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Problem Description

Background
Oslo Waste-To-Energy Agency (EGE) shall recycle waste in an environmentally-,
climatic and economic acceptable way. Some of EGE’s areas of operations are;

• Incinerate combustible waste from Oslo’s households, other municipalities and
businesses

• Deliver heat energy for district heating system

Use of waste as fuel in an energy recovery offers many challenges. Some of the
challenges are;

• The calorific value of the heat varies widely
• Large variations in the combustion process leading to unnecessary pollution
• Residues from combustion leads to the change of the combustion process over

time

Work Description
• A description of Haraldrud municipal solid waste (MSW) combustion process

◦ The different stages in the combustion process
◦ Describe the combustion process manipulating-, control- and disturbance
variables.

• System identification of Haraldrud MSW combustion plant
◦ Obtaining a-priori process knowledge
◦ Design a system identification test for Haraldrud combustion process
◦ Perform an open-loop system identification test
◦ Pre-treat the data-set from the open-loop system identification test
◦ Develop a model based on the system identification test
◦ Validate the model

• On-line parameter estimation of the combustion process with an adaptive-law

Assignment given: 10. January, 2011
Supervisor: Lars Imsland
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Abstract

The growing amount of waste is an important environmental issue in our society to-
day. Waste that is not recyclable should be used as an energy source after hazardous
waste has been removed. Haraldrud combustion plant in Oslo has been burning
the MSW since 1988. In dealing with the waste, Haraldrud seeks to optimize the
amount of burned waste with minimum pollution. This thesis examines the com-
bustion process at Haraldrud thoroughly, and suggests possible solutions to optimize
and stabilize today’s combustion process.

A model of the combustion process could be used for prediction so optimized
combustion is achieved. Two different methods where applied to two different model
sets and the model parameters were estimated from previously recorded process data.
The model parameters were estimated based on system identification theory, and an
on-line parameter estimator with an adaptive law.

Burning MSW are a complex process to control and several factors including;
unknown calorific value, regulation of the waste flow, and the long time constant for
measuring and regulating the energy contributes to this. Therefore a recommended
method to estimate the calorific value is essential. When the calorific value is known
the produced energy could be measured directly from the flue gas. The energy and
calorific value measured from the flue gas can then be used to stabilize todays energy
production.
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Chapter 1

Introduction

Since 1995 Norway has increased the amount of waste more than the gross domestic
product (GDP) (Statistic Norway, 2011). Since the waste accounts started in 1995,
quantity of waste has increased each year with over 30 %. The government has
since 1999 aimed to bring the waste growth down to a considerably lower level than
the economic growth, measured in (GDP). Table 1.1 shows the waste quantities in
Norway. About 20 % of the waste is today used in energy recovery.

Description 1995 1999 2001 2003 2005 2007 2009
Paper 887 1031 1071 1017 1177 1235 1200
Metal 919 934 940 953 1054 1105 1100
Plastic 327 374 388 414 437 492 510
Glass 189 191 208 232 251 278 270
Wood 1328 1263 1367 1438 1481 1626 1600
Textile 109 115 112 111 116 124 130

Wet organic 1070 1236 1302 1349 1490 1743 1700
Concrete 533 669 690 657 739 821 700

Mud 328 334 357 381 408 401 390
Other materials 1020 1432 1477 1593 1627 1836 1700
Hazardous waste 632 601 642 867 966 1077 1100

Total 7342 8182 8555 9011 9747 10739 10400

Table 1.1: Waste quantities in Norway [1000 ton]

There are three large MSW combustion plants in Oslo, which have permit under
the Pollution Control Act for accepting waste for incineration. One of the plants
is Haraldrud, completed in 1988. Haraldrud has two almost identical combustion
lines which are operated by EGE. The energy produced by the combustion plant is
mainly used in the district heating systems to heat up buildings in Oslo. 100.000
tons of waste is incinerated at the plant and 235.000 MW is sold to the district
heating system each year. The main objectives for Haraldrud is to incinerate as
much waste as possible with as little pollution as possible. It is therefore important
to optimize the combustion process so the right amount of waste and air is supplied
to the combustion.
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1 Introduction

The combustion is a multiple-input multiple-output (MIMO) process with con-
straints. Today the combustion controller is based on fuzzy logic. Both the controller
and the combustion process are quite complex and the plant operators have requested
that they want to obtain deeper knowledge of the combustion process. The fuzzy logic
controller is based on schemes containing control parameters, that needs to be tuned
quite often. Today this is done by hired personnel at a high cost. The plant operators
would therefore prefer a more adaptive an understanding control philosophy. It is not
only the complexity of the controller which is challenging today. The density, moist-
ness, composition and calorific value of the waste going into the combustion today
are unknown. This makes the combustion difficult to control and the plant operators
needs quite often to run parts of the process control manually. It would be a great ad-
vantage to know the calorific value and use this to control the combustion. Since the
combustion is a relatively slow process it would also be desirable to use a model for
prediction. In (Leskens et al., 2005) it has been proven through simulations that an
MPC-based combustion control system is capable of delivering significantly improved
control/operation performance in comparison to a conventional combustion control
system when large temporary disturbances are acting on the MSW combustion plant.
The MPC was not implemented in a real plant.

1.1 Previous Work
This thesis is based on my final year project (Gudim, 2010) where the aim was to
study a MSW combustion process and further specific study of todays combustion
controller at Haraldrud. The first-hand knowledge of a combustion process was here
obtained by articles and books. The next step was to describe today’s combustion
controller by looking into the program code in the programmable logic controller
(PLC). The code was written in ladder code.

1.2 Motivation
With the increase in waste each year (Statistic Norway, 2011) correct waste handling
is crucial for the environment. If waste is recyclable new products should be made.
If not, it should be used as an energy source after hazardous waste is removed. When
the waste has been incinerated the potential energy is gone. It is therefore important
to optimize the amount of energy obtained from incinerating the waste with as little
pollution as possible.

If the calorific value of the waste is known a more efficient control of the heat
production could be done. If also a model is developed for the combustion process, the
model could be used to predict optimized waste flow and oxidants to the combustion
process. Another important motivation is to obtain a minimum of dangerous gases
in the flue gas.

2



1.3 Scope of the Assignment

1.3 Scope of the Assignment
A thorough understanding of the process is necessary in order to develop a good
mathematical model of the combustion process. It is also important with knowledge of
the measured process parameters. In the literature today there are different methods
to estimate model parameters based on process measurements. To estimate the
parameters from recorded data, two different methods will be applied for two different
model sets.

A challenge today is the uncertainty regarding the calorific value of the waste,
and the large time constant for measuring the energy produced by the combustion.
It is therefore of great importance to estimate the calorific value of the waste and
apply a new method to measure the energy produced by the combustion.

1.4 Thesis Outline

Chapter 2
The first part of this thesis will describe the combustion process at Haraldrud in dept.
Also, information on relevant meters observing the combustion process is presented.

Chapter 3
An on-line method to estimate the calorific value of the waste is presented. Further,
the calorific value can be used to calculate the energy produced by the combustion
process. Both the estimated calorific value and the calculated energy are found
from measurements in the flue gas and by measuring the amount of air flow to the
combustion process.

Chapter 4
The combustion process control and manipulated variables is described. Recorded
process data and step response tests are analyzed in order to obtain a-priori infor-
mation. Then a-priori information is used to design a final test. The final test is
performed on the combustion process, in order to obtain a data-set that can be used
to estimate the model parameters for the combustion process.

Chapter 5
This chapter describes one method to estimate model parameters for a model de-
scribing the combustion process. By using the final test described in Chapter 4 the
model parameters is estimated based on a method called system identification.

Chapter 6
This chapter describes another method for estimating the model parameters. The
model parameters are estimated on-line with an adaptive law, from measured process
data, when the combustion process is running under normal operating conditions.

3
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Chapter 2

Description of Haraldrud
Combustion Process

This chapter is based on the directed study by (Gudim, 2010) and additional gathered
information during this master thesis. Many hours have been spent in the control
room observing and manipulating the combustion process. The obtained knowledge
of the combustion process and the instrumentation is described in this chapter.

Figure 2.1: Haraldrud MSW combustion process
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2 Description of Haraldrud Combustion Process

2.1 Stages in the Combustion Process

Figure 2.1 shows the different stages of Haraldrud’s combustion process. Each stage
has a number that will be referred to when the stage is explained. After the flue
gas leaves the combustion process the flue gas is cleaned according to international
regulations. A detailed description of the flue gas will be given, but how the flue gas
is cleaned is not relevant for this thesis. The combustion process is quite complex
and what happens in the different stages of the combustion will have an impact on
each other. For simplicity the different stages are explained in an order that follows
the waste from input to output.

2.1.1 Waste Bunker

The waste bunker, number � in Figure 2.1, is where the waste is stored before it is
burned. Before the garbage trucks tip the waste into the bunker the waste has been
weighted and recycled. This weighing is not very precise since the truck often has
waste containing water and snow. The water and snow will end up at the bottom
of the bunker and be pumped out and cleaned before entering the sewers. Recycling
of the waste is done at a recycling station nearby the combustion plant. Some of
the parts that are removed are plastic, paper, food waste and metal. The plant
engineers have reported that the calorific value of the waste has been more stable
after recycling has been introduced. Unfortunately, the calorific value has not been
measured therefore, the statements are based on experience. Especially the food
waste has a low calorific value mainly because of the water content.

2.1.2 Waste Crane

The waste crane � is used for mixing, piling and lifting the waste into the charging
hopper �. By mixing the waste, a more balanced heat value, size, structure, and
composition of the waste is obtained. Furthermore, the crane has a weight installed
that shows how much waste that has been lifted into the charging hopper. The
weighing is not used in the plant control at the moment. One of the reasons for not
using the weight is that some of the waste falls out of the charging hopper when the
crane tries to drop the waste into it. This problem should be fixed in the future by
building a larger down-lead to the charging hopper. Another reason for this is that
the weights needs to be adjusted quite often to measure precisely.

Since the plant receives its income based on the amount of burned waste and
delivered energy, it is important to know how many tons of waste that has been
burned. The production of energy is explained in Section 2.1.8, but the main idea is
to heat water with the combustion process. The amount of heated water is calculated
into produced energy and sold to the district heating system. Instead of using the
weighting from the crane or the weighting before the waste goes into the bunker
a mean calorific value is found. The mean calorific value today is 8,75 [GJ/ton]
of waste. This value is adjusted by looking at the waste level in the bunker after
some time. If the level in the bunker does not match the amount of waste found by
measuring the produced energy, the mean calorific value is adjusted. This is not a
very precise way of measuring the waste and each year the deviation is quite large.
The plant operators want to get a different method for measuring the amount of
burned waste. A suggestion on this problem could be found in Chapter 3.
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2.1 Stages in the Combustion Process

2.1.3 Feeding Device
The charging hopper leads the waste into the feeding device �. The feeding device
has an arm that pushes the waste onto the grate �. Today the volume of the waste
going into the furnace is unknown. This volume could be calculated since the position
of the feeder arm is measured and the area of the opening into the furnace is known.
Figure 2.2 shows a picture of the position to the feeder arm during a period of two
hours. By integrating only the positive movements, the length of how much the feeder
arm has pushed into the furnace, could be calculated. Since the area into the furnace
is 0,742 m2 the volume over a chosen time period is found.
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Figure 2.2: Position of the feeder arm

2.1.4 Horizontal Grate
The grate � is the heart of the combustion process. The grate is divided into three
different grate Zones, see Figure 2.3. Zone 2 is where the combustion process takes
place. When the combustion needs more waste the grate starts to move and waste
from Zone 1 is pushed into Zone 2. Zone 1 is where the waste is dried and where
the feeder pushes waste onto the grate. Zone 3 is where the burnout takes place and
where the inert leaves the grate. The grate is moved mechanically with a constant
speed and receives start or stop signals from the controller. The speed in Zone 1
and Zone 3 is slower than the speed in Zone 2. Minimal mixing is happening on the
grate. This is why good mixing in the bunker is important. Good mixing gives better
controllability of the combustion process and good burnout.
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2 Description of Haraldrud Combustion Process

Figure 2.3: Grate zones

2.1.5 Primary and Secondary Air

Primary airÆ to the combustion process is taken from the bunker. This is to reduce
the pressure, avoid excessive dust development and gas formation from fermenting
processes inside the bunker. Primary air goes into the combustion process through
small holes in the grate and valves are used to control the air flow. Figure 2.3 shows
that the primary air is divided into four areas. The primary air is preheated to
around 90 ◦C and the waste in Zone 1 is dried by the primary air flowing through
the Zone. The primary air in Zone 2 is mainly used for provision of oxidants to the
combustion process. In Zone 3 the primary air is used to obtain a complete burn out
of the waste. Zone 4 is used to regulate the pressure so the pressure is the same above
all the inlets to the airflow valves. Without compensating the pressure it would have
been very difficult to control the correct amount of air to the different Zones.

