaters is less.

Table 6.3: Typical values of heat transfer coefficients for the different phases of a fluid [41]

Heat transfer coefficient [W/m2K]

25 - 250 For forced convection in gases
50 - 20,000 For forced convection in liquids

2,500 - 100,000 For boiling and condensing fluids

6.5.3. Convergence
If p is the solution of the system, the system converges if lim

n→∞p = pn [40]. As the exact solution is initially

unknown, a stopping criteria is used. When the relative absolute change of the solution from pn−1 to pn is
sufficiently small (with tolerance ε), it is said that the system has converged to a steady state solution, see
equation 6.24. For each time step this criteria is executed.

|pn −pn−1|
|pn |

< ε, if p 6= 0 (6.24)

The tolerance for the solution of both the mass flow and the temperature are ε= 10−5.

6.5.4. Stepsize
An appropriate step size∆t should be choosen. A step size that is too large could result in an instable system,
where a too small step size significantly increases computational time. In the next sections the considerations
regarding to step size are given. For the sake of computational time the step size is concluded to be∆t = 0.01s,
keeping in mind that the first 0.2 s after a change in the system probably unphysical results.

Maximum step size
The system of ODEs in section 6.4 is a non linear one. Not only does the enthalpy in the matrix A depend on
the internal energy, so does the heat transfer Q̇. The relationship between the internal energy and the heat
transfer is non linear. Both the temperature difference ∆T and the heat transfer coefficient α from equation
6.15 depend on the internal energy. In most casesα even depends on a certain power of the Reynolds number
(and thus internal energy). This means that the maximum step size allowed changes in time. It is possible to
estimate this step size by linearising the system of equations for each step in time.

An appropriate step size can also be established by trial and error. Proving that a certain step size is
suitable can be done by showing that doubling that particular step size results in a unstable system and that
halving the chosen step size does not result in a significantly different solution.

A first guess for the step size is ∆t = 0.01 s (figure 6.11a). From the graphs one can see that the results at
this step size do not improve in terms of the global behaviour for a smaller step size∆t = 0.005s (figure 6.11b).
However, the initial response is different for both step sizes. The system with ∆t = 0.01 s takes 13.4 s more to
reach steady state. However, the computational time is lower ( 18 minutes for ∆t = 0.01s and 35 minutes
for ∆t = 0.005s). The time step ∆t = 0.02s induces instability. Already after 5 time steps values or Reynolds
numbers are reached for which the formula’s from appendix B are invalid.
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(a)∆t = 0.01s (b)∆t = 0.005s

Figure 6.11: Convergence of the flue gas temperature to a steady state solution (dashed vertical line).

Characteristic time scale
It is essential that the time step used is not larger than the smallest characteristic time scale. If it would be
larger, changes in temperature of a small particle would only be visible after the particle has already left the
component it was in, being unable to transfer its energy. This would result in non physical solutions. The
characteristic time scale is different for each component of the system. It is calculated by dividing the mass
contained in a cell by the mass flow passing through, equation 6.25. The resulting time scales for each cell
are shown in table 6.4. The mass flows are taken from the steady state model of THERMOFLEX. The mass
content of each cell is estimated using the geometric data of the plant available.

t̃ = M

ṁ
(6.25)

Table 6.4: Characteristic time scale for the domains and components that are subjected to heat transfer.

Domain Component Mass per cell [kg] Mass Flow [kg/s] Characteristic Time Scale [s]

Water/ Steam

Evaporator 1303.70 46.31∗ 28.15
Duct Burner 108.98 5.82 18.71
Superheater I 13.85 25.93 0.534
Superheater II 13.71 25.93 0.529

Flue Gas

Evaporator 13.87 117.61 0.118
Duct Burner 4.15 117.61 0.035
Superheater I 2.83 117.61 0.024
Superheater II 2.47 117.61 0.021

* The mass flow in the evaporator is based on a CR of 7 and 4 sections operating in parallel

The smallest characteristic time scale is the critical one, in case of this system it is the gas domain of the
SH II with a t̃ = 0.021 s.

System stiffness
When the solutions from figure 6.11 are studied for the initial response a strange phenomenon can be ob-
served, see figure 6.12. The solution for each flow only alternates within a few degrees for the time step of
∆t = 0.005s. The solution of the model with time step ∆t = 0.01s has 500 ◦C difference between its maximum
and minimum temperature at the outlet of SHI.

The problem is a so called "stiff" problem. The behaviour seen is characteristic for explicit solvers of these
problems; small changes that lead to large deviations, that die out rapidly. It occurs in systems with a large
variation in time scales. Due to the density difference in flue gas and water an order of magnitude 1000 exists
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(a) A step size of ∆t = 0.01s is used (b) A step size of ∆t = 0.005s is used

Figure 6.12: Close up of the models initial response

between the maximum and minimum characteristic time scale from table 6.4. It forces the time step to be
small to avoid un-physically large variations in the solution. It would have been smart to revise the choice of
the Euler Forward method, for less computation time.

As the purpose of the model is to study behaviour after a change has been applied, the step size that is
appropriate for this system is ∆t = 0.005s.

6.6. Steady State solution of a dynamic model
In figure 6.11b the steady state solution is shown for the flue gas temperature between the components. In
section 6.6.1 the solution is also shown for the temperature and mass flow of the water/steam path. To val-
idate that the solution obtained from the dynamic model makes sense, the QT-diagram of the steady state
solution of the THERMOFLEX model is compared to the steady state solution of the dynamic model, section
6.6.2.

6.6.1. Steady state solution
In figure 6.13a and 6.13b it is seen that the system converges towards a steady state value. The vertical dashed
line indicates the instance steady state is true according to section 6.5.3. At this instance steady state is
reached for all temperatures and mass flows in the system, including the wall temperature.

This is also the time it takes for the walls to adjust from the initial guessed temperature values, to temper-
atures that correspond to a zero change in internal energy of the system.

The time it takes to reach steady state is more or less dependent on the gains of the PI controller. A trade-
off is made between the initial overshoot seen in the 3 graphs and the settling time.

6.6.2. Q-T diagram
To compare the steady state found by the dynamic model with the steady state solution from THERMOFLEX,
both models are plotted in the same QT-diagram, 6.14.

The flue gas inside the SHII of the dynamic model transfers more than the THERMOFLEX model. The
remaining part however transfers less heat in case of the dynamic model. The same adiabatic temperature
in the duct burner is reached. The difference in slope of the two flue gas curves could be due to the pressure
drop not being taken into account.

Naturally, the water/steam path show the same difference in heat transferred. The heat transferred inside
the SHI of the dynamic model is not linear. This is the advantage of having multiple heat exchanger cells. In
the dynamic model less heat is transferred inside the evaporator.

For the purpose of this research the model is decided to sufficiently represent the HRSG of interest.
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(a) Temperature (b) Mass Flow

Figure 6.13: Converging to a steady state of the solution of the water/steam path in the HRSG (∆t = 0.005s)

Figure 6.14: Comparison of the steady state temperature development inside the HRSG of the dynamic model and the
THERMOFLEX model.

6.7. Simulation of the Electric Heaters
Now that the dynamic model is able to achieve a steady state solution which is similar to the steady state
achieved by the THERMOFLEX model, electric heaters are implemented.

The input values will be changed from the input values for mode 2 to the ones for the EH of choice. In
table 6.5 an overview of the input values is given. This change in input values will be enough for the AP,
the SB and the AP-SB as their EH is not physically inside the system boundaries. For the remaining EH’s an
additional modification is required.

The heat added by the duct heater will solely result in a temperature increase. The change in properties of
the flue gas under temperature variations are ignored. The temperature change is calculated using equation
6.26. Due to mass conservation, the mass flow through the DH is equal to the mass flow through the Super-
heater II. The ∆T that results from adding heat to the system is added to the temperature at the flue gas inlet
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Table 6.5: Change in model input values to simulate the EH’s

Change in input values

Mode 2 AP DH HPB SB AP-DH AP-HPB AP-SB

Fuel Consumption
Duct Burner

1.0 0.1 -1.0 -1.0 -0.8 -1.0 -1.0 -0.5 [kg/s]

Gas Turbine Exhaust
Temperature

837.4 35.2 -0.1 -0.6 -0.3 35.2 34.4 35.0 [K]

Gas Turbine Exhaust
mass flow

112.7 -16.9 0.0 0.0 0.0 -16.9 -16.9 -16.9 [kg/s]

Inlet Temperature
Evaporator

538.2 -11.0 -1.5 -14.4 32.7 -13.2 -35.3 19.6 [K]

Heat added EH 0.0 0.0 45.8 44.4 0.0 51.1 50.4 0.0 [MW]

of the Duct Burner.

Q̇D H = ṁD H , f g · cp ∆T (6.26)

The heat added by the high pressure boiler (HPB) will evaporate a certain mass flow of water. Setting up
a energy conservation equation for a system without mass and energy accumulation, this mass flow can be
established, equation 6.27. This mass flow is added at the evaporator exit.

0 = Q̇HPB +ṁHPB ·∆h (6.27)



7
Results on the dynamic behaviour

The model prepared in chapter 6 is used to research the dynamic response of the Heat Recovery Steam Gener-
ator (HRSG) to changes on account of an electric heater. The central question What is the dynamic behaviour
of each of the ’high potential’ design cases? In section 7.1 the issues that go with HRSG cycling are briefly dis-
cussed. Taking these issues into account relevant parameters can be set up to determine the sensitivity of the
HRSG.