The operators have reported that too much primary air would cool down the
combustion process. The reason is that the airflow fans blow too hard so that the
flames do not have time to catch fire in the waste. This is important since a drop in
produced energy normally means that more waste and primary air is needed. If the
temperature on the grate in Zone 1 and 2 is to low, the amount of primary air must
be decreased so that the temperature on the grate can increase, before the primary
air again can be increased. The operators have reported that around 250 ◦C on the
grate in Zone 1 and around 300 ◦C on the grate in Zone 2 is recommended set points.
Another reported problem with two much primary air is that the air always finds the
path of least resistance. The result is that most of the air just flows on each side
of the combustion without having time to react with the combustion process. The
easiest way to see if the amount of primary air is correct is to look at the color of

8



2.1 Stages in the Combustion Process

the fire. If the color is very white there is too much primary air. If the color is very
yellow there is too little primary air. The amount of dioxygen O2 in the flue gas is
also a measurement for too much or too little primary air, but the secondary air has
a larger impact on the O2 value. This is explained in more detail in Section 2.1.9.

Most of the combustion happens above the packed bed, more precisely in the flue
gas. This is why the secondary air� is blown in with a high speed. This helps mixing
and controlling the temperature of the flue gas. Since the secondary air also has a
cooling effect on the combustion process it is important not to increase the primary
air too much before the temperature in the furnace is high enough. Recommended
set point for the primary air is 950 ◦C. If the temperature in the furnace drops
below 850 ◦C two oil burners will start up. Secondary air is also the main source for
avoiding a stream of unburned gas and has a great impact on the flue gas which is
explained in more detail in Section 2.1.9. The secondary air is taken from a room
inside the plant with a temperature of about 25 ◦C.

2.1.6 Airflow Resistance in Zone 1 and Zone 2

One of the largest regulation problems in a MSW combustion plant is to control the
amount of waste into the combustion process. Some of the desired and necessary
conditions are;

• The amount of waste burning in Zone 2 must be continuous and enough to
produce 15 [MW ] of hot water, which is what the furnace has been designed
to deliver

• Height of waste in Zone 1 should be a bit higher than in Zone 2
• The height of the waste in Zone 1 must be optimized in relation to drying the

waste as much as possible before entering Zone 2
• The waste has been completely burned out when leaving Zone 3
• The area of waste burning is controlled so it is held within Zone 2. If the height

in Zone 2 is to high the waste starts to burn into Zone 3 with the shape of a
tongue. The results are that the waste does not have time to be completely
burned out before living the furnace. This could be dangerous and start a fire
outside the furnace

Today the amount of waste in the different Zones is measured by calculating the
airflow resistance Ra [mBar/Nm3];

Ra =
Pressure under grate − Pressure furnace

Vprim air
=

ΔP

Vprim air
(2.1)

ΔP - Pressure over grate [mBar]

Vprim air - Measured airflow through the Zone [m3]

Figure 2.3 shows that there is a pressure transmitter (PT) in the air chutes in Zone
1, Zone 2 and one PT inside the furnace. Differential pressure over the grate in
Zone 1 and Zone 2 can then be calculated. There is also a flow transmitter (FT) in
Zone 1 and Zone 2, so the airflow resistance can be calculated for these two Zones.
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2 Description of Haraldrud Combustion Process

After the furnace has had an enhanced service the airflow resistance needs to be
calibrated when the grate is empty. This calibration value is found for different
amount of airflows flowing through the grate. The registered values are then Ra for
empty grate. Two important observations about Ra is;

• The airflow resistance has an important impact on the amount of produced
energy. But the calorific value of the waste is highly varying so the Ra could
be high but the energy in the waste is low. In Chapter 4 different tests have
been described to prove the influence

• The empty grate values for Ra will drift away during runtime. The reason is
that the holes in the grates change a bit due to corroding and clogging

2.1.7 Inert from the Combustion Process
When the waste moves through the furnace, the particles fall from the grate and are
captured by the grate sifting chain conveyor �. From here it moves onto the slag
discharger � where the rest of the unburned material has fallen into. An important
environmental task is to handle the inert after the combustion process correctly.
Moreover, an interesting study would be to find a way to automatically control the
speed of the grate so the waste gets completely burned out. Today this is done
manually by the operator. A camera is watching the end of the belt so the operator
could adjust the time the ash is laying on the grate for complete burnout.

2.1.8 Energy Produced in the Boiler Circuit
From the study of thermodynamics we know that the main source of heat in a power
plant is the chemical energy of substances called fuels (T.D.Eastop and A.McConkey,
1993). A fuel is simply a combustible substance (Moran and Shapiro, 2004). Fur-
thermore, by mixing the fuel elements with oxygen in a rapid oxidation process, heat
is generated. In a MSW plant the fuel is waste from the bunker. Number 	 in
Figure 2.1 shows a chamber where the flue gas flows through. The temperature of
the flue gas entering the chamber is around 950 ◦C. A shell-and-tube heat exchanger
is installed to heat the water. When hot flue gas passes the colder water pipe, heat is
transferred to the water. By measuring the water flow and temperature inn and out of
the circuit, the produced energy Q can be calculated by Equation (2.2) (T.D.Eastop
and A.McConkey, 1993).

Q̇ = ṁCw(tinn − tout) (2.2)

Q̇ - Produced energy [W ]

ṁ - Water flow in the pipe [kgs ]

Cw - Heat capacity of water [ J
kgK ]

tinn - Water temperature in [K]

tout - Water temperature out [K]

The shell and tube heat exchanger is connected to a boiler circuit. Figure 2.4 is the
human machine interface (HMI) from Haraldrud and shows the boiler circuit at
Haraldrud. Table 2.5 in the Instrumentation section, lists the important parts from
Figure 2.4 relevant for this thesis.

10



2.1 Stages in the Combustion Process

Figure 2.4: HMI picture of boiler circuit at Haraldrud

It is quite a large job to fully understand the boiler circuit but this is not necessary
for this thesis. Some important information is;

• The calculated produced energy Q is used in the combustion controller to
regulate the heat from the combustion process.

• The boiler circuit is connected to a district heating system. Therefore, the
combustion process should be optimized so the boiler circuit delivers maximum
amount of heated water to the district heating system. The boiler circuit is
constructed to deliver maximum 15 [MW]

• Some of the heated water in the boiler circuit is used to heat up the primary air.
Around 0.5 [MW ] is used for heating up the water but most of this energy is
recovered since the heated primary air has a positive impact on the combustion
process

• Q is today not very stable. Variation of 1 [MW ] around SP is quite normal.
There are three main reasons for these. Firstly, even if the combustion process
is burning quite stable the different circuits in the boiler circuits has a quite
large disturbance on Q. This will have ripple effects since Q is used to regu-
late the combustion process. Secondly, the calorific value of the waste is quite
fluctuating so the amount of heat from the combustion is constantly varying.
Lastly, when the water temperature in the boiler circuit decreases the combus-
tion process must increase so that warmer or more flue gas is produced. But
there is a time delay after the flue gas has been increased until the water in the
boiler circuit has increased. See Chapter 3 for details around the time delay.

Tests on how primary air, secondary air and the amount of waste on the grate
influence the produced energy Q could be found in Chapter 4. Further information
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on the boiler circuit could be found in a master thesis concerning the boiler circuit
(Smedsrud, 2008).

2.1.9 Flue Gas from the Combustion Process
Flue gas is a product from the combustion process and the components are mainly
(van Kessel, 2003);

O2 +H2O + CO2 +N2 = 1 (2.3)

One of the most important concerns in a MSW plant is the emission of dangerous
gases in the flue gas. Table 2.1 shows the emission limits for Nitrogen oxide NOx,
Carbon monoxide CO, Sulfur dioxide SO2 and Hydrogen chloride HCl. N in Nm3

does not stand for Newton, but for normalized. Especially the measured air and
water in a plant is normalized to 1 atmospheric pressure and 20 ◦C. The reason
is that the volume of a gas or fluid is varying a lot to different temperatures and
pressures. If the measurements are not normalized the values would be difficult to
compare against each other. Ideal gas law is used to normalize a measurement.

Description Limit Unit
NOx 200 mg/Nm3

CO (daily mean value over one year) 50 mg/Nm3

SO2 50 mg/Nm3

HCl 10 mg/Nm3

Table 2.1: Compliance with emission limits to air

Sufficient amounts of O2 and correct temperature in the furnace gives a complete
burnout so the quantity of dangerous gases is normally neglectable (van Kessel, 2003).
But it has been observed that if there is more air into the combustion process then
needed, the remaining oxygen will bind very easily to carbon and the level of CO will
be high. The plant engineers have also reported that NOx and CO will be strongly
correlated with the distribution of secondary and primary air. Based on experience
is the SP for O2 in the flue gas 7 % when the O2 measurement is wet. The difference
between wet and dry measurments is that in a dry measurment is the moister part
of the air removed before the air analyse is performed.

The environmental considerations are a very important aspect for the combustion
plant. It is therefore necessary to understand how the flue gas is monitored. Figure
2.5 shows the total combustion plant. The measurement system for the flue gas is
named Opsis. There are two Opsis systems at Haraldrud. One is Opsis 1 which
is after the bag filters. The only thing the bag filters removes is dust particles
from the combustion process and should not have any impact on the level of gases
in the flue gas. This means that Opsis 1 is measuring what is happening in the
combustion. The traveling delay for the flue gas of about 2 minutes must be taken
into consideration. Opsis 2 is after the scrubber which means that the flue gas has
been cleaned. The values in Opsis 2 are the values that must not be exceed in Table
2.1. In addition to the Opsis system there is installed an O2 transmitter just after
the furnace. The traveling delay is just some seconds and this transmitter is today
used in the combustion control system.
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Figure 2.5: HMI picture of the overall combustion process at Haraldrud

It is important to control the pressure in the furnace so that the flue gas does not
leak. A large exhaust fan is used to build up an under-pressure in the furnace so
the flue gas does not leak out of the furnace. Figure 2.5 shows where the fan is
placed with tag number 1HNA30AN001.
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2.2 Instrumentation
The combustion process at Haraldrud is well-instrumented. Since this thesis is con-
cerning a real plant it is important to know the tag number and unit the different
measurements. All the relevant tags for this thesis are listed in this Section and could
be found in either Figure 2.4, Figure 2.5 or Figure 2.6. These three Figures are all
HMI pictures and taken when the plant is running steady around SP. The pictures
are essential to the operators for the daily process control.