In section 7.2.1 the minimum ramp time required by the different EHs is discussed. The change in coil-
to-coil temperature difference is discussed in 7.2.3. In section 7.2.2 an overview of the absolute temperature
change in the walls of the SHII, SHI and DB is given. In section 7.3 a small discussion on the options is given.

Initially a step response deployment of the EHs is used. The largest temperature gradients will occur. If
the system responds within the 25 ◦C/min constraint, no issues have to be expected. However, if necessary
from a thermal stresses perspective a ramp function is used to allow the system to adapt to the new conditions
within the set limitations. Ramp times 5, 10 and 15 are checked to obtain a view on the response time of the
system. The system should be able to adapt without exceeding the set limits within 15 minutes, to be able for
it to act on the imbalance market.

7.1. Cycling
During the start-up and shut-down of the CHP installation certain temperature and pressure differentials
are present. The temperature and pressure during these events do not only vary in space, but also in time.
Due to differences in thermal expansion upon heating mechanical stresses arise. The plants are designed to
withstand a certain amount of start-up and shut-down events. Special care is taken to minimise the effects as
this would decrease the life time of the equipment.

Due to a change in the trends on the energy market a change in the characteristic HRSG operation is
seen. Whereas it was common practice to operate a CHP in Base Load, it is now more desirable to operate
in a flexible manner. The integration of an EH in the HRSG implies that besides the conventional start-up
and shut-down procedures an additional procedure will frequently take place: the start-up and shut-down
of the EH. In this additional procedure the high pressure is already present, so the pressure differentials can
be assumed small compared to the pressure differentials during the start-up and shut-down procedures. The
temperature differentials induced by the deployment of an EH probably differ from the ones at conventional
start-up and shut-down. This calls for a more elaborate analysis than the steady state analysis given in chapter
5.

Solid materials expand under influence of temperature changes. The strain in one direction of a material
element is determined with equation 7.1 [42].

ε= TEC · [T −T (t = 0)] (7.1)

This relationship depends on the temperature change over time and the material property ’thermal ex-
pansion coefficient’ (TEC [K−1]). Often TEC > 0, such that a material expands upon heating, and contracts
upon cooling. If the material is isotropic, it will only change in volume, and not in shape. As long as the ma-
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terial is free to deform, no mechanical stresses result from the temperature change. However, if the material
is constrained on both ends stresses will develop.

In section 7.1.2 and section 7.1.1 two issues induced by changes in absolute thermal expansion inside the
HRSG are discussed.

Two different types of temperature gradients must be considered. First, the temperature gradients over
the thickness of the materials. Second, the row-to-row temperature difference, where the temperature of
the material upstream of the gas path is higher than the temperature down stream. These phenomena will be
described in respectively section 7.1.2 and section 7.1.1. For more information the book [43] can be consulted.

7.1.1. Maximum time derivative of the temperature in the headers
The temperature gradients inside the material itself are important. When, for example, the fluid flowing into
the headers of a heat exchanger is subjected to an increase in temperature, the material in direct contact with
the fluid will expand. However, the material more distant from the contact area lacks in temperature increase
and is not yet expanding. The inner material will press against the outer material and mechanical stresses
will form. This phenomenon is a function of the temperature difference over the cross section of the header.

The maximum temperature difference that exists over the thickness of the header wall depends on the
rate at which this temperature change at the inner diameter takes place. The response of the temperature at
the outer diameter for a step change in temperature at the inner diameter is shown in figure 7.1a. The temper-
ature difference over the thickness is immediately at its maximum. If however, the temperature change at the
inner diameter is a ramp function, the maximum temperature difference over the thickness will be smaller
and will occur at a later instance (7.1b).

(a) Step response (b) Ramp time of 10 minutes.

Figure 7.1: Response of two faces of a material subjected to a temperature change at one side [43].

Another issue that arises with a change in temperature in the headers is the difference in expansion of
the thin-walled tubes and the thick-walled headers. The welded joints will have to endure additional stresses
caused by this difference in thermal expansion rate. In the HRSG of the Delesto system, a maximum change
in temperature of 25 ◦C/min is considered to be acceptable ( dT

d t = 0.42 ◦C/s).

7.1.2. Row-to-row temperature difference
One can imagine that a temperature gradient exists over the heat exchangers of a HRSG. The temperature of
the material close to the gas turbine outlet is higher than the material closer to the stack.

A row-to-row temperature gradient will result in differences in thermal expansion of the rows. Especially
during start-up and shut-down the effects are severe. These differences in expansion rates are already taken
into account at the design of the HRSG. If the entire heat exchanger was fixed in space, mechanical stresses
would develop due to thermal effects, but smart construction of the coils enables the heat exchanger to ex-
pand. However, the tube rows that are parallel inside a coil are fixed to each other. Stresses due to thermal
effects will arise. The model constructed in chapter 6 only solves one wall temperature per cell. These cells
correspond (at least for the HP superheater II and superheater I) to the coils. This is considered to be sufficient
information for a qualitative analysis. If one assumes a linear temperature profile inside the coils (figure 7.2),
the row-to-row temperature difference is determined by dividing the coil-to-coil difference by the number of
rows in a coil.
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Figure 7.2: Relation between the coil-to-coil (c2c) and the row-to-row (r2r) temperature difference in a heat exchanger.

7.2. Results of the dynamic model
In this section the results on the time derivative of the header temperature and the row-to-row temperature
difference are discussed, respectively in section 7.2.1 and 7.2.3. One is referred to appendix E for the graphs
not used in the discussion in this section.

7.2.1. Time derivative of the header temperature
In table 7.1 the time in which the numerous EHs are able to ramp to maximum load, without exceeding the
constraint of the HRSG of the maximum time derivative of 0.4 ◦C/s, is summarised. Only the durations of 5,
10 and 15 minutes are checked. It can be seen that all of the EHs are able to ramp up to maximum load within
the set limit of 15 min. The AP-DH and AP-SB are just not able to ramp within the 10 minutes. The AP is the
quickest of the EHs, this can be understood by seeing that the maximum operation of the AP induce smaller
changes than the maximum operation of the remaining EHs. The critical heat exchanger is in most cases the
SHII. Only in case of the deployment of the HPB, SHI determines the minimum ramp time.

Table 7.1: Minimum ramp time of the EHs corresponding to a maximum time derivative of 0.4 ◦C/s

Minimum ramp
time within [min]

Largest temperature
derivative in
Superheater

Air Preheater 5 II
Duct Heater 10 II
High Pressure Boiler 10 I
Stand-alone Boiler 10 II
Air Preheater - Duct Heater 10 II
Air Preheater - High Pressure Boiler 10 I
Air Preheater - Stand-alone Boiler 10 II

In figure 7.3 the temperature in the headers of SHII and SHI are shown for the AP with a ramp time of 5
minutes. Just like for all the other EHs the curves look smooth and no sudden changes appear. If one would
look to the derivative of these curves, the changes in trend are seen more clearly. Also it can be readily seen
whether or not the maximum time derivative of 25 ◦C is exceeded.
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(a) Superheater II (b) Superheater I

Figure 7.3: Temperature of the steam in the headers of superheater II and superheater I at a ramp up time of the AP of 5
minutes

In figure 7.4 one can see the time derivatives of the temperature in the headers for the AP with a ramp time
of 5 minutes. It is seen that the AP already stays well within the limits with respect to the maximum change
in temperature over time. Different phenomena can be distinguished. The oscillations in the derivative of
the temperature are due to the fact that the control of the desuperheater is ’searching’ for a new appropriate
amount of injection mass flow. This translates in temperature fluctuations in the headers of SHII. At 300 s the
maximum load of te AP is reached, and a new steady state is achieved.

(a) Superheater II (b) Superheater I

Figure 7.4: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the AP of 5 minutes

In figure 7.5 the time derivative of the temperature in the headers of the SHII and SHI are shown for the
operation of the HPB with a ramp time of 10 minutes. The HPB is the only heater for which the largest time
derivative occurs in the SHI (table 7.1). The in-continuity in∆T /∆t around 580 s for both heat exchangers can
be explained by looking into the decreased amount of mass flow through the DB evaporator. For a Re < 2300
the model changes from calculation scheme. The heat transfer coefficient of laminar flow is considerably
lower than of transitional or turbulent flow, which results in a sudden drop in mass flow through the DB
evaporator. The effects are not visible in the header temperature of both the SHI and SHII. However, because
of the nature of the change the effects are very clear in the numerical time derivatives of the temperature.

The rapid decrease in ∆T /∆t around 550 s is explained with the fact that the amount of injection water
becomes zero at this point. This effect is most strongly seen in the header close to the desuperheater (header
4). The temperature at the outlet of the SHII will continue to decrease. At 600 s the EH reached its maximum
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load and the temperature in the headers will stop decreasing. It is clear that the SHII is only really affected
when the temperature at its outlet is out of range of the control in the DSH.

(a) Superheater II (b) Superheater I

Figure 7.5: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the HPB of 10 minutes

7.2.2. Wall temperature
Before the row-to-row temperature difference is looked into, the change in wall temperature over time is
studied. In table 7.2 the maximum change in wall temperature of the heat exchangers induced by the EHs is
shown. The evaporator wall temperature is not in the list, as it is assumed to be constant.

In most heat exchangers the sign of the temperature is equal for each cell in the heat exchanger. However,
during he operation of the AP, the superheater II will encounter a temperature increase for a cell close to the
gas turbine and a drop for the cell more distant from the gas turbine. The AP induce smallest change of all
the heat exchangers. The rise in wall temperature for the SHI and the DB can be explained with the increased
fuel consumption in the duct burner.

For all EHs but the AP, the biggest wall temperature change is seen in the SHI, which is due to the decrease
in fuel consumption in the DB. The DH, HPB and SB have similar results for wall temperature decrease as their
combinations with the AP. The maximum decrease in wall temperature of the DB is −40 ◦C. This corresponds
to the event in which the mass flow inside the DB evaporator has shifted from a transitional to a laminar flow,
discussed in section 7.2.1.

Table 7.2 is to a great extent comparable with the information seen in table 6.1 and table 6.2: it shows
information on the change in steady state temperature induced by the EH. However, table 6.1 and table 6.2
did not give any information on the wall temperature itself.

Table 7.2: Maximum change in wall temperature during simulation time

Wall temperature

Superheater II Superheater I Duct Burner

T (t = 0) max ∆T T (t = 0) max ∆T T (t = 0) max ∆T

Air Preheater

431

-33

510

+16

395

+12 [◦C]
Duct Heater -64 -84 -40 [◦C]
High Pressure Boiler -40 -162 -40 [◦C]
Stand-alone Boiler -65 -83 -40 [◦C]
Air Preheater - Duct Heater -69 -79 -40 [◦C]
Air Preheater - High Pressure Boiler -47 -168 -40 [◦C]
Air Preheater - Stand-alone Boiler -68 -79 -40 [◦C]

The wall temperature of the SHII and SHI at deployment of the HPB with a ramp time of 10 minutes is
shown in respectively figure 7.6a and figure 7.6b. The sudden temperature drop in the SHII near t = 500s can
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(a) Superheater II (b) Superheater I

(c) DB evaporator

Figure 7.6: Wall temperature of the coils in superheater II and superheater I and duct burner evaporator at a ramp up
time of the HPB of 10 minutes.

be explained with that the injected mass flow reached zero and the inlet temperature of the SHII is equal to
the outlet temperature of SHI.

The large wall temperature drop of the SHI for the HPB (and AP-HPB) is explained with the temperature
drop in both the flue gases and steam passing through the heat exchanger. The temperature drop in the steam
path is due to an increased mass flow caused by the HPB.

The wall temperature over time of the DB evaporator is shown in figure 7.6c. The wall temperature de-
creases 40 ◦C with the decrease of duct firing. After a shift in flow characteristics, the temperature settles
around 363 ◦C.

From figure 7.6 one can already see that the difference in wall temperature becomes larger over time for
the SHII and smaller over time for the SHI. This difference in wall temperature is referred to as the coil-to-coil
temperature difference and is further discussed in section 7.2.3.

7.2.3. Time derivative of the temperature difference between the coils
In section 7.2.2 it became apparent that the difference in temperature between the coils (∆Tc2c ) is not con-
stant over time. Dependent on the EH deployed the temperature difference between the coils increase or
decrease. In table 7.3 the maximum change in coil to coil ∆c2c temperature difference over time according
to the dynamic model are summarised. The coils between which the maximum occurs might be different for
each instance. The row-to-row temperature difference is the coil-to-coil temperature difference divided by
the number of rows inside a coil, for the SHII the number is three and for the SHI the number is two. The
change in row-to-row temperature difference ∆r 2r over time is also stated in 7.3.

The difference between the rows does not seem very big. The temperature differences inside the SHII
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increase independent on the type of EH used. Due to the increased amount of water injected in the desu-
perheater, the largest increase can be expected during the deployment of the DH and SB. The temperature
difference between the rows of the Superheater I becomes smaller for all EHs but the AP. The drop in tem-
perature difference can be explained with the lack of firing in the duct burner, which is not present at the AP
deployment.

Table 7.3: Maximum change in coil-to-coil temperature difference.

Row-to-row temperature difference [◦C]

Superheater II Superheater I

∆T 0
c2c max ∆c2c max ∆r 2r ∆T 0

c2c max ∆c2c max ∆r 2r

Air Preheater 24 +16 +5 28 +4 +2
Duct Heater 29 +27 +9 29 -19 -10
High Pressure Boiler 24 +11 +4 29 -22 -11
Stand-alone Boiler 29 +27 +9 29 -18 -9
Air Preheater - Duct Heater 26 +30 +10 28 -19 -10
Air Preheater - High Pressure Boiler 24 +18 +6 29 -23 -12
Air Preheater - Stand-alone Boiler 26 +30 +10 28 -19 -10

In figure 7.7a one could see the temperature difference between the coils of SHII over time when the SB
has a ramp time of 10 minutes. After 400 s the graph shows a sharp change in trend. At this instance, the desu-
perheater injects so much water that water with saturation temperature enters the SHII. The further increase
of injection water does not result in further temperature decrease for the coil closest to the desuperheater,
therefore the coil-to-coil temperature difference at this location settles around 40 ◦C until the ramp time is
reached.

(a) Superheater II (b) Superheater I

Figure 7.7: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of the
SB of 10 minutes

In figure 7.7b the coil-to-coil temperature difference in the SHI is shown. It is seen that between all the
coils the temperature difference decreases over time. The difference between the first coils of the superheater
(from the flue gas perspective) decreases more than the difference at last coils, resulting in a spacial shift of
greatest stresses.

The coil-to-coil temperature difference in SHII and SHI induced by APSB is shown in figure in 7.8. The
results are comparable with the result seen from the SB (7.7). However, the temperature profile across the
coils in SHII is more linear.
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(a) Superheater II (b) Superheater I

Figure 7.8: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of the
APSB of 10 minutes

7.3. Conclusion
The analysis on the time derivative shows that all EHs are capable to ramp to maximum load in 10 minutes.
That is within the grid requirement of the Dutch grid operator to operate on the imbalance market.

The desuperheater could cause sudden changes in the time derivatives in the desuperheater. Zero in-
jected mass flow causes a sudden negative time derivative, whereas a saturated outlet of the desuperheater a
sudden positive time derivative in the SHII. One can understand that the behaviour of the HRSG is sensitive
to the control of the desuperheater.

The mass flow in the DB evaporator greatly affects the time derivative of the steam temperature in the
headers of both superheaters, but only for a short duration. It is caused by a sudden change in calculation
method inside the programme. The decrease in the DB evaporator mass flow is not expected to cause such
an abrupt change in the real system.

The findings of the wall temperature evaluation implicate that especially during the operation of the HPB
the SHI undergoes a large decrease in temperature.

The review on the change in row-to-row temperature difference showed that the largest changes are ex-
pected to happen for the deployment of the APDH and the APSB.

Overall, the AP brings about the smallest changes in the HRSG, therefore it is in terms of dynamic be-
haviour particularly well suited for the flexible operation of the CHP. The DH and the SB cause moderate
changes in the plant, while the HPB cause extreme changes. Those extreme changes increase the risk of fail-
ure. For that reason the HPB is not considered to be a technical feasible option.

In the next chapter the financial performance of the AP, the DH, the SB, the APDH and the APSB will be
studied.
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Financial Performance

A simple business case is set up for the electric heaters (EHs) that showed positive results in the steady state
and the dynamic analysis. To decide if any of the EHs is financial feasible, different aspects of the financial
performance will be looked into. The profits from acting on the energy market, the costs that will come with
installing, operation and maintenance will be looked into. This way an answer to the central question: What
is the expected financial performance of the remaining electric heater concepts? is given.

In chapter 1 some of the phenomena on the electricity market are already explained. In this chapter the
prospects of the energy market are investigated. Data from 2015 to 2018 is used to get an idea about the
business case of the EHs.

8.1. Prospect on the spot market
Producing less net electricity with the deployment of an EH, would cut the profits from electricity. It would
also save on the natural gas used and the costs for emitting CO2 that comes with combustion. Looking into
the expected price developments of these three components (Electricity, Natural gas, and CO2), will provide
insight into the feasibility of acting on the spot market in 2019.

Electricity prices
As already mentioned in chapter 1, electricity prices are expected to rise and become more volatile in the near
future, see figure 1.4.

Natural gas prices
The natural gas price is expected to increase. In figure 8.1 the future gas prices in $/MWh according the world
bank can be found.