Figure 2.6: HMI picture of the combustion chamber at Haraldrud

Primary and Secondary Air

Description Tag Unit Details
Primary air 1HLB1CF1 Nm3/h

Temperature primary air 1HLC1CT03 ◦C
Primary air fan 1HLB01AN001
Secondary air 1HLF1CF1 Nm3/h

Secondary air fan 1HLF01AN001

Table 2.2: Measurements primary and secondary air
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Airflow Resistance - Ra

Description Tag Unit Details
Pressure under grate Zone 1 1HLB10CP1 mBar
Pressure under grate Zone 2 1HLB20CP1 mBar

Pressure inside furnace 1HBK1CP1 mBar
Flow resistance Zone 2 1ACC Zeta2 Height of waste Zone 2

SP flow resistance Zone 2 1ACC SP Zeta2
Flow resistance Zone 1 1ACC Zeta1 Height of waste Zone 1

SP flow resistance Zone 1 1ACC SP Zeta1
Primary air Zone 1 1HLB10CF1 Nm3/h
Primary air Zone 2 1HLB20CF1 Nm3/h
Primary air Zone 3 1HLB30CF1 Nm3/h

Table 2.3: Measurements to airflow resistance

Temperature Measurements

Description Tag Unit Details
Temperature furnace 1HBK1CT1 ◦C

Temperature before Economizer 1HBK1CT2 ◦C
Temperature after Economizer HNA20CT001 ◦C
Temperature on grate Zone 1 1HHC30CT1 ◦C
Temperature on grate Zone 2 1HHC20CT1 ◦C

Table 2.4: Measurements of the temperature

Boiler Circuit - Figure 2.4

Description Tag Unit Details
Q boiler circuit ACC PV Load MW

Heat battery one primary air 1HLB1CT01
Heat battery two primary air 1HLC1CT01

Heat battery three primary air 1HLC1CT02
Water temp before combustion 1NDB70CT1 ◦C

heat exchanger
Water temp after combustion 1NDB70CF1 ◦C

heat exchanger
Valve water flow through combustion 1NDB70CF1 ◦C

heat exchanger
Valve water flow district heating system 1NDB30AA3
Valve water flow cooling heat exchanger 1NDB40AA3

Table 2.5: Measurements boiler circuit
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Feeder

Description Tag Unit Details
Position feeder arm 1HHH35BN1 mm

Table 2.6: Measurements feeder

Measurements of the Flue Gas

Description Tag Unit Details
NO after bag filter 1HNA30CQ1 mg/Nm3 Dry, compensated 11 % O2

NO2 after bag filter 1HNA30CQ4 mg/Nm3 Dry, compensated 11 % O2

NOx after bag filter 1HNA20CQ80 mg/Nm3 Dry, compensated 11 % O2

CO after bag filter 1HNA30CQ6 mg/Nm3 Dry, compensated 11 % O2

H2O after bag filter 1HNA30CQ5 mg/Nm3 Compensated 11 % O2

O2 after bag filter 1HNA30CQ7 mg/Nm3 Dry
O2 after furnace 1HNA1CQ1 % Wet measurment
Total flue gas 1HNA10CF1 Nm3/h

CO2 after scrubber 1HNA20CQ111 % Raw value
O2 after scrubber 1HNA20CQ91 % Raw value
H2O after scrubber 1HNA20CQ51 % Raw value
CO after scrubber 1HNA20CQ61 mg/Nm3 Raw value

Table 2.7: Measurements of the flue gas

The measurements from the Opsis system have unit [%] or [mg/Nm3] and is called
raw values. The values must be corrected in relation to water vapor H2O and O2

(Mordt, 2009).

Correction in Relation to H2O and O2

The components in the flue gas must be standardized in relation to 11 % oxygen, 0 ◦C,
1 atmospheric pressure and displayed as a dry measurement. These are international
provisions. A dry measurement means that the amount of H2O in the flue gas has
been removed. The correction factor for H2O is found with Equation (2.4).

kH2O = 100/(100−H2Oact) (2.4)

H2Oact is the measured H2O from the Opsis system. The correction factor shall
only be done if the measured water vapor is less than 80 %. H2Oact should be based
on a 10 minutes mean value. Correction factor for O2 is found with Equation (2.5).

kO2 = (21− 11)/(21−O2act) (2.5)

O2act is the measured O2 value from the Opsis system. The correction factor shall
only be done if the measured value is less than 20 %. O2act should be based on a 10
minutes mean value. The correct value to be presented is then;
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xdry = xraw ∗ kO2 ∗ kH2O (2.6)

xraw is the measured value from the Opsis system.

Calculating NOx

Since the Opsis do not measure NOx directly, the values needs to be calculated using
the measured NO and NO2

NOx = 1, 53 ∗NO +NO2 (2.7)
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Chapter 3

Calculating Produced Energy
from Measurements in the Flue
Gas

In Chapter 2 it was stated that the amount of produced energy Q from the combustion
process was calculated in the boiler circuit. It was also stated that it is the amount of
sold energy to the district heating system together with the amount of burned waste
the plant gets its income from. With a stable and optimized energy production more
waste could be burned and a larger amount of hot water could be sold to the district
heating system. Figure 3.1 shows the calculated produced energy in the boiler circuit
27th of March 2011. During this time period the plant was running under normal
operating conditions.
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Figure 3.1: Calculated produced energy in boiler circuit

The variation in produced energy is mainly from the variation in the calorific value
of the waste and the time delay for the flue gas to heat up the water in the boiler
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circuit. The time delay is explained when investigating the regulation of the
combustion process. When produced energy is below SP the combustion control
system starts to push more waste into Zone 2 and regulate the primary and
secondary air. It then takes time before the combustion generates more heat,
usually between 10 to 15 minutes. During this delay produced energy will continue
to decrease. The combustion generates more heat heating up the boiler circuit with
the flue gas. When produced energy reach SP the energy will continue to increase
quite a bit before it starts to decrease again. The frequency of the variation is
normally between 20 to 25 minutes.

The time delay for moving waste from Zone 1 to Zone2 and further for the waste to
start burning is not possible to remove. But the time delay for the flue gas to make an
impact on the water in the boiler circuit would not be a problem if produced energy
was measured directly from the flue gas. The energy measured in the flue gas could
be used, instead of the measured energy in the boiler circuit, to regulate the amount
of heat from the combustion. In L.B.M van Kessel’s doctoral thesis a method for on-
line calculation of the calorific value and energy in the flue gas Qflue gas(van Kessel,
2003) are described. This method is based on measurements in the flue gas. This
chapter presents the theory for calculating Qflue gas and the waste calorific value.
Moreover, how to implemented the theory at Haraldrud and further analyze Q and
Qflue gas based on previous measurements. All the equations found in Section 3.1
and 3.2 could be found in (van Kessel, 2003).

3.1 Estimating the Calorific Value
Many models have been developed to describe the energy content of MSW (Kathrivale
et al., 2002). Some of the methods to develop a model are to use a laboratory bomb
calorimeter or calculation based on empirical models. The empirical models are
developed by analyzing which waste fractions are going into the combustion. Agency
for Waste Management (REN) find the different fractions of the waste each year from
household consumption, going into the combustion process at Haraldrud. Figure 3.2
shows the results from 2010. The analysis could be used to develop a model but the
waste from industry which has not been taken into account is a much larger part than
from the households. Instead, the calorific value at Haraldrud is based on experience
as explained in Section 2.1.2. Since todays methods are not very accurate it would be
a great advantages for the plant operators to use an on-line estimate of the calorific
value.
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Figure 3.2: Fractions of the waste at Haraldrud based on average household waste in
2010

In (van Kessel, 2003) a method for on-line estimation of the calorific value is
explained. Waste could be divided into three parts. This is the combustible,moister
and inert. The reaction equation for the combustible part CHyOz is defined as;

CHyOz + (ηc +
1

4
y − 1

2
z)O2 → (1 − ηc)C + ηcCO2 +

1

2
yH2O (3.1)

where ηc is the amount of converted carbon. In a MSW combustion plant, ηc is nor-
mally between 0.9 and 1.0. In Equation 3.1 there are two unknowns. The unknowns,
y and z are respectively the amount of Hydrogen and Oxygen in the combustible
waste for each Carbon. If the y and z values are found, the amount of O2 to obtain
a complete combustion can also be found.

3.1.1 Finding the y-value (Hydrogen)
The hydrogen y in the waste could be found by analyzing the waste in a laboratory
(van Kessel, 2003). Table 3.1 shows that the amount of hydrogen in three different
types of waste compositions are quite similar.
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Component Waste 1 Waste 2 Waste 3
Paper 0.34 0.34 0.34
Plastic 0.11 0.25 0.05

Food waste 0.37 0.23 0.43
Inert 0.18 0.18 0.18

Total waste Waste 1 Waste 2 Waste 3
y 1.71 1.75 1.69
z 0.46 0.32 0.54

Water 0.28 0.22 0.31
Inert 0.27 0.26 0.27

Table 3.1: Composition (mass fractions), y and z values for three different types of
waste

The mean value of y in Table 3.1 is 1.716. Figure 3.2 shows that the waste
analyzed at Haraldrud is 30 % food waste, 13 % plastic and 16 % paper. The
composition compared to Table 3.1 is not the same, but y is independent of the
waste composition. The best assumption without ordering a specific analyze for the
waste at Haraldurd is to use 1.72 as y-value.

3.1.2 Finding the z-value (Oxygen)

Table 3.2 shows the variation in oxygen z according to type of waste. The variation
is quite large and should therefore be estimated on-line.

Component y z
Paper 1.713 0.685
Plastic 1.803 0.023

Food waste 1.619 0.562

Table 3.2: y and z values of CHyOz for combustible components

The z value could be found from combining the mass balance equations for oxygen,
total molar flue gas flow φfg and molar flow of the combustible waste φCHyOz

(van Kessel, 2003).

Oxygen Balance for the System

YO2,air (φprim + φsec) + YO2φrecirc = YH2Oφfg +
1

2
(2ηc +

1

2
y − z)φCHyOz (3.2)

YO2,air - Amount of O2 in moist air [%]

YO2 - Amount of O2 in moist flue gas [%]

YH2O - Amount of H2O in moist flue gas [%]

φprim - Molar flow of primary air Kg
mol
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φsec - Molar flow of secondary air Kg
mol

φrecirc - Molar flow of exhaust gases from the combustion Kg
mol

Total Molar Flue Gas Flow φfg

φfg is found from the mass nitrogen molar balance;

φfg =
YN2,air

YN2

(φprim + φsec) + φrecirc (3.3)

YN2,air - Amount of N2 in moist air [%]

YN2 - Amount of N2 in moist flue gas [%]

Molar Flow of the Combustible Material φCHyOz

φCHyOz + YCO2φrecirc = YCO2φfg + (1− ηc)φCHyOz (3.4)

YCO2 - Amount of CO2 in moist flue gas [%]

z-value

By combining Equation 3.2 - 3.4 the z value is found;

z =
2ηc

1− YO2,air

1−YH2O,air

(1−
YO2,air

1−YH2O,air
− YO2

1−YH2O

YCO2

1−YH2O

) +
1

2
y (3.5)

Haraldrud has measurements of H2O, CO2 and O2 in the flue gas. In this thesis
the H2O in the primary and secondary air was also monitored, and the z-value can
therefore be calculated.

3.1.3 Calculating the Net Calorific Value of the Waste
In (van Kessel, 2003) a model for calculating the net calorific value HCHyOz [MJ/Kg]
for the combustible part CHyOz of the waste has been presented. The model must
be verified against plant data at Haraldrud to see if the model could be used. If the
deviation to the actual net calorific value at Haraldrud is to large a specific model
for Haraldrud must be developed.

HCHyOz =
408.4 + 102.4y − 156.8z

MCHyOz

(3.6)

MCHyOz - Molar mass of the combustible part [ Kg
mol ]

HCHyOz also called lower calorific value is defined as the energy content released
from the combustion of organic components in an incinerator (Chang et al., 2007).
MCHyOz [Kg/mol] is the molar mass of the fuel defined in Equation (3.7).

MCHyOz = MC + yMH + zMO (3.7)

MC - Molar mass of Carbon [ Kg
mol ]

MH - Molar mass of Hydrogen [ Kg
mol ]

MO - Molar mass of Oxygen [ Kg
mol ]
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3.1.4 Calculating the Ash-Free Calorific Value of the Waste
The amount of inert from a MSW combustion process is very difficult to measure
on-line since the type of waste is unknown. The inert at Haraldrud is today measured
for the two combustion lines on a weekly bases. Section 3.1.5 will give an estimate
and discuss the problem. But first the calorific value is stated without the inert
fraction of the waste. This is also the most important calorific value since the inert
waste fraction does not generate any energy in the combustion process. To be able to
calculate the ash free calorific value Hashfree, the ash free moister part XH2Oashfree

of the waste must calculated (van Kessel, 2003);

XH2Oashfree
=

1

1 +
MCHyOz

MH2O

1

(
YH2Oηc

YCO2
−

YH2O,air
ηcYN2

YCO2
YN2,air

− 1
2 y)

(3.8)

MH2O - Molar mass of H2O [ Kg
mol ]

YN2,air - Amount of N2 in moist air [%]

YH2Oair - Amount of H2O in the air [%]

It is now possible to calculate Hashfree;

Hashfree = (1 −XH2Oashfree
)HCHyOz −XH2Oashfree

Hevap (3.9)

Hevap - Latent heat of evaporation for water [KJ
Kg ]

3.1.5 Calculating the Calorific Value of the Waste
To find the calorific value of the inert, moisture and combustible part, the amount
of inert from the combustion must be estimated. This was estimated from records
of burned waste and inert from January to March at Haraldrud. Table 3.3 shows
the records of burned waste and inert. The amount of burned waste has not been
found from weighting the waste but using the estimated calorific value at Haraldrud,
as explained in Section 2.1.2. The inert is weighted when it leaves the plant in a
container for further processing. It is important to mention that the table is based
on the total waste of both the combustion lines.

Month Total burned [ton] inert [ton]
January 8194,74 1289,48
February 8019,31 1353,02
March 5809,6 930,6

Total 22023,65 3573,1

Table 3.3: Estimated Burned waste and weighted inert from the combustion process

Table 3.3 gives an inert fraction Xinert of waste at 0.16 [%]. It is now possible to
calculate the moister fraction of the waste XH2O;

XH2O = (1−Xinert)XH2Oashfree
(3.10)
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3.2 Calculating the Flue Gas Energy Qflue gas

Finaly the net calorific value Hwaste of the waste going into the combustion process
could be calculated from (van Kessel, 2003);

Hwaste = (1−Xinert −XH2O)HCHyOz −XH2OHevap (3.11)

3.2 Calculating the Flue Gas Energy Qflue gas

It is the flue gas that is used to heat up the water in the boiler circuit. Increasing
the temperature in the flue gas or the amount will increase the water temperature
in the boiler circuit. Since the inert fraction does not generate any energy to the
combustion process the energy from the flue gas leaving the combustion process is
calculated by;

Qflue gas = (ΦCHyOz +ΦH2O)Hashfree (3.12)

ΦCHyOz - Mass flow of combustible material [Kg
s ]

ΦH2O - Mass flow of water [Kg
s ]

Mass flow of water ΦH2O is described by Equation (3.13)

ΦH2O = MH2OΦH2O (3.13)

and mass flow of combustible material ΦCHyOz is described by Equation (3.14)

ΦCHyOz = MCHyOzΦCHyOz (3.14)

Molar flow ΦCHyOz is found by combining Equation (3.3) and (3.4).

φCHyOz =
YCO2YN2,air

ηcYN2

(φprim + φsec) (3.15)

φprim and φsec is the molar flow [mol/s] of primary and secondary air. Primary
and secondary air is measured at Haraldrud in [Nm3/h]. The molar flow could be
found by;

φair =
ρair∗Vair

3600

Mair
(3.16)

Φair - Molar flow of primary or secondary air [mol
s ]

Vair - Measured primary or secondary air [Nm3]

ρair - Density of dry air = 1204.25 [ g
m3 ]

Mair - Molar mass of dry air = 28.97 [ g
mol ]

It is now possible to have on-line calculation of the energy in the flue gas.
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3 Calculating Produced Energy from Measurements in the Flue Gas

3.3 Calculating the Moister Part H2Oair in Primary
and Secondary Air

Today at Haraldrud the moister part in primary and secondary air H2O is not
measured. During this thesis a humidity meter was temporary monitoring primary
and secondary air. Theory of how to calculate the moister part will now be explained.

Most humidity meters measure relative humidity (RH) [%] in the air. RH is a
ratio of actual water vapor pressure pw [J/m3] 1 to saturated water vapor pressure
Pws [J/m3] (Gorham\Schaffler Inc., 2011) (Moran and Shapiro, 2004);

RH =
pw
pws

100 (3.17)

If RH and the air temperature Tair [◦C] is known this could be used to find the
density of water vapor in primary and secondary air. This is also called absolute
humidity (AH) [kg/m3]. Before AH can be calculated the dew point temperature
Tdew point must be calculated before the Ideal Gas Law can be used to calculate AH.
The dew point temperature is calculated by (Gorham\Schaffler Inc., 2011);

Tdew point =
−430, 22+ 237.7log(pw)

−log(pw) + 19, 08
(3.18)

Equation (3.17) can be used to find pw but this equation have two unknown. Since
pws can be calculated if the air temperature is known, and assumes a standard
atmospheric pressure, pws could be calculated first.

pws = 6, 11 ∗ 10
7,5Tair

237.7+Tair (3.19)

Now is Equation (3.18) used to calculate Tdew point and the actual vapor pressure p
[mBar] can be calculated;

p = 6, 11 ∗ 10
7,5Tdew point

237.7+Tdew point (3.20)

Finaly AH could be calculated with the use of Ideal Gas Law. To convert p in
[mBar] to [J/m3] it must be multiplied by 100 (Gorham\Schaffler Inc., 2011).

AH =
p ∗ 100

(Tair + 273, 15)Rw
(3.21)

Rw - Specific gas constant for water vapor = 461,5 [ J
Kg∗K ]

Now that AH is known it is possible to find the volume fraction of both dry air
Vdry air [Nm3] and water Vmoist air [Nm3] in the air with the help of ideal gas law
(Moran and Shapiro, 2004).

Vair = Vdry air + Vmoist air (3.22)
mwater = AH ∗ Vair (3.23)

Vmoist air =

mwater
MH2O

∗R ∗ Tair

pa
(3.24)

1Pressure in [Pa] could be written as [J/m3]
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3.4 Verification

pa - Atmospheric pressure = 101,325 K [ J
m3 ]

MH2O - Molar mass of water = 18,0153 [ g
mol ]

mwater - Measured amount of water in the air [g]

R - Ideal gas constant = 8,314 [ J
molK ]

Now that Vmoist air could be calculated the amount of H2O in primary and secondary
air can be calculated.

H2Oair =
Vmoist air

Vair
100

(3.25)

3.4 Verification

The theory presented in (van Kessel, 2003) is now verified based on previous mea-
surements before it is recommended for further implementation. The first step was
to measure the moister part in primary and secondary air since there was no previous
records on these. The next step was to implement the theory and study the results.
Matlab (R2010b) was used for simulation.

3.4.1 Moister Part in Primary and Secondary Air

A humidity meter was used to measure the humidity in primary and secondary air.
Primary air was monitored from 13th to 16th of March and secondary air from 20th

to 23th of March with a sampling frequency of two minutes. The current humidity
meter calculates RH to AH automatically. Figure 3.3 and 3.4 shows respectively
measured AH and calculated H2Oair in primary and secondary air.
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Figure 3.3: Measured absolute humidity and calculated H2O primary air
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Figure 3.4: Measured absolute humidity and calculated H2O secondary air

Figure 3.3 and 3.4 shows that the amount of H2Oair in the air is low compared to
the other components in the air. Mean value for both primary and secondary air is
0.8. Further measurements must be taken to find out if this is the case all year
around.

3.4.2 Comparing Q and Qflue gas

Section 3.1 stated that in order to calculate the calorific value of the waste and
further use this to calculate Qflue gas, H2O, O2, CO2 and N2 in the flue gas and
O2, N2 and H2O in the air must be measured. Also, the amount of primary and
secondary air must be measured. In Section 2.1.9 the main components in the flue gas
was explained as H2O+O2+CO2+N2=1. It is therefore only necessary to measure
H2O, O2 and CO2. Air is described earlier as one dry and one wet component. Dry
air is assumed to be constant, and an approximation is found in Table 3.4 (Moran
and Shapiro, 2004).

Components Mole Fraction [%]
Nitrogen - N2 78.08
Oxygen - O2 20.95
Argon - Ar 0.93

Carbon dioxide - CO2 0.03
Neon, helium, methane, and others 0.01

Table 3.4: Approximate composition of Dry Air
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3.4 Verification

Figure 3.5 shows the flue gas after the gas have left the scrubber over a three days
period. CO2 is only measured here so this is the only place all three measurements
are measured simultaneously. The most optimal place would have been just after the
flue gas leaves the furnace. This is due to the transportation delay from the furnace
to the scrubber exit, air leakage under transportation and the scrubbers impact on
the flue gas. From 13/4 to 16/4 the moister part in primary air was measured but
not the moister part in secondary air. H2Oair for secondary air is assumed to be
the same as H2Oair for primary air during this time period.
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Figure 3.5: Measured CO2 O2 and H2O in the flue gas after scrubber
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3 Calculating Produced Energy from Measurements in the Flue Gas

Figure 3.6 shows the ash free calorific value Hashfree calculated by Equation
(3.9). The red line is the estimated calorific value Haraldrud is using today. Figure
3.6 shows that during these 80 hours the mean calorific value estimated by the flue
gas measurements is 21 % higher than the value Haraldrud use today.
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Figure 3.6: Estimated calorific value in flue gas and by Haraldrud

The estimation from the flue gas must be higher since the value used by Haraldrud
also includes the waste inert. It is also important to remember that the value
estimated by Haraldrud is not necessarily the correct value since the value is a
yearly mean value, and adjusted each year since it has been incorrect.

Figure 3.7 shows a block diagram from the waste goes into the combustion process
until effect is produced in the boiler circuit. The main reason for calculating the
on-line calorific value is to use this value to find the amount of energy in the flue gas
Qflue gas. This is possible when the primary and secondary air is measured. It is then
possible to remove the last two segments in Figure 3.7 and control the combustion
process after the effect in the flue gas. This will reduce today’s time delay problem.

Figure 3.7: Block diagram shows the waste inlet flow to the produced energy in the
boiler circuit
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3.4 Verification

The top figure in Figure 3.8 shows the measured effect in the boiler circuit Q and
measured effect from the flue gas Qflue gas during a period of 80 hours. The lower
picture is a segment of 10 hours during the same time period. It can here be seen
that the amplitude of Qflue gas is higher than Q.
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Figure 3.8: Measured effect in flue gas and boiler circuit

This must be correct since the flue gas heat up the water with a heat exchanger and
there would be some loss of energy. Figure 3.8 also shows the time delay in the
response. After about 76 hours there is an energy drop. Figure 3.9 shows that there
is a drop in both primary and secondary air.
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Figure 3.9: Measured primary and secondary air

Since the flue gas is the source of heat, a drop in mass flow or temperature in the
flue gas means less energy. It is not unusual to have a drop like this and the reasons
for that are sometimes difficult to know. The plant operators have reported that
the cause could be broken mechanical parts, inaccurate measurements, low calorific
value of the waste or a bad mix of air and waste on the grate.