Carbon Dioxide Allowances
The European Union Emission Trading System (EU ETS) is created to stimulate the decrease in carbon dioxide
emissions. When initiated in 2005 it was expected that the price would stabilise around 30e/t CO2. This was
not the case. A large surplus of the emission allowances and a decrease in electricity demand due to the
financial crisis caused the price to settle around 5e/t CO2 [45], see figure 8.2. This low price prevents fair
competition between coal power plants and renewable energy production. There is also a lack of financial
incentive to decrease greenhouse gas emissions. Reformations were needed. The amount of allowances in
the Market Stability Reserve is doubled, which means that there are fewer on the free market. One can already
notice the effect on the market value in figure 8.2. From 2023 on, a percentage of the allowances will be taken
from the market annually [46] [47]. When this happens, it is expected that the trade will tighten up even more.
According to a report from CarbonTracker [48] from April 2018, the prices of carbon dioxide would exceed
15e/t CO2 in 2018 and 20e/t in 2019, but from the picture it is clear that both milestones have already been
reached. Furthermore, CarbonTracker predicts that the prices will be between 20e/t and 25e/t around 2020.
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Figure 8.1: Development of the gas price according to the World Bank [44]

Figure 8.2: CO2 european emission allowances market value ine/t [49]

8.2. Acting on the spot market
Available data on power, gas and emission prices in the period from 2015 to 2018 is used to estimate the
profits that could have been made in this period with the deployment of the EHs. Obviously, the data from
2018 is not complete at the time of writing, so this data is extrapolated. On the spot market hourly prices are
available. The net saved money induced by the deployment of the EH with respect to the operation in Mode
2 is researched. In 8.2.1 the method for calculating these savings is shown. In 8.2.2 the results are discussed
for the year 2017 and in 8.2.3 the development of these savings over the years 2015 to 2018 is reviewed.

8.2.1. Calculation of the profits
The loss in revenue from the decrease in generated electricity is calculated by multiplying the APX price per
MWh with the decrease in MWh.

∆Cpower =∆Power ·pPower (8.1)

The costs saved corresponding to the saved gas is calculated with

∆Cg as =∆Gas · 35.16

31.56
·pg as (8.2)

Where the factor 35.16/31.65 is a conversion factor from the Higher Heating Value to the Lower Heating Value
of gas.

The costs saved with the savings in CO2 emissions are calculated with
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∆CCO2
=∆Gas ·0.0561 ·3.6 ·pCO2

(8.3)

The factor 0.0561 is the amount of CO2 in kg emitted when 1 MJ of gas is combusted.
Combining these three components per hour, results in the total savings for that hour, see equation 8.4.

If the saved amount of money is negative, the EH is not deployed in that hour. Summing the hourly savings,
one gets an insight into the possible savings in a year. In section 8.2.2 the result is shown for the year 2017.

∆C =−∆Cpower +∆Cg as +∆CCO2
(8.4)

8.2.2. Savings by acting on the spot market in 2017
The result of the method described in section 8.2.1 is shown for 2017 in figure 8.3. The AP-DH is the most
rewarding electric heater. It makes sense that the AP-SB and the DH are approximately equally profitable.
Both EHs reduce their fuel consumption and power generation about the same amount. The AP has the
highest number of occasions for which it can be utilised, but due to its relative small effect, the saved amount
of money remains small. Despite the large capacity of the SB compared to the AP, the SB barely exceeds the
savings of the AP. The SB consumes 27 MW less fuel to generate 24 MW less power. This shows that the profit
on the spot market is mainly determined by the effectiveness of the EH.

Combining the AP with the DH and the SB further increases the savings with respectively 17 ke and 11 ke.
The AP-DH profits increase more than the profits of a single AP. The AP-SB profits increase less, which can be
explained by the smaller increase in capacity compared to AP-DH.

Figure 8.3: Profits that could have been made from the utilisation of an electric heater versus the number of times it could
have been deployed for the year 2017.

8.2.3. Evolution of the profits on the spot market
The profits that could have been made by the EHs on the spot market from 2015 to 2018 are shown in 8.4.
It becomes apparent that the acting of the EHs on the spot market is motivated by maintaining the power
output, while gas savings are pursued. The reduction of net power output is perceived as undesired. This is
seen from the relatively low SB and AP-SB profits compared to the configurations with the DH. For the same
amount of gas saved, the profits of the SB are significantly lower. This effect is true for all the shown years,but
the degree of this effect differs per year. In the year 2015 the SB profits are even low enough to drop below the
profits of the AP, while the gas savings of the SB are significantly higher.
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Figure 8.4: Profits obtained by the deployment of an electric heater per year. The profits of 2018 are extrapolated from
the data that was available.

8.3. Acting on the imbalance market

Imbalance price data from TenneT from 2015 to 2018 is used to see the number of Program Time Units (PTUs)
the EH can be used and the amount of money saved this way. (1 PTU = 15 minutes).

The capacity on the imbalance market is not that large, and the deployment of the EHs will have an effect
on the price establishment of the grid operator. This effect is not taken into account.

8.3.1. Calculation of the profits

The data of the imbalance market is available per PTU. So, the same equations as for the spot market can
be used (equation 8.1, 8.2 and 8.3), but now they have to be divided by a factor 4 as there are four PTUs in
an hour. Equation 8.4 can be used to calculate the total savings per PTU of an EH in the imbalance market.
Only if the savings are higher than zero, the EH is worth deploying. The results for the year 2017 are shortly
described in section 8.3.2.

In case the results at a certain PTU are better for the AP than for the combination of the AP with DH or SB,
only the AP is deployed.

8.3.2. Savings in the imbalance market in 2017

In figure 8.5 the results for the calculation of the profits on the imbalance market are shown for 2017. The
profits on the imbalance market are two orders of magnitude higher than the profits on the spot market.
It becomes clear that on the imbalance market additional flexibility is rewarded more than the savings of
gas. The configurations with the SB are slightly less efficient than the ones with the HPB and DH, and offer
therefore more flexibility. In contrast to the operation on the spot market, the SB is the most profitable option.
On the imbalance market additional flexibility offered by the EH is the most valuable parameter to make
profit.
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Figure 8.5: Potential profits on the imbalance market in 2017 versus the number of PTUs the electric heater could have
been deployed.

8.3.3. Evolution of the profits on the imbalance market
The profits that could have been made by the EHs on the imbalance market from 2015 to 2018 are shown in
8.6. The differences between the profit of the EHs are smallest in 2017. Which means that this year the gas
savings trade is a little more dominant than in other years. However, over the years, only small differences
in the third group are seen. The EHs all have approximately the same relative profits development over the
years.

Figure 8.6: Evolution of the profits made with the utilisation of an electric heater at the imbalance market over several
years. The profits of 2018 are extrapolated from the data that was available.

If one compares the 2017’s evolution of the profits from the imbalance market (figure 8.6) with the profits
from the spot market (figure 8.4), one can see that a successful year in terms of the spot market does not
necessarily mean a successful year in terms of the imbalance market. And comparing the year 2015 for the
two markets shows that success can be true for both markets in the same year.
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8.4. Transportation costs
A fee has to be paid to be connected to the grid [50]. This fee consists of connection and transmission service
tariffs, which are summarised for Delesto in table 8.1. As Delesto already has access to a grid connection,
the initial connection tariff is excluded from this table. The periodic connection tariff is in place to account
for the maintenance of only that particular connection. The non-transmission-related consumer tariff is to
account for administration costs. The transmission-related consumer tariff covers the transmission of the
power itself. The tariffs are revised yearly.

Table 8.1: Transmission tariffs for the years 2015 to 2018 [50]

2015 2016 2017 2018

Periodic connection tariff per year e 12478.96 12478.96 12478.96 12478.96
Non-transmission-
related consumer tariff

kWe contracted
per year

e 7.85 6.75 5.64 6.87

Transmission-related
consumer tariff

kWe consumed
per month

e 0.91 0.81 0.65 0.7

Policies state that the consumer of electricity pays for the transportation of the electricity, even though
the consumption itself helps balancing the system.

8.5. Capital and operational expenditure
The capital expenditure (CAPEX) of both electrode boilers is said to be around 120e/kWe of which the instal-
lation itself is the greatest share of expenses. Additional costs for higher pressure equipment are marginal.
The costs of operations and maintenance, the operational expenditure (OPEX) are set to 2% of the CAPEX. In
table 8.2 the CAPEX and OPEX are summarised for the AP, the DH and the SB and their combinations.

Table 8.2: Overview of the CAPEX and OPEX of the electric heater concepts of interest

Capacity [MW] CAPEX [once] OPEX [per year]

AP 7.2 e900,000 e18,000
DH 45.8 e5,500,000 e110,000
SB 37.1 e4,500,000 e90,000
AP-DH 51.1 e7,000,000 e140,000
AP-SB 41.0 e5,800,000 e116,000

Considerations regarding the CAPEX of the duct heater
The heating of air is not a very efficient process. In case of the DH, to transfer 46 MW heat to 115kg/s flue
gas with elements with a typical surface load of 2.5 W/cm2 one would need a contact area of 1840 m2 [51].
With a cross sectional area in the duct of approximately 20 m2, 92 rows of heating elements would be needed.
Each row being 0.6 m deep, one needs approximately 55 m of length inside the duct between the SHII and
the DB. The DH alone weighs 189 t, if one assumes a power-to-weight ratio of 4 kW/kg [52]. For comparison,
the weight of an HRSG can be 7000 t [43]. Not even including the additional duct material already adds 3%
to the total weight. Besides the significant pressure drop over the DH elements, one can readily understand
that this does not fit inside the existing duct of Delesto. It is not realistic to modify the CHP in such a way that
it would fit, as one would probably even have to reinforce the foundation due to an increase in weight in the
duct.