Further verification of Qflue gas is done by;

• Mark the level in the waste bunker
• Record the waste inlet flow with adjusted waste cranes
• Install the humidity meter for primary and secondary air since this has not

been permanently done

By dividing Qflue gas and the calorific value Hwaste the waste input flow is found.
Some months should be enough time to see if there is any deviation in the waste
bunker or records from the waste crane compared to the waste input flow measured
from the flue gas. If the deviation is small Qflue gas should be used instead of Q
to control the combustion process. Since the measured effect in the boiler circuit is
correct this could also be used as a control parameter to calculate the waste calorific
value and compare with Qflue gas.
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3.5 Chapter Summary

3.5 Chapter Summary
• This chapter has introduced a new method to measure the calorific value of

the waste and measure the energy from the flue gas based on the work of
(van Kessel, 2003). At Haraldrud today the energy from the combustion is
measured in the boiler circuit. This is a problem since this measurement has a
large time-delay. It would therefore be preferable to measure the energy from
the combustion directly in the flue gas

• It has been described how to implement the presented theory at Haraldrud.
Plots have been generated based on previous recorded measurements at Har-
aldrud and the plots have been analyzed

• After a test period, the measured energy in the flue gas Qflue gas should be
used to control the heat in the combustion process instead of the measurement
in the boiler circuit

• The amount of burned waste is today recorded manually and the plant oper-
ators have requested a more efficient way. The plant operator could therefore
use the calorific value and the measured energy to monitor the waste inlet flow
automatically.
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Chapter 4

Analysis and Manipulation of
the Combustion Process

System identification is a field of mathematical modeling of a process with help of test
data (Zhu, 2001). There are three important steps involved in system identification.
These are; to obtain a set of data from the process, a model set, and a criterion
for model estimation. Most of the methodology throughout this chapter is found in
(Zhu, 2001). (Zhu, 2001) is a practical introduction to system identification and is
based upon the theory developed in (Ljung, 2006).

This chapter describes the combustion process control variables (CV’s) and ma-
nipulated variables (MV’s). An analysis of recorded process data when the process
is controlled by today’s controller, and step response analysis is presented. The pur-
pose of this analysis is basically for obtaining a-priori information before a final test
is performed. The chapter ends with a description on the final test and an analysis
of the performed test. The obtained set of data from the final test, also called system
identification test, could then be used to develop a model of the combustion process.

4.1 Combustion Process Knowledge

Before a system identification test could be performed as much process information as
possible should be collected. The combustion process have been carefully described
in Chapter 2. The next step is to describe the CV’s and MV’s to the combustion
process and further analyze recorded process data. The datasets that where used for
analyzing the process were recorded on the 23th of February 2011 between 7 am and
11 pm with a samplings frequency of 10 seconds. During these 16 hours the plant
was running under normal operating conditions, controlled by todays control system.
The obtained process information will be used further when designing the system
identification test.

4.1.1 Analysis of the Control Variables

Two of the most important CV’s in a combustion process (Leskens et al., 2005) are
the amounts of O2 in the flue gas and how much energy Q that has been produced
by the combustion. Since the energy in the flue gas, as described in Chapter 3, has
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4 Analysis and Manipulation of the Combustion Process

not been considered used in the plant, Q measured in the boiler circuit will be used
throughout this chapter.

O2 in the Flue Gas
The flue gas from the combustion process is a mixture of primary and secondary air
and gases from burning the waste. Sufficient amount of O2 is needed to obtain a
complete combustion. A complete combustion is when all the carbon present in the
fuel is burned to CO2, all the hydrogen is burned to H2O, all the sulfur is burned
to SO2, and all other combustible elements are fully oxidized (Moran and Shapiro,
2004). O2 is thus an important CV. O2 is measured three places in the plant. The
first meter is just after the flue gas leaves the furnace and is the one used in the
control system today. This is also the most reliable measurement since it is closest
to the combustion process and air leakage and transportation time is a minimum.
Those other two O2 meters are used to monitor the flue gas after the flue gas leaves
the bag filter and leaves the scrubber. Figure 4.1 shows the measured O2. The large
variance in O2 after t=4 is basically caused by the variance in secondary air. Todays
combustion controller could switch between regulating on O2 or measured effect in
the boiler circuit. When regulating on energy, the energy is optimized and O2 is not
a CV. To obtain an optimized energy production, primary and secondary air often
needs to variates more. This usually results in a larger variation in O2.
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Figure 4.1: Measured O2 in the flue gas
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4.1 Combustion Process Knowledge

Important a-priori information for O2 is;

• SP - 7 [%] based on experiance
• Measurement accuracy - The meter is calibrated each year
• Noise - The measurement is based on a 10 minutes mean value and the opera-

tors have not reported any faults

Measured Energy in the Boiler Circuit
The produced energy Q in the boiler circuit is today used to regulate the amount
of heat in the combustion process. The main objective for the combustion plant is
to burn as much waste as possible and at the same time stay within the flue gas
emission limits. Haraldrud is designed to produce maximum 15 [MW] of hot water
in the boiler circuit. The plant operators have reported that it is possible to produce
more but this leads to unnecessary abrasion. Figure 4.2 shows the produced energy
Q.
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Figure 4.2: Measured effect in the boiler circuit

Important a priori information for Q is;

• SP - 15 [MW] which is what the boiler circuit is designed for
• Measurement accuracy - The calculation of produced energy is accurate and is

calculated by Equation 2.2
• Noise - Measured energy in the boiler circuit is used to control the heat in

the combustion process. This is a problem since the boiler circuit has its own
control system which also has an influence on measured energy. As an example,
the district heating system has a stronger influence on the boiler circuit then
the combustion process. The boiler circuit must sometimes bypass some of the
water to the district heating system so the boiler circuit is not cooled down.
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4 Analysis and Manipulation of the Combustion Process

Other times the boiler circuit must be cooled down with a cooling system since
the district heating system do not need as much energy as provided. What is
important to know is that the combustion process could be stable but measured
energy is varying quite a lot because of the influence within the boiler circuit.

4.1.2 Analysis of the Manipulated Variables
In (Zhu, 2001) there are listed some rules for selecting the inputs for control purpose;

• The selected inputs (MV’s) should have strong influence on (part of) the out-
puts (CV’s) both in amplitudes and in wide frequency range

• Different inputs have essentially different effects on the output
• A reliable manipulation of the inputs must be possible
• Preferably, input-output relations are almost linear or linearizable
• When it is not clear if a variable should be included as an input for control,

due to the lack of quantitative information, then use it in the identification
stage. The discussion will later on be easier when a corresponding model is
available

At Haraldrud there are three MV’s. These are primary and secondary air which are
the sources of oxidants to the combustion process and the amount of waste flow to
the combustion.

Measured Primary and Secondary Air
Primary and secondary air is used to dry the waste and supply oxidants to the
combustion. They have both strong influence on the CV’s. Primary air has a slightly
different influence than secondary air. Primary air is used in the regulation of the slow
dynamic of the combustion process. The slow dynamic is the regulation of burning
the waste to obtain SP for produced energy in the boiler circuit. Secondary air is
used to both mix the flue gas for complete combustion and quickly handle smaller
deviation in produced energy and O2, normally due to the variation in the calorific
value, size, weight and density of the waste. Figure 4.3 shows the measured primary
and secondary air.
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Figure 4.3: Measured primary and secondary air

Airflow Resistance in Zone 2
The amount of waste to the combustion process is the main MV and imposes a
difficult control problem. This is due to unknown calorific value, size, weight and
density of the waste. At Haraldrud the airflow resistance in Zone 2 is used to control
the waste inlet flow as explained in Section 2.1.6. The idea is to control the height of
the waste burning in Zone 2, so a stable SP for produced energy in the boiler circuit
is obtained. If the waste flow was controlled by the feeding device the amount of
waste where the combustion takes place would have been difficult to control. The
reason is that the waste is not pushed continuously forward but sometimes pushed
upwards or it falls backwards on the grate. Figure 4.4 shows the measured airflow
resistance. The larger variance after t=5 is caused by switching from O2 to energy
regulation as explained in Section 4.1.1.
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Figure 4.4: Measured airflow resistance Zone 2

4.1.3 Step Response Tests
The first tests that were performed on the process were steps on the airflow resistance
in Zone 2, primary air and secondary air. The control feedback was turned off during
the tests. A rule of thumb is to use an amplitude on the step around 10 to 15 %
higher than during normal operating conditions (Zhu, 2001). It is important to have
a stable process before the step is performed. The test is finished when the process
has stabilized after the step. Further, when the step is performed it is also important
not to smother the combustion and keep the environmental limits for the flue gas.

Theory is not always easy to put into practice. The results from the first steps
were less informative. Mainly because of the combination between too little time
between the steps and that the control feedback was turned on between each test.
Plots of the first steps has not been included. New steps where performed on the
system one week after the first steps. Figure 4.5 and 4.6 shows the measured input and
output during all these three new tests. Figure 4.7 shows the measured temperature
in the furnace and the grate temperature in Zone 1 and Zone 2.
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Measured secondary air
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Figure 4.5: Measured inputs for the step response test
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Figure 4.6: Measured outputs for the step response test
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Measured temperature on grate Zone2
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Figure 4.7: Measured temperature in the furnace and on the grate during the step
response test

Step on Primary Air

When a step on primary air was performed, input for secondary air and airflow
resistance in Zone 2 were a constant. Figure 4.8 shows that the measured secondary
air was quite stable during the test but the measured airflow resistance in Zone 2 was
not.
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Figure 4.8: Measured inputs when step on primary air
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4.1 Combustion Process Knowledge

The variation in airflow resistance in Zone 2 could be explained by looking at how
the airflow resistance is calculated, Equation (2.1). Since the airflow resistance is
calculated by the pressure over the grate and the airflow through Zone 2, the
composition of the waste and the waste flow must be even for the airflow resistance
to be even. This is not the case on the grate. The waste is far from even in both
composition and density. As an example, when waste is pushed from Zone 1 to
Zone 2 a large pile of waste can suddenly fall into Zone 2 and the airflow resistance
will rise above SP. There is also a time delay for the waste to be transported from
Zone 1 to Zone 2 which creates a disturbance. A test on the primary air fan found
that 19000 [Nm3/h] is the maximum amount of air that fan could deliver. And in
consideration to not smother the combustion process, 17000 [Nm3/h] where set as
the lowest value. The lowest value might vary and depends on the type of waste
and amount burning on the grate. A step from 17000 to 19000 [Nm3/h] was
performed on primary air which is an 11 % increase. Figure 4.9 shows the output
result after a step on primary air. The step was applyed at t=0.06.
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Figure 4.9: Measured outputs when step on primary air

Measured effect in the boiler circuit increased 0.8 [MW ] as a first order function.
There was no change in O2. The plant operators have reported that it is not always
the case that the effect rises if primary air is increased. If the grate temperature in
Zone 2 is low, primary air will instead cool down the process. The reason is that
the primary air fans blows quite hard, and the air do not have time to react with
the waste at the bottom of the pile in grate Zone 2. The combustion will then only
happen at the top of the pile. It was a bit unexpected that there was no response
in O2. This could be explained by looking at the amount of CO in the flue gas.
If too much air is blown into the combustion process the air would have reacted
with the carbon and the amount of CO would have increased quickly. Instead all
the air is reacting with the combustion. The plant operators have reported that the
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4 Analysis and Manipulation of the Combustion Process

total amount of primary and secondary air has an impact on O2. An assumption is
therefore to increase the amount of waste on the grate and perform another test. But
this will increase both the amount of burned waste and produced energy in the boiler
circuit. It has earlier been explained that the boiler circuit influence the calculation
of the energy in the boiler circuit. The peak in measured energy in Figure 4.9 is a
typical measurement that is not caused be the flue gas but within the boiler circuit.