For the AP, the amount of space is less of an issue. The AP has to be located upstream of the gas turbine,
where the amount of space is not as critical as inside the HRSG. For a capacity of 7.2 MW the installation
would ’only’ weigh 30 t.

8.6. Business case
The collection of the aforementioned costs and profits will result in a business case. The net profits are cal-
culated for each year from 2015 to 2018. The life cycle is assumed to be 15 years and the depreciation is done
linearly. For the OPEX an average value per year is taken. In figure 8.7 the summary for the separate boiler
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is shown, in appendix F one can find the summary for the AP, DH, APDH and APSB. The net profit is the
difference between the sum of the expenses (the left column) and the sum of the income (the right column).

The OPEX and CAPEX are constant per year. The transportation costs differ per year, due to the changing
transmission service tariffs. The transportation costs comprise half of the total expenses.

It is readily seen that the income generated by the operation on the spot market is almost negligible com-
pared to the income generated by acting on the imbalance market. The business case is almost entirely de-
pendent on the income from the imbalance market. The profit the EH would have made on this market
varies widely per year. Although the overall picture looks promising, the uncertainty of the incomes from the
imbalance market should not be ignored.

Figure 8.7: Approximated income and expenses for the stand-alone boiler from 2015 to 2018

8.6.1. Estimated payback period
The payback period is the number of years it would take before the investment has paid itself back. This
quantifies the risk of the investment. The lower the number of years, the lower the risk.

The analysis done in figure 8.7 is done for each EH, after which the net profits are averaged over the four
years. By dividing the CAPEX by the average profit per year, the payback period is obtained. In table 8.3 the
results are collected for each EH.

Table 8.3: Number of years it takes to have a return on investment for the EHs.

Capacity [MW] Payback period [year]

AP 7.2 1.5
DH 45.8 8.1
SB 29.2 4.7
AP-DH 58.3 7.1
AP-SB 29.9 2.7

The payback period for the AP is only 1.5 years. So, if the life cycle is indeed 15 years, the AP is profitable for
13.5 years. It shows that a large EH capacity is not beneficial for the payback period. The DH and the AP-DH
have the largest payback period, which is explained by the larger capacity. In this analysis the considerations
described in section 8.5 are not yet taken into account, which would only further increase the payback period.
The payback period of the SB stays within the 5 years, and would also decrease with the addition of the AP.
From these results it can be concluded that the increase of profits attributed by the combination with the AP
outweighs the increase of additional costs of capacity.
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8.7. Conclusion
Some of the theoretical incomes and expenses of the EH concepts for the years between 2015 and 2018 are
looked into in this chapter. Although the analysis performed was a simplified view on the real participation on
the market, it gives insights into the relative financial performance of an EH with respect to its competitors.
On the spot market the effectiveness is the most relevant parameter to be profitable, while on the imbalance
market additional flexibility is of the greatest value. Given these conditions, it can be concluded from the
results of the analysis that the AP has the best financial performance.
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Conclusions and recommendations

In this thesis the technical and financial feasibility of the implementation of a power to heat application in an
existing combined heat and power plant is studied. Research has been done on the steady state and dynamic
behaviour of the system including the electric heater concepts in terms of thermodynamics. The electric
heaters with the most promising results were subjected to a financial evaluation. In section 9.1 the most
important conclusions are summarised. In section 9.2, recommendations for further steps are made.

9.1. Conclusions
Altogether the air preheater shows the best results in terms of technical and financial feasibility. Additionally,
its presence would reduce the risk of the duct heater and the stand-alone boiler.

Answers on the central questions constructed in chapter 1 are given in this section.

9.1.1. Design requirements
• What are the possibilities to adjust the HRSG of a CHP in such a way that it can respond to the excess

electricity on the grid?

The Delesto system is required to be able to fulfil a steam production of 120 t/h at a pressure of 4.2 bar. The
capability to produce steam at a pressure of 30.5 bar has to be maintained. The gas turbine has a practical
operational range of 80 % part load to full load. Auxiliary firing enables the fulfilment of the process steam
demand regardless of the operational load of the gas turbine. In this research, the steam turbine will be kept
operational at full load.

Electricity could be used to produce (part of) the process steam demand. This induces a decrease in the
fuel consumption of the Combined Heat and Power installation. The electrode boiler and the immersion
boiler are considered for this application of power to heat. Other power-to-heat devices might be suitable,
but are not discussed in this study.

9.1.2. Steady state performance
• What is the steady state behaviour of the numerous electric heater concepts?

Eight electric heater concepts are proposed, among them: an air preheater located upstream of the gas tur-
bine; a duct heater located in the HRSG upstream of the duct burner; a high pressure boiler located parallel
to the high pressure evaporator of the HRSG; and a stand-alone boiler external from the HRSG.

Among the electric heater concepts that were studied: the duct heater, the high pressure boiler and the
stand-alone boiler show the best steady state performance in terms of "Additional Flexibility" offered. The air
preheater shows good steady state performance in terms of "Effectiveness". Additionally, the air preheater is
capable of improving the performance of the duct heater, the high pressure boiler and the stand-alone boiler
in terms of "Additional Flexibility", "Effectiveness" and the "Relative Stack Losses".

9.1.3. Study on the dynamic behaviour
• What is the dynamic behaviour of each of the ’high potential’ design cases?

75
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It is concluded that a model including the two high pressure superheaters, the high pressure evaporator
and the desuperheater and duct burner, is sufficient to simulate the critical changes in the HRSG. Temper-
ature changes in the headers of the first superheater are expected in response to changes in the fuel con-
sumption of the duct burner. Temperature changes in the headers of the second superheater are expected in
response to changes in the amount of water injected in the desuperheater.

According to the dynamic model constructed, the studied electric heater concepts are all able to ramp
to maximum load within 15 minutes without exceeding the maximum rate of 25 ◦C/min in the superheater
headers. This implies that the electric heaters are suitable to deploy as demand response on the imbalance
market. On account of the high pressure boiler, the coil material of the first superheater experiences a tem-
perature change that is considered to be too severe. This study has shown that the difference in expansion
rate inside the coils due to thermal effects are not expected to cause failure.

9.1.4. Financial performance
• What is the expected financial performance of the remaining electric heater concepts?

The profits on the spot and imbalance market are estimated based on historical price data on power, gas
and CO2 emissions. This study indicates that the spot market rewards the high effectiveness, and that the
imbalance market rewards the additional flexibility provided by an electric heater concept. The potential
profits on the imbalance market are two orders of magnitude higher than the potential profits on the spot
market. Half of the total expenses comprise of the transportation costs of the power. The evaluation of the
payback time of the electric heaters indicates that the air preheater is the electric heater with the lowest
financial risk. Another finding that came as a result of the payback time evaluation is that a low capacity
might be beneficial over a high capacity of the electric heater.

9.2. Recommendations
The research has given insights on the technical and financial feasibility of the implementation of power-to-
heat in a Combined Heat and Power installation. In light of this research, a strong case can be made for the
implementation of an electric heater, but further work is required.

This research indicates that the air preheater is the most effective in saving gas, with a low ramp time and
a low financial risk. The technical feasibility of this electric heater should be further researched. The further
development of plans to implement the air preheater (with or without the addition of the stand-alone boiler)
is strongly recommended.

It is unfortunate that the study did not include the interaction between the electric heater and the imbal-
ance market. The presence of the electric heater and electrification in general will have a dampening effect
on the price bids from TenneT-NL. The profits on the imbalance market will be smaller than indicated in this
thesis. Power-to-heat applications will harm their own business case, and this phenomenon should be well
understood.

As one could have seen from the business case that was setup, a great share of the expenses was on account
of the power transportation. The reformation of regulations regarding these transportation costs might help
to motivate power market participants to provide downward flexibility.

If the dynamic model is used for further research some improvements are advised. The "stiff" nature of
the Heat Recovery Steam Generator problem requires an implicit instead of an explicit ordinary differential
equation solver. The model should be modified, to avoid instability and inconvenient small step sizes. Fur-
thermore, the response of the desuperheater is essential to the behaviour of the HRSG. A greater focus on the
control of the model could translate in smaller ramp times. Besides that integral wind-up of the controller
should be avoided.

After the steady state analysis, the electric heaters with a small additional flexibility were disregarded. The
assumption was made that lower additional flexibility would result in low profits. However, small additional
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flexibility was often caused by a small maximum capacity of the electric heater. The decrease in capital ex-
penditure for smaller capacity EHs might outweigh the decrease in profits. On account of the financial study,
the exclusion of the low pressure boiler and both heaters could be interesting to revise.
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A
Results for 100 and 140 t/h

A.1. 100 t/h

Relative fuel savings

Figure A.1: Relative fuel savings of the electric heaters at process steam demand (120 t/h)
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Effectiveness

Figure A.2: Effectiveness of the electric heaters at process steam demand (100 t/h)

Relative stack losses

Figure A.3: Relative stack losses of the electric heaters at process steam demand (100 t/h)
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A.2. 140 t/h

Relative fuel savings

Figure A.4: Relative fuel savings of the electric heaters at process steam demand (140 t/h)

Effectiveness

See section 5.4.2.
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Relative stack losses

Figure A.5: Relative stack losses of the electric heaters at process steam demand (140 t/h)



B
Formulas to determine the Heat transfer in
the heat exchangers of the dynamic model

In section 6.3.1 the conservation of energy is formulated. The heat transfer used in this section is calculated
with the help of the equations described in this appendix. In section B.1 the equations used to determine
the heat transfer from the flue gas path are given. In section B.2 the calculation method on the heat transfer
to the superheated steam in the superheaters is elaborated on. In section B.3 the formulas to calculate the
heat transfer to the evaporation process are given. In section B.4 the formulas to calculate the radiative heat
transfer in the duct burner are presented.