Step on Secondary Air
The step in secondary air is from 11500 to 14200 [Nm3/h] which is a 23.5 % increase.
Primary air and airflow resistance in Zone 2 was held constant during the test. Figure
4.10 shows that primary air varies more than secondary air did in the step test of
primary air. The main reason for the variation in primary air is the variation in the
pressure over the grate and will be further explained in Section 4.3.1.
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Figure 4.10: Measured inputs when step on secondary air

Figure 4.11 shows the outputs when a step on secondary air was applied at t=0.2.
Measured effect in the boiler circuit goes up with about 1 [MW ] as a first order
function. There was no change in O2.
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Figure 4.11: Measured output when step on secondary air

Figure 4.11 shows that the amount of CO rise from 17 mg/Nm3 to 24 mg/Nm3

than decreased and stabilized around 15 [mg/Nm3]. This means that some of the air
has not been used in the combustion and instead reacted with free carbons. It was
unexpected, as it was for the step on primary air, that there was no response in O2.
The plant engineers agree that the step in secondary air should be large enough to
obtain a response in O2. By looking at the temperature in the furnace Figure 4.7, the
temperature increase from around 935 ◦C to 960 ◦C. The conclusion is therefore that
some of the O2 was converted to CO and the rest was used up in the combustion.
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4 Analysis and Manipulation of the Combustion Process

Step on Airflow Resistance in Zone 2
The step in the airflow resistance was from 1.5 to 1.9 [Bar/Nm3]. Both primary and
secondary air input was constant during the step. Figure 4.12 shows the measured
input as the step takes place at t=0.1.
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Figure 4.12: Measured input when step on airflow resistance in Zone 2

Figure 4.13 shows that the measured effect increases 0.5 [MW ] and there is no
response in the O2 measurements. The amount of CO increased 20 [mg/Nm3] and
then decreased to the level before the step.
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Figure 4.13: Measured output when step on airflow resistance in Zone 2

As mentioned before this is not a small test furnace in a laboratory but a live
large combustion plant. It would have been informative to perform further testing,
but each test is both costly and time consuming. There is specially one test result
that would have been interesting to investigate further. This is the expected increase
in O2 when primary and secondary air was increased.

4.2 Designing the System Identification Test

The final test is the system identification test (Zhu, 2001). This test shall later be
used to develop a model of the combustion process. Before the test was performed
a document clarifying all the details around the test was sent to Haraldrud. It was
off course important that the test gave a result which could be used later. But it
was equally important that the test impacted in such a way that did not harm the
plant or the environment. The flue gas can be quite toxic, and the test needed to
be stopped if the level of CO exceeds 50 [mg/Nm3], O2 level becomes close to zero
or the temperature in the furnace becomes lower or higher than 850 ◦C and 1050
◦C respectively. All the tags listed in Section 2.2, and many more, are saved in a
data-base. The values are saved for at least two years. This could be informative for
future work.

4.2.1 Test Signal

To be able to use system identification described in (Ljung, 2006), (Zhu, 2001) and
(Guidorzi, 2003) the test signal must be persistence of excitation (PE). This means
that the signal must have large enough variance so that the connection between input
and output is found. Another recommended requirement is that the signal has a low
crest factor (Zhu, 2001). A signal u(t) with zero mean value has a defined crest
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factor as;

Cr =

√√√√√√
max

t
u2(t)

lim
n→∞

1
N

N∑
t=1

u(t)

(4.1)

One way to achieve a PE signal, is to choose u(t) as a sum of sinusoids. Another
reason to choose sinusoids is that the average production often not changes, preferably
only short-term changes will occur.

u(t) =
m∑
j=1

ajsin(ωjt+ φj) 0 < ω1 < ... < ωm < π (4.2)

aj - Peak amplitude (nonnegative)
ωj - Radian frequency [ radsec ] = 2πf

φj - Initial phase [radians]
t - Time [s]

f - Frequency [Hz]

m - Number of sinusoids

If the amplitude and phase is the same, the crest factor becomes Cr =
√
2m. This

means that the crest factor will become high if the numbers of sinusoids are high.
The crest factor can be reduced by choosing unequal phases. One way of minimize
the crest factor is to follow Schroeder phase optimization algorithm (Zhu, 2001).

ρ1 = arbitrary (4.3)

ρj = ρ1 − j(j − 1)

m
2 ≤ j ≤ m (4.4)

To achieve good noise reduction the numbers of sinusoids should be larger than the
model that shall be developed. The idea is to develop a second order model of the
combustion process. The chosen numbers of sinusoids to sum together is six.

4.2.2 Test Signal for Primary Air

Table 4.1 shows the values for the sinusoids generating the test signal for primary
air.

Signal Frequency [Hz] Amplitude Phase [Deg]
Signal 1 0,00174 600 1
Signal 2 0,00233 600 -0,5708
Signal 3 0,00299 600 -3,7124
Signal 4 0,00419 600 -8,4248
Signal 5 0,00689 600 -14,7080
Signal 6 0,0209 600 -22,5619

Table 4.1: Sinusoids for the test signal
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4.3 Open-Loop System Identification Test

Figure 4.14 shows the generated test signal for primary air.
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Figure 4.14: Test signal for primary air

From the step response test, the conclusion was that the air fan could deliver a
maximum of 19.000 [Nm3/h] of primary air. It was concluded with that the
internal control of the primary air had a slow response, so the test signal should
regulate on the air fan revolution per minute (rpm). A test was performed to see
which rpm values corresponded to the desired amount of air. Further, a 15 minute
test was performed to see if the measured primary air followed the desired amount.

4.2.3 Test Signal for Secondary Air and Airflow Resistance in
Zone 2

The same procedure as for primary air was performed on primary air and airflow
resistance in Zone 2. The amplitude for the test signal to secondary air was the same
as for primary air. The amplitude for the test signal to the airflow resistance in Zone
2 was max 1.9 and min 1.2.

4.3 Open-Loop System Identification Test

In many plants the feedback controller cannot be turned off since the process is unsta-
ble or the process must stay within certain boundaries (Zhu, 2001). At Haraldrud the
plant operators have long experience running the plant manually since the controller
today do not work sufficiently. Because of this experience and the robustness of the
process it was possible to perform the sinus tests in open loop. Three tests where
performed, one on each MV. Since the numbers of inputs are small the test time
could be 5 to 8 times the longest settling time (Zhu, 2001). From previous analysis,
the longest settling time is the response of the produced energy in the boiler circuit
which is around 30 minutes. Total length on each test should therefore be at least
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4 Analysis and Manipulation of the Combustion Process

four hours. During a test of one MV the other MV’s has constant values. Before
the test was started the combustion process was running stable. It was controlled by
todays controller and was used as a starting point for the test.

4.3.1 Test signal on Primary Air
Figure 4.15 shows the rpm on the primary air fan and the measured primary air.
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Figure 4.15: System identification - Signal on primary air - primary air and SP
primary air

Figure 4.15 shows that the measured primary air did not follow the SP. Figure
2.6 in Chapter 2 shows that before the primary air reach the furnace the air needs
to pass three heat batteries, the valves to the zones and the waste on the grate. The
conditions for the primary air fan are therefore never the same, mainly because of the
variance in pressure. Example, if 1200 rpm is measured to give an air flow of 16.000
[Nm3/h] this might not be the same one hour later since the pressure can then be
different. It would probably be better, even though the regulator to the primary air
fan was found out to be very slow, to use the regulator of the primary air to control
the air flow. The plant engineers have also reported that the pipes for the primary
air are old and not aerodynamic. Figure 4.16 shows the measured secondary air and
the measured airflow resistance in Zone 2. Both of them had constant SP’s.
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Figure 4.16: System identification- Signal on primary air - Secondary air and airflow
resistance Zone 2

Figure 4.17 shows the measured outputs during the test on primary air. Measured
effect is decreasing from 16 [MW] to 14.2 [MW]. The main reason for the decrease
in the effect is the variation in the calorific value to the waste. It is not possible
to find an airflow resistance which gives a constant effect since the calorific value to
the waste variates. A constant airflow resistance gives almost a constant waste flow
but the calorific value will always variates. The amount of O2 is quite constant but
the amount of CO have a peak just after one hour. This is also at the time the
primary air have a peak. After four hours, there are no peak in CO when primary
air is increased. This is an example that the conditions in the furnace gives different
responses.
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Figure 4.17: System identification- Signal on primary air - Outputs

4.3.2 Test Signal on Secondary Air

Figure 4.18 shows the test on secondary air. Primary air and airflow resistance in
Zone 2 was held constant. The measured secondary air followed the test signal as it
should. The airflow resistance was increased a bit compared to the primary air test,
to avoid the drop in effect caused by to little waste on the grate.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
1

1.1

1.2

1.3

1.4

1.5
x 10

4 Measured secondary air - Sinus applied to secondary air

Time [h]

A
m

ou
nt

[N
m

3
/
h
]

 

 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
1.82

1.84

1.86

1.88

1.9

1.92
x 10

4 Measured primary air - Sinus applied to secondary air

Time [h]

A
m

ou
nt

[N
m

3
/
h
]

 

 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
1.45

1.5

1.55

1.6

1.65

1.7

1.75

1.8

Measured airflow resistance Zone 2 - Sinus applied to secondary air

Time [h]

A
ir
flo

w
re

si
st

an
ce

[B
a
r
/N

m
3
]

 

 

Measured secondary air

Measured primary air

Measured airflow resistance Zone 2

Figure 4.18: System identification- Signal on secondary air - Input

Figure 4.19 shows the measured outputs during the test on secondary air. The
figure shows that both effect and CO respond to the changes in secondary air. Mea-
sured effect and CO goes up when secondary air is increased. O2 is quite constant.
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Figure 4.19: System identification- Signal on secondary air - Output

4.3.3 Test Signal on Airflow Resistance in Zone 2

Without the waste it would not have been any combustion. As Figure 4.20 shows,
the measured airflow resistance followed the SP quite well. Keep in mind that the
wide-range of waste and how the waste is pushed forward on the grate disturbers the
airflow resistance as explained earlier in this chapter.
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Figure 4.20: System identification- Signal on airflow resistance Zone 2 - Airflow
resistance and SP airflow resistance Zone 2

Figure 4.21 shows the measured outputs during the test on airflow resistance in
Zone 2. The measured effect followed the airflow resistance quite clearly. An increase
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in the airflow resistance was followed by an increase in measured effect. The figure
also shows that the amount of CO decrease and O2 increase when there is a drop in
the airflow resistance.
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Figure 4.21: System identification- Signal on airflow resistance Zone 2 - Output

Figure 4.21 shows the measured primary and secondary air during the test on
airflow resistance in Zone 2. Both of them were set constant.
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Figure 4.22: System identification- Signal on airflow resistance Zone 2 - Primary and
secondary air
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4.4 Chapter Summary
This chapter has described the MV’s and CV’s to the combustion process. The MV‘s
to the combustion process are primary air, secondary air and airflow resistance in
Zone 2. The CV’s are O2 and measured effect in the boiler circuit Q. A discussion
on three different step response tests respectively on primary air, secondary air and
airflow resistance in Zone 2 have been presented. Sinus tests were designed and
performed to obtain datasets which can be used with system identification theory to
develop a model of the combustion process, this model is presented in Chapter 5.

The tests performed in this chapter showed that the type of waste and temper-
ature in the furnace influence the test results. This influence makes it more difficult
to predict a model based on measurements. Example, if two steps are performed on
secondary air on different days, the results might not be the same. It depends on the
type of waste and the temperature on the grate and in the furnace. Some conclusions
could be drawn based on the tests and discussions with the plant operators;

• Measured effect in the boiler circuit could be controlled with the airflow resis-
tance in Zone 2, if the amount of O2 is around SP and the temperature on the
grate and in the furnaces is high enough.