B.1. The transfer of heat from the flue gas side flow path
The heat transfer from the flue gas to the tube walls of a heat exchanger is a function of the geometry of the
heat exchanger, and the characteristics of the flow within. In this section, the calculation method for the
convected heat transfer from the flue gases is shown. A distinction is made between a heat exchanger with
and without fins, respectively section B.1.1 and B.1.2. The heat exchangers are set up in cross flow, with the
flue gas duct horizontally oriented and the water tube banks oriented vertically. All the physical properties
(such as dynamic viscosity , density and Prandtl number) of the flue gas discussed in this section are evaluated
at the mean temperature.

Tm = TE +TL

2
(B.1)

B.1.1. Convective heat transfer in a duct with bare tubes in cross flow
The difference between an in-line and a staggered arrangement of tubes in a cross flow is shown in figure B.1.

Figure B.1: In-line and staggered configuration of bare tubes in a cross flow.
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The Nusselt number (Nu) is defined as the ratio between convective and conductive heat transfer. For a
single row of tubes in a cross-flow heat exchanger is

Nusi ng le,r ow = 0.3+
√

Nu2
l ,l am +Nu2

l ,tur (B.2)

in which Nul ,l am is calculated with B.3 and Nul ,tur with B.4. The Prandtl number (Pr) characterises the ratio
of the momentum and thermal diffusivity.

Nul ,l am = 0.664
√

Reψ,l
3p

Pr (B.3)

Nul ,tur =
0.037Reψ,l Pr

1+2.443Re−0.1
ψ,l (Pr2/3−1)

(B.4)

The Reynold’s number (Re) is described by equation B.5, in which w is the mass flux. It is corrected with the
void fraction ψ, to obtain the mass flux at the smallest cross sectional area in the duct passage.

Reψ = w l

ψµ
(B.5)

The characteristic length l used in equation B.5 is the flow path transverse over a tube: the streamed length
ls which is equal to half the circumference of a cylinder, ls = (π/2)do . The void fraction is calculated with
equation B.6. The definition of the transverse and longitudinal pitch ratio, respectively a and b are shown in
figure B.1 .

ψ=
{

1− π
4a , if b ≥ 1

1− π
4ab , if b < 1

(B.6)

The Nusselt number for multiple rows of tubes is calculated with equation B.7, in which r is the number of
rows.

Nu0,bundle =
1+ (r −1) f A

r
Nusi ng le−r ow (B.7)

The factor f A is defined as in equation B.8 and B.9, respectively for an in-line and a staggered configuration
of the tube banks.

f A = 1+ 0.7 (b/a −0.3)

ψ1.5 (b/a +0.7)2 (B.8)

f A = 1+ 2

3b
(B.9)

The heat transfer coefficientα f g results from equation B.10. The thermal conductivity λ is evaluated at the
mean temperature from equation B.1.

Nu0,bundle =
α f g l

λ
(B.10)

B.1.2. Convective heat transfer in duct in cross flow with finned tubes
Not only does the heat transfer area increase with the implementation of fins, it also influences the heat
transfer coefficient in the flue gas duct. Inside the system boundaries chosen in section 6.1, the SHII and the
evaporator are the components with circular finned tubes. The approach of determining the heat transfer
coefficient α f g and consequently the heat transfer Q for finned tubes only adds to the method for the duct
with bare tube banks. The void fraction of finned tubes will be different from bare tubes, shown in equation
B.11. Using the method from section B.1.1 an uniform heat transfer coefficient can be obtained αm . This
represents the heat transfer coefficient between the bare tube and the fins. Together with the fin efficiency η f

the heat transfer coefficient of the complete tube could be established. The calculation method is explained
in this section.

ψ= (s2 −do)a + (s2 −D)δ

s2(a +δ)
(B.11)
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After the heat transfer coefficient of the bundle with bare tubes αm is established from equation B.10, it
can be substituted in equation B.15. The efficiency in which the heat that enters the fins is transferred to
the tube material is for circular finned tubes described with the equations B.12 to B.14, in which η f is the
efficiency, and X and ϕ are shape dependent operands and D is the diameter including the height of the fin.

η f =
tanh X

X
(B.12)

X =ϕdo

2

√
2αm

λ f δ
(B.13)

ϕ=
(

D

do
−1

)[
1+0.35ln

(
D

do

)]
(B.14)

A virtual heat transfer coefficient can now be established, equation B.15. This is the total heat transfer
coefficient between the flue gases and the material of the tubes.

αv =αm

[
1− (1−η f )

A f

A

]
(B.15)

Where A f /A is the ratio between fin surface and the total surface of the tube.
The heat transfer from the flue gas to the bare tube wall is described with equation B.16, in which A is the

total outer surface area.

Q̇ f g =α f g A∆TLM (B.16)

B.2. Heat transfer to the superheated steam path
In case the heat exchanger from section 6.3.1 is a superheater the heat transfer from the tube wall material
to the water side flow path is discussed in this section. In case of an evaporator the calculation method is
discussed in section B.3.

The Reynolds number is expressed in terms of the mass velocity flux w [kgs−1 m−2], see equation B.17.

Re = w di

µ
(B.17)

All the fluid properties should be at the average temperature of the wall temperature Tw all and the bulk
temperature TB . The bulk temperature is 0.5(TE +TL).

Tm = Tw all +TB

2
(B.18)

B.2.1. Nusselt number in a tube
The heat transfer from the tube wall material to the water side flow path depends on the characteristics of
the flow. For the determination of the Nusselt number a distinction is made between laminar, turbulent and
transitional flow regimes, all of which are discussed in this section. In all these regimes the main assumption
is that the flow is hydrodynamic and thermal developed, which is valid for L > di ≥ 60. The temperature of
the material of the tubes are assumed to be constant, which fit the characteristic of the discretised system.

Nusselt number in Laminar flow regime (Re < 2300)

Num,T =
{

Nu3
m,T,1+0.73 + (Num,T,2−0.7)3 +Num,T,3

}1/3
(B.19)

with

Num,T,1 = 3.66 (B.20)

Num,T,2 = 1.615 3
√

Re Pr ·di /l (B.21)

Num,T,3 =
(

2

1+22 Pr

)1/6

(Re Pr di /l )1/2 (B.22)
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Nusselt number in Turbulent flow regime (Re > 104)
For a turbulent flow with 104 < Re < 106 the Nusselt number follows from

Num = (ζ/8)Re Pr

1+12.7
√
ζ/8(Pr2/3−1)

[
1+ (di /l )2/3] (B.23)

with the friction factor ζ, which is ζ= (1.8logRe−1.5)−2 for smooth pipes.

Nusselt number in transitional flow regime (2300 ≤ Re ≤ 104)
In the transitional regime, the Nusselt number is defined by

Nu = (1−γ)Nul am,2300+γNutur b,104 (B.24)

Where γ is the intermittency factor and is defined by

γ= Re−2300

104 −2300
(B.25)

Nul am,2300 is established by substituting Re = 2300 in equation B.19 for Re = 2300, and Nutur b,104 is calculated
by substitution of Re = 104 in equation B.23.

The overall heat transfer coefficient in a tube
The average heat transfer coefficient α can now be calculated using:

Nu = αdi

λ
(B.26)

where Nu is the appropriate Nusselt number in terms of the Reynolds number. The heat transfer is calculated
with Q =α A∆TLM . The area over which heat is transfer effectively is Lπdi per tube.

The logarithmic mean temperature difference ∆TLM is defined by

∆TLM = (Tw all −TE )− (Tw all −TL)

ln Tw all−TE
Tw all−TL

(B.27)

B.3. The transfer of heat to the evaporation process
During the evaporation process the temperature of the saturated water stays constant. All the energy ab-
sorbed by the fluid is used to change the phase of the fluid, this energy is also known as the latent heat.
Although the fluid is a bit subcooled, due to the increase in hydrostatic pressure in the downcomers, the
assumption is made that the main process in the evaporator is convective flow boiling.

For vertical tubes the local heat transfer coefficient as function of the vertical distance to the start is cal-
culated with equation B.28. The heat transfer coefficient is assumed to be uniform over the circumference of
the tubes. The circulation ratio of the evaporator is the amount of passes through the evaporator a certain
control volume has to make before it is completely vaporised. This theoretically results in a outlet quality of
the steam of 1/C R for each tube in the evaporator. A linearly increase of quality in the tubes is assumed.

α(z) =αLO

{
(1− ẋ)0.01

[
(1− ẋ)1.5 +1.9ẋ0.6

(
ρL

ρG

)0.35]−2.2

+ ẋ0.01
[
αGO

αLO

(
1+8(1− ẋ)0.7

(
ρL

ρG

)0.67)]0.2 }−0.5

(B.28)

In this formula αLO and αGO are the heat transfer coefficient for respectively the liquid (with a vapour quality
of 0) and the vapour (with a vapour quality of 1). For each z values are calculated with the following formula’s.

For Laminar hydrodynamically developed flow in which the temperature of the tube walls is assumed con-
stant the Nusselt number is described by equation

Nuz = 3
√

3.663 +1.0773 Re Pr ·C (B.29)

C =
{

di
z , if di

z < 1

1, otherwise
(B.30)
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In turbulent flow, for a constant wall temperature and hydrodynamically developed flow, the Nusselt num-
ber is calculated with B.31, in which the friction factor ζ is described by equation B.32.

Nuz = (ζ/8)(Re−1000)Pr

1+12.7
√

(ζ/8)
(
Pr2/3−1

) (B.31)

ζ= (
1.82log10(Re)−1.64

)−2 (B.32)

For αLO the Reynolds number for saturated liquid is used and for αGO the Reynolds number for saturated
vapour is used. Using equation B.33 values can be determined for both the heat transfer coefficients for
saturated liquid and vapour.

Nuz = α(z) di

λ
(B.33)

As readily can be seen, for negligible inflow effects (di /z > 1) both αLO and αGO are constants in equation
B.28. The vapour quality in equation B.28 is varied linearly between ẋ = 0 and ẋ = 1/C R.

The total heat transfer over the tube is the integral of the local heat transfer coefficients obtained from
equation B.28 to z. Because of the piecewise discretization, this comes down to the sum of the values obtained
for each z.

The heat transfer to the evaporation process is determined with equation B.34.

Q̇H2O = Ai α (Tw −Tsat ) (B.34)

B.4. Heat transfer in the duct burner
In the duct burner the temperature of the flue gases is elevated by means of combustion of natural gas. Heat
is transferred from the flue gases to the evaporation screen and water walls. The function of these elements
is to protect the material and the HRSG against the high temperature radiation. The convective heat transfer
from the flue gases to the tubes is determined with method described in section B.1.1. The radiative heat
transfer to the water walls and evaporation screen is reviewed in this section.

B.4.1. Radiative heat transfer to the Water walls
The water walls and evaporation screen are assumed to behave like one radiation surface . It is assumed that
no accumulation of energy exists in the duct burner. The water in the tubes completes its phase change in
one pass. The heat in the duct burner determines the mass flow in the water walls and the evaporation screen.
Convection and Radiation happen in a simultaneous matter, in terms of heat transfer resistive network "par-
allel". The temperature, density and concentration are uniform over the first cell of the duct burner.

Q̇ = Ar ad σ
εw

1− (1−εw )(1− Av )
(εg T 4

g − Av T 4
w ) (B.35)

In equation B.35 subscripts w and g stand respectively for wall and gas. ε and Av stand for emissivity and the
absorptivity of the flue gas. The Stefan–Boltzmann constant is defined as σ= 5.67040×10−8 W/m2/K4, Ar ad

is the surface area which is ’seen’ by the radiation, which is equal to 155 m2.

εg = εH2O +εCO2
− (∆ε)g (B.36)

Av = Av,H2O + Av,CO2
− (∆ε)w (B.37)

The ∆ε terms are correction factors for the overlap in emission bands of the components involved [53]. They
are used to account for the self-absorption taking place. See section B.4.2 for their determination.

The equivalent layer thickness (seq ) seen in the following sections is a way to express that the radiation
surface is not an ideal sphere surrounding the source. A very general way to estimate this seq is

seq = 0.9
4V

A
(B.38)

Substituting values for the absorptivity and emissitivity and their correction from section B.4.3 and B.4.4
in equation B.35 result in the amount of heat transfered to the material of the water walls and evaporation
screen.
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B.4.2. Emission correction
To calculate a value for (∆ε)g equation B.39 is used [53].

(∆ε)g =
[

ζ

10.7+101ζ
−0.0089ζ10.4

]
log10

( (pH2O +pCO2
)seq

(p s)0

)2.76

(B.39)

where

ζ=
pH2O

pH2O +pCO2

(B.40)

The correction factor for the absorptivity is calculated in a similar way, but is corrected for the wall tem-
perature.

(∆ε)w =
[

ζ

10.7+101ζ
−0.0089ζ10.4

]
log10

 (pH2O +pCO2
)seq · Tw all

Tg

(p s)0

2.76

(B.41)

For both equations holds that (p s)0 = 0.01mbar.

B.4.3. The emissivity and absorptivity of CO2

εCO2
= Z −

6∑
i=1

ai e−ki pCO2 seq (B.42)

where:

Z =
 0.27769

0.03869
1.4249 ·10−5

 ·


1

Tg

1000K(
Tg

1000K

)2

 , ~k =



0.036
0.3586

3.06
14.76

102.28
770.6

 (B.43)

where

~a =



0.1074 −0.10705 0.072727
0.027237 0.10127 −0.04377
0.058438 −0.00121 0.000656
0.019078 0.037609 −0.01542
0.056993 −0.025412 0.002617
0.002801 0.038826 0.020198

 ·


1

Tg

1000K(
Tg

1000K

)2

 (B.44)

The absorptivity Av,CO2
is found by using Tw all instead of Tg in equation B.43 and B.44. These equations are

valid for a total gas pressure of 1 bar, a partial pressure of 0.01mbar < pCO2
seq < 10mbar and 300K < Tg <

1800K.

B.4.4. The emissivity and absorptivity of H2O
εH2O = Z −a e−k pH2O seq (B.45)

with

Z =
[

0.66439
−0.17389

]
·
[

1
Tg

1000K

]
, a =

[
0.4572
−0.1317

]
·
[

1
Tg

1000K

]
and k = 0.84652 (B.46)

The absorptivity Av,H2O is found by using Tw all instead of Tg in equation B.46. These equations are valid
for a total gas pressure of 1 bar, a partial pressure of 0.5mbar < pH2O seq < 0.5mbar and 700K < Tg < 1500K.



C
Set of Ordinary Differential Equations used

in the dynamic model

The oridnary differential equations set up in section 6.3 are collected in matrices. The mass conservation
equations are all of the form A · ~̇m =~0 and are shown in section C.1.1. The conservation equations of energy

are of the form A · ~̇m + ~̇Q = ~dU
d t and are shown in section C.1.2.

C.1. Overview

C.1.1. ODE system of mass

Superheater II


1 −1 0 0 0
0 1 −1 0 0
0 0 1 −1 0
0 0 0 1 −1

 ·


ṁSH I I , f g ,1

ṁSH I I , f g ,2

ṁSH I I , f g ,3

ṁSH I I , f g ,4

ṁSH I I , f g ,5

=~0 (C.1)


−1 1 0 0 0
0 −1 1 0 0
0 0 −1 1 0
0 0 0 −1 1

 ·


ṁSH I I ,w,1

ṁSH I I ,w,2

ṁSH I I ,w,3

ṁSH I I ,w,4

ṁSH I I ,w,5

=~0 (C.2)

Superheater I



1 −1 0 0 0 0 0 0 0
0 1 −1 0 0 0 0 0 0
0 0 1 −1 0 0 0 0 0
0 0 0 1 −1 0 0 0 0
0 0 0 0 1 −1 0 0 0
0 0 0 0 0 1 −1 0 0
0 0 0 0 0 0 1 −1 0
0 0 0 0 0 0 0 1 −1


·



ṁSH I , f g ,1

ṁSH I , f g ,2

ṁSH I , f g ,3

ṁSH I , f g ,4

ṁSH I , f g ,5

ṁSH I , f g ,6

ṁSH I , f g ,7

ṁSH I , f g ,8

ṁSH I , f g ,9


=~0 (C.3)
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−1 1 0 0 0 0 0 0 0
0 −1 1 0 0 0 0 0 0
0 0 −1 1 0 0 0 0 0
0 0 0 −1 1 0 0 0 0
0 0 0 0 −1 1 0 0 0
0 0 0 0 0 −1 1 0 0
0 0 0 0 0 0 −1 1 0
0 0 0 0 0 0 0 −1 1


·



ṁSH I ,w,1

ṁSH I ,w,2

ṁSH I ,w,3

ṁSH I ,w,4

ṁSH I ,w,5

ṁSH I ,w,6

ṁSH I ,w,7

ṁSH I ,w,8

ṁSH I ,w,9


=~0 (C.4)

Evaporator
Desuperheater and Duct Burner

[−1 1 1 0 0
0 0 0 1 −1

]
·


ṁDSH ,w,i n

ṁDSH ,w,add

ṁDSH ,w,out

ṁDB ,w,1

ṁDB ,w,2

=~0 (C.5)

C.1.2. ODE system of energy

The ODE systems are all of the form A · ~̇m + ~̇Q = ~dU
d t .