• With an increase in primary or secondary air, the measured energy in the boiler
circuit will increase if there is high enough temperature in the furnace and on
the grate. But this is only temporarily. To hold this increase correct waste
flow is needed. The calorific value of the waste will also make a large impact.

• If primary or secondary air is increased the amount of CO will increase if the
air is not reacting with the combustion

• The combustion process is quite robust. When the process runs around SP,
quite a lot of disturbance on the MV’s will still not make the process unstable.
But the disturbances on the system is large, specially from the variation in the
calorific value, and causes a large variation in the outputs.
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Chapter 5

Model of the Combustion
Process Based on System
Identification

There are typically two different methods to obtain a mathematical model of a phys-
ical system (Guidorzi, 2003). These are classified into physical modeling and iden-
tification. Physical modeling is a description based on known physical laws like
Newton’s second law. This approach requires a general knowledge of the system and
of the laws describing their behavior. The advantage is the use of a-priori informa-
tion which gives a physical meaning to the model parameters, when constructing the
model. Identification is only based on measured process data. The identified model
parameters may lack of any physical meaning. But the models are simple, accurate
and can be extracted from complex framework. It is also quite often that physical
laws have been obtained as a result of identification procedures (Guidorzi, 2003).

In (Leskens et al., 2000) system identification was used to develop a MIMO au-
toregressive with eXogeneous (ARX) model of a MSW combustion process. Accord-
ing to system identification validation measures, the model was good and used to
validate a first principle model. This validation showed that most of the dynamics of
the MSW incinerator was incorporated well in the first principle model. If modeling
of Haraldrud MSW combustion process is developed from physical laws or identified
by measured process data should therefore be the same.

In Chapters 4 the combustion process was manipulated and data from the process
was analyzed. Different tests was applied to the process with the aim of obtaining
data-sets which could be used with system identification theory. This chapter de-
scribes how to pre-treat the data-sets before it is used in a system identification.
Further, presents the theory for developing a model based on measured process data.
The chapter ends with a modeling discussion.

5.1 Pre-Treatment of the Obtained Data
Before the obtained data-sets could be used in identification, the data must be filtered
and bad measurements must be removed (Zhu, 2001). When filtering, noise and
dynamic which is not necessary to include in the model is removed. Example, the
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5 Model of the Combustion Process Based on System Identification

amount of O2 is regulated by the primary and secondary air which is controlled by air
fans. It is therefore not possible to regulate on O2 faster then the fans can respond.
It should also be considered how much the fans should be used for compensating the
variation in O2. This is important since the fans are powered by an engine where
minimum change in rpm increases the life span. The datasets were filtered with a
10th order Butterworth filter. The order of the filter was chosen by plotting different
order and comparing the filtered data against the original measurements in a plot.
The chosen cutoff frequencies are based on a-priori information, and by comparing
filtered and original data in a plot. The cutoff frequencies are presented in Table 5.1.

Type of measurement Cutoff frequency [Hz]
Effect in boiler circuit 0,0055
O2 in the flue gas 0,0083

Primary air 0,016
Secondary air 0,016

Airflow resistance Zone 2 0,0055

Table 5.1: Cutoff filter frequencies

Figure 5.1 and 5.2 shows an example of measured and filtered CV’s and MV’s.
The filtered process data used as an example is the first 5 hours of the same data-set
that was used in the analyze in Section 4.1.
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Figure 5.1: Measured and filtered effect in the boiler circuit

58



5.2 Theory for Developing a Model with System Identification

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
1.75

1.8

1.85

1.9

1.95

2
x 10

4 Measured and filtered primary air - Cutoff frequency = 0,016 Hz

Time [h]

A
m

ou
nt

[N
m

3
/
h
]

 

 
Measured primary air
Filtered primary air

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
1.1

1.2

1.3

1.4

1.5
x 10

4 Measured and filtered secondary air - Cutoff frequency = 0,016 Hz

Time [h]

A
m

ou
nt

[%
]

 

 
Measured secondary air
Filtered secondary air

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
1

1.5

2

2.5
Measured and filtered airflow resistance Zone 2 - Cutoff frequency = 0,0055 Hz

Time [h]A
ir
flo

w
re

si
st

an
ce

[B
a
r/

N
m

3
]

 

 
Measured airflow resistance Zone 2
Filtered airflow resistance Zone 2

Figure 5.2: Measured and filtered primary air, secondary air and airflow resistance
in Zone 2

5.2 Theory for Developing a Model with System Iden-
tification

MIMO equation error models can be defined as (Guidorzi, 2003);

y(t) = Aμy(t− 1) + ...+A1y(t− μ) +Bμu(t− 1) + ..B1u(t− μ) + e(t) (5.1)

where u(t) ∈ �r and y(t) ∈ �m are the input and output vectors, Ai and Bi are real
(m x m) and (m x r) matrices and e(t) ∈ �m is the equation error. Denoting with
αijk and βijk the entries of Ai and Bi,

Ai = [αijk] (j, k = 1, ...,m) (5.2)
Bi = [βijk] (j = 1, ...,m), (k = 1, ..., r) (5.3)

model (5.1) can also be written in the forms

yi(t) =

m∑
j=1

μ∑
k=1

αijkyj(t+ k − μ− 1) (5.4)

+

r∑
j=1

μ∑
k=1

βijkuj(t+ k − μ− 1) + ei(t) (i = 1, ...,m) (5.5)

A(z−1)y(t) = B(z−1)u(t) + e(t) (5.6)

where

A(z−1) = [qij(z
−1)] = I −Aμz

−1 − ...−A1z
−μ (5.7)

B(z−1) = [pij(z
−1)] = Bμz

−1 − ...−B1z
−μ (5.8)

and I is the unity matrix.
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5 Model of the Combustion Process Based on System Identification

5.2.1 MIMO ARX Model
ARX models are the most simple member of the equation error family (Guidorzi,
2003).

y1 = Any(t− 1) + ...+A1y(t− n) + Bnu(t− 1) +Bnu(t− 1) + e(t) (5.9)

where e(·) is a stochastic white process with null expected value, E[e(t)] = 0, that
is assumed as independent of the input sequence u(·). The integer n defines the
order and the memory of the model. When identifying a real process the only avail-
able information is the recorded input-output sequences. Estimation of a suitable
model order consists of tests, allowing a comparison between different model orders
(Guidorzi, 2003).

A first order MIMO ARX model of the combustion process can be described as;

[
y1(t)
y2(t)

]
=

[
a1 a2
a3 a4

] [−y1(t− 1)
−y2(t− 1)

]
+

[
b1 b2 b3
b4 b5 b6

]⎡
⎣u1(t− 1)
u2(t− 1)
u3(t− 1)

⎤
⎦+ e(t) (5.10)

y1 - Produced energy in the boiler circuit
y2 - O2 in the flue gas
u1 - Measured primary air
u2 - Measured secondary air
u3 - Measured airflow resistance in Zone 2

Before the unknown parameters in the MIMO ARX model could be estimated the
model must be parameterized. In a MIMO model y(t) and u(t) are vectors and
the model can not be parameterized in the same way as a single input single output
(SISO) system. Instead a Kronecker product1⊗ is used (Ljung, 2006). Equation 5.10
can be written as;

y(t) = φT (t)θ∗ + e(t) (5.11)

where

θ∗ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a1
a2
a3
a4
b1
b2
b3
b4
b5
b6

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5.12)

1The Kronecker product is defined in Appendix A.1
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5.2 Theory for Developing a Model with System Identification

and

φ(t) =

⎡
⎢⎢⎢⎢⎣

−y1(t− 1)
−y2(t− 1)
u1(t− 1)
u2(t− 1)
u3(t− 1)

⎤
⎥⎥⎥⎥⎦⊗ Ip =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−y1(t− 1)

[
1 0
0 1

]

−y2(t− 1)

[
1 0
0 1

]

u1(t− 1)

[
1 0
0 1

]

u2(t− 1)

[
1 0
0 1

]

u3(t− 1)

[
1 0
0 1

]

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5.13)

where Ip is the identity matrix and p is the number of outputs.
The Least-square technique is a mathematical procedure by which the unknown

parameters of a mathematical model are estimated such that the sum of the squares
of some chosen error is minimized (Zhu, 2001). The estimated model can be described
as;

ŷ = φT (t)θ (5.14)

Introducing a prediction error ε(t), and let

ε(t) = y(t)− ŷ(t) = y(t)− φT (t)θ (5.15)

Now we will choose θ such that the criterion

VLS(θ) =
1

2N

N∑
t=1

ε(t)2 =
1

2N

N∑
t=1

|y(t)− φT (t)θ|2 (5.16)

is minimized. Taking the first derivative of VLS(θ) with respect to θ and equating
the result to zero, the least squares method is described as;

θ̂LS
N =

[
1
N

N∑
t=1

φ(t)φT (t)

]−1
1

N

N∑
t=1

φ(t)y(t) (5.17)

The validation of a model consists in validating its capability to describe the
process that has generated the data in a way compatible with its plan (Guidorzi,
2003).
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5 Model of the Combustion Process Based on System Identification

5.3 Simulating the MIMO ARX Model Based on
System Identification

Matlab have developed an additional toolbox named System Identification based on
the theory in (Ljung, 2006). This toolbox includes both a graphical user interface
(GUI) and function blocks to both estimate and validate equation error models.
Figure 5.3 shows the GUI.

Figure 5.3: GUI interface for system identification toolbox

In the GUI different types of models and orders could be estimated. The model
outputs are compared against original data-sets and poles, zeros and frequency
responses could easily be analyzed. There is also a function which estimates the
parameters so a stable model is obtained. In Section 4.3, three different tests was
applied to the combustion process respectively on primary air, secondary air and
airflow resistance in Zone 2. The three data-sets from the tests was then used to
develop six 12th order models. The order of the models was chosen by comparing
the output results, as Figure 5.4 shows.
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5.3 Simulating the MIMO ARX Model Based on System Identification

Figure 5.4: Measured and simulated model output

Figure 5.4 shows that the best fit for a model between primary air and energy in
the boiler circuit is a 12th order model. Order of ARX models in literature ranging
from 10 to 50 are found (Leskens et al., 2000). Figure 5.5 shows the structure of the
six models and the final MSW combustion model.

Figure 5.5: Structure of the MSW combustion model
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5 Model of the Combustion Process Based on System Identification

Figure 5.6 compares the estimated and measured energy in the boiler circuit during
a time period of 24 hours. The data-set that was used to verify the model was
recorded 7th of April 2011.
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Figure 5.6: Comparing estimated and measured effect - MIMO ARX model estimated
from sinus tests

Figure 5.7 compares the estimated and measured O2 in the flue gas.
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Figure 5.7: Comparing estimated and measured O2 - MIMO ARX model estimated
from sinus tests
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5.4 Discussion on the Simulated MIMO ARX Model
Figure 5.6 and 5.7 shows that the estimated are not following the measured energy
very well. More research could improve the model, but the question is; are the data-
sets from the open-loop sinus tests suitable for estimating a better model? In (Leskens
et al., 2000) a MIMO ARX model was estimated based on system identification
theory. But the data-sets that were used to estimate the model parameters was
based on closed-loop identification. (Leskens et al., 2000) also concludes that the
disturbances acting on the MSW incinerator is large, so a closed-loop identification
is necessary in order to obtain a good model of the process. Even when the process
is regulated by todays controller the process variation is quite large, as explained in
Chapter 4. A conclusion is therefore that the disturbances from the process makes it
difficult to obtain a good model based on open-loop identification.

In closed-lopped identification, estimating the model directly from the input and
output data y(t) and u(t) may result in a biased model. In order to prevent this
bias a specific closed-loop identification method called the two-stage method could be
used (Leskens et al., 2000). Further research is needed to develop a model based on
the two stage method. But a model have been estimated directly from the data-set
used to analyze the combustion process, Section 4.1. The data-set that was used to
verify the MIMO ARX model in Section 5.3 is also used now. Figure 5.8 compares
the estimated and mesured primary air.
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Figure 5.8: Comparing estimated and measured effect of a 30th order MIMO ARX
model

Figure 5.8 shows that the estimated energy follows the measured much better then
in Figure 5.6. The model order is higher, but still with a 12th order model the
estimated followed the measured better. Further research should be based on
closed-loop identification.