Superheater II

ASH I I , f g =


hSH I I , f g ,1 −hSH I I , f g ,2 0 0 0

0 hSH I I , f g ,2 −hSH I I , f g ,3 0 0
0 0 hSH I I , f g ,3 −hSH I I , f g ,4 0
0 0 0 hSH I I , f g ,4 −hSH I I , f g ,5



~̇mSH I I , f g =


ṁSH I I , f g ,1

ṁSH I I , f g ,2

ṁSH I I , f g ,3

ṁSH I I , f g ,4

ṁSH I I , f g ,5

 , ~̇QSH I I , f g =


Q̇SH I I , f g ,c1

Q̇SH I I , f g ,c2

Q̇SH I I , f g ,c3

Q̇SH I I , f g ,c4

 ,
~dU

d t SH I I , f g
=


dU
d t SH I I , f g ,2
dU
d t SH I I , f g ,3
dU
d t SH I I , f g ,4
dU
d t SH I I , f g ,5



ASH I I ,w =


−hS−hI I ,w,1 hS−hI I ,w,2 0 0 0

0 −hS−hI I ,w,2 hS−hI I ,w,3 0 0
0 0 −hS−hI I ,w,3 hS−hI I ,w,4 0
0 0 0 −hS−hI I ,w,4 hS−hI I ,w,5



~̇mSH I I ,w =


ṁSH I I ,w,1

ṁSH I I ,w,2

ṁSH I I ,w,3

ṁSH I I ,w,4

ṁSH I I ,w,5

 , ~̇QSH I I ,w =


Q̇SH I I ,w,c1

Q̇SH I I ,w,c2

Q̇SH I I ,w,c3

Q̇SH I I ,w,c4

 ,
~dU

d t SH I I ,w
=


dU
d t SH I I ,w,1
dU
d t SH I I ,w,2
dU
d t SH I I ,w,3
dU
d t SH I I ,w,4



Superheater I

ASH I , f g =



hSH I , f g ,1 −hSH I , f g ,2 0 0 0 0 0 0 0
0 hSH I , f g ,2 −hSH I , f g ,3 0 0 0 0 0 0
0 0 hSH I , f g ,3 −hSH I , f g ,4 0 0 0 0 0
0 0 0 hSH I , f g ,4 −hSH I , f g ,5 0 0 0 0
0 0 0 0 hSH I , f g ,5 −hSH I , f g ,6 0 0 0
0 0 0 0 0 hSH I , f g ,6 −hSH I , f g ,7 0 0
0 0 0 0 0 0 hSH I , f g ,7 −hSH I , f g ,8 0
0 0 0 0 0 0 0 hSH I , f g ,8
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~̇mSH I , f g =



ṁSH I , f g ,1

ṁSH I , f g ,2

ṁSH I , f g ,3

ṁSH I , f g ,4

ṁSH I , f g ,5

ṁSH I , f g ,6

ṁSH I , f g ,7

ṁSH I , f g ,8

ṁSH I , f g ,9


, ~̇QSH I , f g =



Q̇SH I , f g ,c1

Q̇SH I , f g ,c2

Q̇SH I , f g ,c3

Q̇SH I , f g ,c4

Q̇SH I , f g ,c5

Q̇SH I , f g ,c6

Q̇SH I , f g ,c7

Q̇SH I , f g ,c8


,

~dU

d t SH I , f g
=



dU
d t SH I , f g ,2
dU
d t SH I , f g ,3
dU
d t SH I , f g ,4
dU
d t SH I , f g ,5
dU
d t SH I , f g ,6
dU
d t SH I , f g ,7
dU
d t SH I , f g ,8
dU
d t SH I , f g ,9



ASH I ,w =



−hSH I ,w,1 hSH I ,w,2 0 0 0 0 0 0 0
0 −hSH I ,w,2 hSH I ,w,3 0 0 0 0 0 0
0 0 −hSH I ,w,3 hSH I ,w,4 0 0 0 0 0
0 0 0 −hSH I ,w,4 hSH I ,w,5 0 0 0 0
0 0 0 0 −hSH I ,w,5 hSH I ,w,6 0 0 0
0 0 0 0 0 −hSH I ,w,6 hSH I ,w,7 0 0
0 0 0 0 0 0 −hSH I ,w,7 hSH I ,w,8 0
0 0 0 0 0 0 0 −hSH I ,w,8 hSH I ,w,9



~̇mSH I ,w =



ṁSH I ,w,1

ṁSH I ,w,2

ṁSH I ,w,3

ṁSH I ,w,4

ṁSH I ,w,5

ṁSH I ,w,6

ṁSH I ,w,7

ṁSH I ,w,8

ṁSH I ,w,9


, ~̇QSH I ,w =



Q̇SH I ,w,c1

Q̇SH I ,w,c2

Q̇SH I ,w,c3

Q̇SH I ,w,c4

Q̇SH I ,w,c5

Q̇SH I ,w,c6

Q̇SH I ,w,c7

Q̇SH I ,w,c8


,

~dU

d t SH I ,w
=



dU
d t SH I ,w,1
dU
d t SH I ,w,2
dU
d t SH I ,w,3
dU
d t SH I ,w,4
dU
d t SH I ,w,5
dU
d t SH I ,w,6
dU
d t SH I ,w,7
dU
d t SH I ,w,8


Desuperheater

[−hDSH ,w,i n −hDSH ,w,add −hDSH ,w,out
] ṁDSH ,w,i n

ṁDSH ,w,add

ṁDSH ,w,out

+~0 =~0

Duct Burner

[
hDB , f g ,1 −hDB , f g ,2 0 H

0 hDB , f g ,2 −hDB , f g ,3 0

]
·


ṁDB , f g ,1

ṁDB , f g ,2

ṁDB , f g ,3

ṁDB , f uel

+
[

0
Q̇ f g ,1

]
=~0





D
PI-controller

The temperature at the exit of SHII is controlled by the added mass flow in the desuperheater ṁDSH . In the
model, a feedback loop with a Proportional Integral (PI) controller will determine the mass flow, its set up
is shown in figure D.1. In this model the reference signal r is not time dependent and will be kept constant

Figure D.1: PI controller

at 505 ◦C . ŷ is the output signal after it has been filtered and does depend on time. The error between the
reference signal and the filtered output signal is described with equation D.1.

e(t ) = r − ŷ(t ) (D.1)

D.0.1. Gains of the PI controller
The PI controller consists of a Proportional, an Integral, and a Derivative component in parallel, see figure D.1.
The Proportional Component evaluates the absolute error (equation D.2). The Integral component assesses
the time the error exists (equation D.3). In this way, even if a continuous error is small it can be acted upon.
The Derivative term does assess the rate of change of the error, and will work to minimise this rate. These
three terms in parallel result in the control output signal of equation D.4.

P = Kp e(t ) (D.2)

P = Ki

t∫
0

e(t∗)d t∗ (D.3)

u(t ) = Kp e(t )+Ki

t∫
0

e(t∗)d t∗ (D.4)
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98 D. PI-controller

The discrete form of equation D.4 used in the dynamic model is given in equation D.5. For the purpose of
the desuperheater a proportional gain of Kp = 1 and an integral gain of Ki = 1 is used.

un = Kp en +Ki∆t
n∑

j=1
e j (D.5)



E
Results of the dynamic model

E.1. Time derivative of the header temperature

E.1.1. Air preheater

(a) Superheater II (b) Superheater I

Figure E.1: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the AP of 5 minutes
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100 E. Results of the dynamic model

E.1.2. Duct heater

(a) Superheater II (b) Superheater I

Figure E.2: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the DH of 10 minutes

E.1.3. Stand-alone boiler

(a) Superheater II (b) Superheater I

Figure E.3: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the SB of 10 minutes
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E.1.4. Air preheater - duct heater

(a) Superheater II (b) Superheater I

Figure E.4: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the APDH of 10 minutes

E.1.5. Air preheater - high pressure boiler

(a) Superheater II (b) Superheater I

Figure E.5: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the APHPB of 10 minutes



102 E. Results of the dynamic model

E.1.6. Air preheater - Stand-alone boiler

(a) Superheater II (b) Superheater I

Figure E.6: Time derivative of the temperature of the steam in the headers of superheater II and superheater I at a ramp
up time of the APSB of 10 minutes

E.2. Coil-to-coil temperature difference

E.2.1. Air preheater

(a) Superheater II (b) Superheater I

Figure E.7: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of the
AP of 5 minutes
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E.2.2. Duct heater

(a) Superheater II (b) Superheater I

Figure E.8: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of the
DH of 10 minutes

E.2.3. Stand-alone boiler

(a) Superheater II (b) Superheater I

Figure E.9: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of the
SB of 10 minutes



104 E. Results of the dynamic model

E.2.4. Air preheater - duct heater

(a) Superheater II (b) Superheater I

Figure E.10: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of
the APDH of 10 minutes

E.2.5. Air preheater - high pressure boiler

(a) Superheater II (b) Superheater I

Figure E.11: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of
the APHPB of 10 minutes
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E.2.6. Air preheater - Stand-alone boiler

(a) Superheater II (b) Superheater I

Figure E.12: Coil-to-coil temperature difference over time of the superheater II and superheater I at a ramp up time of
the APSB of 10 minutes





F
Financial summary of the electric heaters

Figure F.1: Approximated income and expenses for the air preheater from 2015 to 2018
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108 F. Financial summary of the electric heaters

Figure F.2: Approximated income and expenses for the duct heater from 2015 to 2018

Figure F.3: Approximated income and expenses for the air preheater - duct heater from 2015 to 2018
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Figure F.4: Approximated income and expenses for the air preheater - stand-alone boiler from 2015 to 2018
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