65



5 Model of the Combustion Process Based on System Identification

66



Chapter 6

On-line Parameter Estimation
with an Adaptive Law

Adaptive control is the combination of a parameter estimator, which generates pa-
rameter estimates on-line, with a control law in order to control classes of plants
whose parameters are completely unknown and/or could change with time in an
unpredictable manner (Ioannou and Fidan, 2006). When combining the parameter
estimator, with a control law, two different approaches are used. These are referred
to as indirect and direct adaptive control structure. In the indirect approach, the
plant parameters are estimated on-line and used to calculate the controller param-
eters. In the direct adaptive control structure, the plant model is parameterized in
terms of the desired controller parameters, which are then estimated directly without
intermediate calculations involving plant parameter estimates. Figure 6.1 illustrates
these approaches.

Figure 6.1: Direct and indirect adaptive control structure

In this chapter a parametric model and the adaptive law for estimating the un-
known parameters on-line is presented. Also the adaptive law have been simulated
in Matlab (R2010b) based on recorded process data from the combustion process at
Haraldrud.
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6 On-line Parameter Estimation with an Adaptive Law

6.1 Parametric Model and the Adaptive Law
Autoregressive moving average (ARMA) is one parametric model that can be used to
describe the combustion process. The model is based on previous recorded measure-
ments and with the use of an adaptive law the model parameters could be estimated
on-line. A second order ARMA model for the combustion process could be presented
as;

[
y1(k)
y2(k)

]
=

⎡
⎢⎢⎢⎢⎢⎢⎣

−a1y1(k − 1)− a2y1(k − 2) +B1

⎡
⎣u1(k − 1)
u2(k − 1)
u3(k − 1)

⎤
⎦+B2

⎡
⎣u1(k − 2)
u2(k − 2)
u3(k − 2)

⎤
⎦

−a3y1(k − 1)− a4y1(k − 2) +B3

⎡
⎣u1(k − 1)
u2(k − 1)
u3(k − 1)

⎤
⎦+B4

⎡
⎣u1(k − 2)
u2(k − 2)
u3(k − 2)

⎤
⎦

⎤
⎥⎥⎥⎥⎥⎥⎦
(6.1)

y1 - Produced energy in the boiler circuit
y2 - O2 in the flue gas
u1 - Measured primary air
u2 - Measured secondary air
u3 - Measured airflow resistance in Zone 2

where

B1 =
[
b1 b2 b3

]
B2 =

[
b4 b5 b6

]
B3 =

[
b7 b8 b9

]
B4 =

[
b10 b11 b12

]
In order to find the unknown parameters in Equation 6.1 with an adaptive law the
model must be parameterized (Ioannou and Fidan, 2006). Equation 6.1 can be writ-
ten on the form;

z(k) = θ∗Tφ (6.2)

z(k) =

[
y1(k)
y2(k)

]
=

[
θ∗Teffectφeffect
θ∗TO2

φO2

]

where

θ∗effect =
[
a1 a2 b1 b2 b3 b4 b5 b6

]T
θ∗O2

=
[
a3 a4 b7 b8 b9 b10 b11 b12

]T

φeffect =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−y1(k − 1)
−y1(k − 2)
u1(k − 1)
u2(k − 1)
u3(k − 1)
u1(k − 2)
u2(k − 2)
u3(k − 2)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, φO2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−y2(k − 1)
−y2(k − 2)
u1(k − 1)
u2(k − 1)
u3(k − 1)
u1(k − 2)
u2(k − 2)
u3(k − 2)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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It is important to have in mind that the model shall represents the combustion
process and that the model parameters are found from already known input and
output measurements φ. It is quite normal to presents the real process as Equation
(6.2) where θ∗ is the actual model parameter vector and the estimated process as;

ẑ(k) = θ(t)φ (6.3)

The error between the actual and the estimated could than be written as;

ε =
z − ẑ

m2
s

(6.4)

which is often referred to as the estimation error. m2
s ≥ 1 is a normalization signal

designed to guarantee that φ
ms

is bounded. A straightforward choice for ms is
m2

s = 1 since φ is bounded (Ioannou and Fidan, 2006).
In the literature today there are many different adaptive laws to estimate the

unknown parameter vector θ(t). One is the Gradient method. The basic is to
update θ(t) in a direction that minimizes a certain cost of the estimation error ε.
θ(t) is adjusted in a direction that makes |ε| smaller and smaller until a minimum is
reached at which |ε| = 0. The cost function could be written as (Ioannou and Fidan,
2006);

J(θ) =
ε2m2

s

2
=

(z − φθ)2

2m2
s

(6.5)

which is minimized with respect to θ using the gradient method to obtain;

θ̇ = −ΓΔJ(θ) (6.6)

where Γ > 0 is a scaling constant which is referred to as adaptive gain and ΔJ(θ)
is the gradient of J with respect to θ.

ΔJ(θ) =
dJ

dθ
= − (z − θφ)

m2
s

φ = −εφ (6.7)

which leads to the adaptive law

θ̇ = Γεφ θ(0) = θ0 (6.8)
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6 On-line Parameter Estimation with an Adaptive Law

6.2 Simulating the Adaptive Law
The recorded process data that is used for simulation was recorded 23th of February
2011 between 7 am and 11 pm with a samplings frequency of 10 seconds. During
these 16 hours the plant was running under normal operating conditions, controlled
by todays control system. The data-set was filtered before simulation with the same
filter, order and cutoff frequency as used in Section 5.1. The initial values for θ = 1
and the gain Γ was optimized so |ε| → 0.

6.2.1 Measured and Estimated Effect in the Boiler Circuit
Figure 6.2 shows that the estimated effect follows the measured effect in the boiler
circuit.
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Figure 6.2: Measured effect in the boiler circuit compared to estimated effect with
the gradient method

The bottom picture in Figure 6.2 is a section of the first 2,5 hours. By looking
at the picture it is found that the estimated effect could not be found in the start.
The reason is that θ have not converged to θ∗. So the error between estimated and
measured effect is very large. Figure 6.3 shows the estimation error. The figure also
shows that |ε| → 0.
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Figure 6.3: Estimation error between estimated and measured effect

When the estimation error becomes smaller the model parameters converge to
the correct values. This could be found in Figure 6.4. When t=0.025 the parameters
have converged and Figure 6.3 shows that |ε| ≈ 0. The parameters in Figure 6.4 is
approximately equal to the converged values the rest of the simulation.
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Figure 6.4: Obtained model parameters for θeffect with Gradient method
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6 On-line Parameter Estimation with an Adaptive Law

6.2.2 Measured and Estimated O2 in the Flue Gas
The same analyze was performed for O2 as it was for the effect. Figure 6.5 shows
that the estimated and measured O2 follows each other and Figure 6.6 shows that
the parameters converge.
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Figure 6.6: Obtained model parameters for θO2 with Gradient method
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6.3 Chapter Discussion

6.3 Chapter Discussion
This chapter shows that the model parameters were estimated by using todays process
measurements without manipulating the MV’s. The parameters converge quickly and
the estimated CV’s follows the measured results very well. Is the conclusion therefore
that the variation in the MV’s satisfy PE? It is clear that if there was no variation at
all, PE is not satisfied. So how much variation is needed in a live-plant to satisfy PE
and what happens if a new controller minimize todays variation? When designing
and implementing a new controller these questions are important to have in mind.
If |ε| drifts away a suggestion is to design a signal as explained in Section 4.2.1 and
apply the signal for a necessary time period.

Before simulation the measured O2 was filtered with a cutoff frequency of 0.0083
Hz (2 minutes). If O2 is filtered with a slower cutoff frequency the estimated O2

follows the measured even better. Since the O2 measurement is based on a 10 minutes
mean value, the cutoff frequency could be reduced without losing necessary model
dynamic.
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Chapter 7

Concluding Remarks

7.1 Conclusion
This thesis has studied Haraldrud MSW combustion process. Haraldrud is a real
combustion plant burning waste for citizens of Oslo. A thoroughly description of
the combustion process has been presented based on manipulating and analyzing the
process, together with long discussions with the plant engineers. Working with a real
plant is time-consuming, challenging and very informative. Rarely theories are easy
to implement on a real plant, and the focus of this thesis has been to connect theory
and practice. All simulations are based on real process data.

Burning MSW is a complex process to control, and several factors including;
unknown calorific value, regulation of the waste flow, and the long time constant for
measuring and regulating the energy contributes to this. Today’s unknown calorific
value and measuring the energy from the combustion can be calculated from flue gas
measurements. By implementing these in a new controller at Haraldrud the variation
in energy from the combustion will be reduced and results in waste flow increase.

One method to develop a model and estimate the model parameters is to decide a
model set and estimate the model parameters based on system identification theory.
An open-loop system identification test was applied to the combustion process. Fur-
ther, the model parameters to a MIMO ARX model were estimated from recorded
test data. It was concluded that the process variation in the gathered open-loop
data was too large, which resulted in a poor model. The model should instead be
estimated based on closed-loop identification.

Another method to estimate the model parameters is to use a control law to
estimate the parameters on-line. Gradient method is one control law and has been
validated from recorded process data. The simulation shows that the estimated and
measured outputs followed each other perfectly.
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7.2 Future Work
The main purpose of this thesis was to describe the combustion process at Haraldrud
and develop a model of the combustion process based on system identification. During
this thesis simulations have been directed based on recorded process data, but it has
not been enough time to implement the results in the plant. Suggested future work
is therefore;

• Fully verify the estimation of the calorific value and the new method to measure
the produced energy, by comparing the new with todays measured energy in
the boiler circuit, over a chosen time period.

• Two methods to estimate the model parameters have been presented. It is
therefore recommended to develop a model based on closed-loop system iden-
tification, or continue the work of the adaptive controller. It would also be
very interesting to investigate the possibilities to use an MPC.
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Appendix

A.1 Definitions
Definition 1. (Persistence of Excitation (PE))

A piecewies continuous signal vector φ : �+ �→ �n is PE in �n with a level of
excitation α0 > 0 if there exist constants α1, T0 > 0 such that

α1I ≥ 1

T0

∫ t+T0

t

φ(τ)φT (tau)dτ ≥ α0I, ∀t ≥ 0 (A.1)

Found in (Ioannou and Sun, 1995)

Definition 2. (The Kronecker product)

The Kronecker product of an m× n matrix A = (aij) and a p× r matrix B = (bij)
is defined as;

A⊗B =

⎡
⎢⎢⎣

a11B a12B a1nB
a21B a22B a2nB
: : :

am1B am2B amnB

⎤
⎥⎥⎦ (A.2)

1



A Appendix

2



Nomenclature

CHyOz = Combustible part of the waste
Cr = Crest factor

HCHyOz = Net calorific value - combustible part [
MJ

Kg
]

Hwaste = Net calorific value[
J

Kg
]

KH2O = Correction factor for H2O

KO2 = Correction factor for O2

MCHyOz = Molar mass of the combustible part of the waste [
Kg

mol
]

ηc = Amount of converted carbon in the combustion process
Q = Measured energy in the boiler circuit [W ]

Qfluegas = Measured energy in the flue gas [W ]

Ra = Airflow resistance in the combustion zones [
mBar

m3
]

XH2Oashfree
= Ash free moister part[%]

y = Amount of Hydrogen in the combustible part of the waste
z = Amount of Oxygen in the combustible part of the waste
θ = Model parameters
φ = input- output measurements
ε = Prediction error
Γ = Scaling constant in the adaptive law
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